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CTpyKTypHasi HaaeXHocTb. Teopusa 1 NpakTuka

FanaHoBuny B.A.

PASBUTUE U BHEOAPEHUE TEXHOJIOI'MU YPPAH
HA XEJIEBHOAOPOXHOM TPAHCIOPTE

3anaun pa3BuTUST POCCUICKOV 3KOHOMUKU BblABUralOT Ha MEPBbIV M1aH HeoOXoAMMOCTb rovcka rnyTen
roBbILLEHNS] 39POEKTUBHOCTU PYHKLMOHUPOBAHUSI N PA3BUTUS XEJIE€3HOAOPOXHOro TpaHcropTa. pu atom
HeJib3s1 3a0bIBaThb, YTO XE/1e3HOLOPOXHbIM TPaHCoPT, Kak v 10basi CI0XHas cucTtema, rpuv ocylecTs/ie-
HUW CBOEV AeSTE/IbHOCTU HEU3OEXHO CTaJIKNBAETCS] C HEOMNMPEAESIEHHOCTbIO U PUCKOM. HekoHTposmpye-
Mbl€ PUCKU MOTYT MPUBOANUTbL K He3arlaHUPOBaHHbIM 3KCrlyataLmMoHHbIM pacxoaam, NPUYnHeHuno Bpeaa
JII0A5IM, OKpyXXaroLuer cpeae, UMyLLeCTBY U APYruM HeratyuBHbIM OC/EACTBUSIM, YTO OTpULaresibHO cKa-
3bIBAETCS Ha NMPou3BOACTBEHHbIX noka3artessax OAO «PXK/]».

KnroyeBbie cnoBa: yripaBrieHne HaaeXHOCTbIO, XeJ/1e3HOAOPOXHbIV TPaHCoPT, CTOUMMOCTb XNU3HEHHOIro
umkna, ynpasJsieHue pecypcamu, yrpaBraeHue puckamu, yrpasaeHne GyHKUMOHaIbHOM 6e30MacHOCTbIO.

Ha3HauyeHue, uenu un 3apgaum cucrtemol YPPAH

Cucrema YPPAH — 3T0 TexHOMOTHS yHpaBieHHUsS HAJIEKHOCTHIO, pecypcamMy M (yHKIHOHAIBEHOM
0€30IacHOCTBIO Ha JKEJIE3HONOPOXKHOM TpaHcrmopre. OHA MOCTpOeHAa Ha OCHOBE KOMIUIEKCHOTO MpH-
MeHeHHUs1 Moau(UIIMpoBaHHBIX MeToon0ruii RAMS (6€30TKa3HOCTH, TOTOBHOCTH, PEMOHTOIIPUTOTHO-
ctu u 6e3omacHocTi) 1 LCC (CTOMMOCTH KM3HEHHOTO [IUKJIA), HOBBIX HH(POPMALIMOHHBIX TEXHOJIOTUI
MOJICP’KKH TIPUHATHS PELICHUH, paclpeeIeHHbIX WH(POPMAIMOHHBIX CHCTEM OIepaTuBHOTO cOopa
W aHaJIu3a JIaHHBIX U HOBOM HOopMmaruBHOU 0asbl [1,2]. Cuctema YPPAH obecrieurnBaeT mpakTUIecKoe
yIpaBJIEHUE PECYpPCaMHU, PUCKAMH, HAJEKHOCTHIO U (PYHKIIMOHAIBHOM 0€30MacHOCTHIO Ha CETH JKEeNe3-
HeIX Jopor OAO «PX]I». Dta cuctema BriepBhIe TIO3BOJISET B YCIOBHSIX Ne(UITUTa GPUHAHCOBBIX CPENICTB
YBEJIMYMBATh HA3HAYECHHBIA CPOK CITYKObI 0OBEKTOB JKEJIE3HOIOPOKHOTO TPAHCIIOPTA 10 MPENEITBHOTO
COCTOSIHUS HA OCHOBE OLICHKH PUCKOB U [IEPEPACIIPEAEIIATE MHBECTULIMU Ha MOJIEPKAHNUE UX HAJIE)KHOCTH
u 0e30MacHOCTH, Kak Hanbosee mpoOieMHbIX. [Ipu 3ToM OobIIoe BHUMaHUE YACSACTCS YUETy BIUSHUS
YeJI0BEYECKOT0 (pakTopa B TEXHOJOTHUECKUX Mporeccax padotsl Komnanuu. [lepedens cocTapisiomux,
KoTopble yuuTbiBatoTcs B cucreMe YPPAH, npencrasnen Ha puc. 1.

Bo3mMokHOE Bo3/ieiicTBHE JTF000T0 BIUSIONIEro (hakTopa Ha HaJISKHOCTh M 0€30I1aCHOCTh paccMarpu-
BAEMOT0 KEJIE3HOIOPOKHOTO 00BEKTa JIOJDKHO OLICHUBATHCS ¢ YY€TOM KPUTHYHOCTH JaHHOTO OOBEKTA.
Takast olleHKa JJOJDKHA BKJIFOYATh PACCMOTPEHUE BIMSHUS KaXKI0T0 (DaKTOpa Ha Ka)KIOM 3Tare )KU3HCH-
HOI'0 IIUKJIa, KPpOMEC TOr0, JOJKHA YHUTBIBATH B3aMMOCBA3U BIUATOINUX q)aKTOpOB.



PA3SBUTUE U BHEOPEHUE TEXHOJIOTMU YPPAH HA XXEJIEBHO,OPO>XHOM TPAHCIMOPTE

PACXOAbl HA TEKYLIEE
COOEPXAHUE

MOKA3ATENU
BE30MACHOCTU

AHAIN3 N OLIEHKA
—Suckor >
PUCKOB

KOMMNEKCHbIE

PEMOHTONPUIrOAHOCTU

NOKA3ATENN

NOATBEPXAEHWE COOTBETCTBUA
AvERTOR >
TPEBOBAHUAM TEXHUYECKUX PEIMAMEHTOB

CUCTEMBI
KAYECTBA

SKCNNYATAUMA
MEHEDXKMEHT

Puc. 1. OcHoBHBIE KOMIIOHEHTEI MeTomostorn Y PPAH

[Tpu pazpadorke merononorun Y PPAH nonyunmm pazsutre MmHOTHE TIooxkeHust RAMS. OctanoBuMcs
Ha HanOoJiee CyIIeCTBEHHbBIX:

1. [Tepexoa OT KOMIUIEKCHOTO YITpaBlIeHUs HAJECKHOCTBIO U O€30MaCHOCTHIO0 00BEKTa K KOMITJIEKCHO-
MY YIIPaBIICHUIO HAJEKHOCTHIO U OE€30MAaCHOCTHIO MEPEBO30YHOIO MpOIlecca C MOMOIIBI0 CO3AaHHbBIX
MH(GOPMAITMOHHBIX TEXHOJIOTUM;

YNPABINEHWUE PECYPCAMW, PUCKAMWU U HAOEXHOCTbBIO HA 3TANAX XKU3HEHHOIO LIMKNA

(YPPAH)
® (D ® W ¢ CD ¢
| tAnE)KHOCTb 3 XWBYYECTb || BE3OMACHOCTb 3KOHOMUKA
PEMOHTO- Poiir-
JAONrOBEYHOCTb BE30TKA3HOCTb FOTOBHOCTb NPUrOAHOCTE 2 daxt m m
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WHBECTULMW AKCNNYATAUUOHHLIE PACXOAbI

Puc. 2. Crpykrypa cucremsr YPPAH



PA3BUTUE N BHEOAPEHUE TEXHOJIOTMU YPPAH HA XXENTIESHOO4O0PO>XHOM TPAHCIMOPTE

2. YipaBieHHe HaIeKHOCThIO U 6€30I1aCHOCTHIO IEPEBO30YHOIO ITPOLIEcca Ha OCHOBE pa3padoTaHHOM
CHCTEMBI IIOKa3aTeliel SKCIUTyaTallMOHHON Ha/Ie)KHOCTH U 3KCILUTyaTallMOHHOW 6€3011acCHOCTH 00BEKTOB
U IIPOLIECCOB;

3.¥YmpaBiieHuEe HHBECTULIMSAMU HAa OCHOBE OLIEHKH PUCKOB C YY€TOM CTOMMOCTH >KM3HEHHOI'O LIUKJIA,
JIOJITOBEYHOCTH M TEXHHUUYECKOTO OOCITYKHBAHUS OOBEKTOB KEJIE3HOIOPOXKHOTO TPAHCIIOPTA IO CO-
CTOSTHUIO».

Crpykrypa cucrems! Y PPAH npencrasnena Ha puc. 2.

Buenpenue cucremsl YPPAH Benercst B mecTu Xo3siicTBax: MYTH U COOPYKEHUMN; aBTOMATUKU U
TeJIEMEXaHUKH; HIEKTPU(UKALIIY U 3JIEKTPOCHAOKEHUS; TATH; CBSI3U; MOTOPBArOHHOTO MOJBMYKHOTO CO-
crasa. [1o kaxxnomy xo3aicTBy a1 BHeApeHus: Y PPAH copmysnrpoBaHbl COOTBETCTBYIOLINE MTOLIETH
(Tabmuua 1).

Taonmuuma 1 — lenun BHeapenuss YPPAH B oTaenbHbIX X03siiicTBaX

Xo3s1iicTBO Hean

CHuxeHHre CTOMMOCTH )KM3HEHHOTO IUKIIa MyTeBOU HHPPACTPYKTYPHI 32
CUeT mepepacnpeiesieHus: pecypcoB IpU yCIOBUU o0ecrieueHust TpedyemMoro
YPOBHS KCIUTyaTalliOHHON Ha/IeKHOCTH U AOMYCTUMOI'O YPOBHS O€30MacHo-
CTH JIBWYKEHHUS TT0€3/10B

[TyTeBoil KoMIIEKC

[ToBbIlIeHNE HAZEKHOCTH JKEIE3HOMOPOKHON aBTOMATHKH U TEJIEMEXaHUKU
XO035UCTBO aBTOMAaTH- |MPpU 00eCTICUeHUH TPEOyeMOTro YpOBHS 0€30MaCHOCTH TIEPEBO30YHOTO MPO-
KU ¥ TeJICMEXaHUKU  |Ilecca Ha OCHOBE ONTHMH3AINHN HCIIOIB30BAHUS PECYPCOB U CTOMMOCTH JKHU3-
HEHHOTO [IUKJIa

YBenuueHue JKU3HEHHOTO 1IMKJIa CUCTEM AJIEKTPOCHAOKEHHS HA OCHOBE
OLIEHKH PUCKOB IIPH YCJIOBUHU oOecriedeHns TpeOyeMoro ypoBHs SKCILTyaTa-
LIMOHHOM HAJIeXKHOCTH U JAOMYCTUMOI0 YPOBHSI 0€30aCHOCTH NEPEBO30UHOTO
mporecca

X0351CTBO IEKTPHU-
(buKanuu 1 31EKTPo-
CHaOXEeHUs

CHI/I)K@HI/IC CTOMMOCTH JKXU3HCHHOT'O ITUKJIA JIOKOMOTHBA 34 CUCT IMOBBIIICHUA
JlokoMOTHUBHBIN KOM- | 3(PEKTUBHOCTH HCTIOIB30BAHUS PECYPCOB MPHU YCIOBUM 00ECTICUSHUSI Tpe-
IUIEKC OyeMOro ypOBHS IKCIUTYyaTallMOHHOW HAJIEKHOCTH U JOMYCTUMOTO YPOBHS
0€30IIaCHOCTH IBIKEHUS [IOE310B

CHIXEeHHE CTOMMOCTH KM3HEHHOTO IIUKJIA CUCTEM KEJIE3HOIOPOKHOM IIeK-
TPOCBSI3U 3a CUET MOBBIIICHUS 3()(HEKTUBHOCTH YIIPABICHHUS PECypCcaMu Ha
XO3$II>'ICTBO CBA3U OCHOBC COBepHIeHCTBOBaHI/IH TCXHOJIOTUHN BKCHHyaTaIII/II/I CCTCI\/JI 3JICKTpOCB$I3I/I
pu oOecriedeHIH TPeOyeMbIX MoKa3aTelieil 0e30MacHOCTH U HAJC)KHOCTH
MIPU TIPEIOCTABIICHUHN YCIIYT 3JIEKTPOCBSA3U

CHmKeHue CTOMMOCTH )KM3HEHHOTO IMKJIa MOTOPBATOHHOTO TTOIBUKHOTO
MoTopBaroHHoe Xo- | cocTaBa 3a cueT 3()(H)EeKTUBHOTO paclpeieCHUs] PeCypCcoB MpH 00eCIeYeHUN
3AHCTBO TpeOyeMOoro ypoBHs HaJIe)KHOCTH U IOIYyCTUMOTO YPOBHS O€30MTaCHOCTH C
COXpaHEeHHEM TpeOOoBaHUN KOM(POPTHOCTH MPOE3/a MACCAKUPOB

3amauu cucremsl YPPAH:
I. Pa3paboTka HOpMaTUBHOM 0a3bl, BKIIIOYAs MEXIOCYyAapCTBEHHBIC, HAIIMOHAIBHBIC U OTPACIECBHIC
CTaHI[apTBI U MCTOAUKU.



PA3BUTUE U BHEAPEHUE TEXHOJIOTMU YPPAH HA XXEJTIEBHOL4O0PO>XHOM TPAHCIMOPTE

I1. Pa3paboTKka METOI0JIOTUH YTIPABICHHS HAJIC)KHOCTHIO 00BEKTOB YKEJIE3HOAOPOKHOTO TPAHCIIOPTA,
BKJIIOYAsi CUCTEMY IOKa3aTelel SKCIUTyaTalluOHHOW HAJeKHOCTH, METO/Ibl X pacueTa M aHalu3a.

II1. Pa3zpaboTka METOMOIOTHY YIIPABJICHHUS] PUCKAaMH MTPOU3BOJACTBEHHOM JCSITEIIBHOCTH Ha YKEJIe3HO-
JIOPO’KHOM TPaHCIOPTE.

I'V. Pa3zpaboTka MexaHH3MOB MOBBIIICHUS MOTUBAIMK Topa3AesiecHnii KoMmanuu K yaydieHuro mo-
Ka3aresei HKCIUTyaTallMOHHOM HaJIeKHOCTU U 0€30MacHOCTH (DyHKIIMOHUPOBAHUSA OOBEKTOB JKEJIE3HO-
JIOPO’KHOTO TPAHCIIOPTA.

V. ObecnieueHne 10CTOBEPHOCTH U OTIEPATUBHOCTU cOOpa 1 00pabOTKH JaHHBIX MO OTKa3aM TeXHUYe-
CKUX CPEJICTB U TEXHOJOTUYECKUM HApYIICHUSIM Ha 5KeJI€3HOIOPOKHOM TPAHCIIOPTE.

VI. Pa3paboTka cucTeMbl KOJTUYECTBEHHBIX TTOKa3aTeIeH JUisl OIICHKU TEXHUYECKOH d((PeKTUBHOCTH
paboThI KENE3HOTOPOKHBIX YUACTKOB.

VII. Pa3paboTka nHGOPMAIIMOHHON TEXHOJIOTUU TOACPKKH MPUHATUS PEHICHUH IO YIIPaBICHHUIO
pHUCKaMU, pecypcaMu U HaJIe)KHOCThIO Ha ATarax >KM3HEHHOTO IUKIIA.

VIII. PazpaboTka METOI0IOTHH TTPOJICHHS HA3HAYEHHOTO CPOKA CITYKObI 00BEKTOB JKEJIC3HOIOPOYKHOTO
TpPaHCHOPTAa U NOJACPKKU MPUHATUS PEILICHUS TSl ONIPENeICHUs IPEAETLHOTO COCTOSHUSI.

[X. Pa3paboTka cucTeMbl yIpaBieHUs 4YeJI0BEYECKUMHU, MAaTepUaTbHBIMU, (PUHAHCOBBIMU U IPYTUMHU
pecypcaMu Ha OCHOBE aJITOPUTMOB ONTUMAJIBHOTO pacIpe/ieIeHHUS.

OcHoBHbIE pe3ysbTaTbl UCCeaoBaHUM No npoekTty YPPAH:

* Pa3paboTrana MeToi010r1us pacyeTa 1 MporHo3uPpOBaHUs KCILTyaTallMOHHOM HaJIe)KHOCTH STAJIOHHBIX
00BbEKTOB UH(PACTPYKTYPHI KEJIE3HOJOPOXKHOTO TpaHcHopTa (1 KM BEpXHETO CTPOEHUS Iy TH, CTPEIOUHBIN
nepeBoj, OJIOK-y4acToK, | KM KOHTaKTHOM CETH U Jp.), BKJIIOUask CUCTEMY ITOKa3aTesel, MeTobl pacyeTa,
B TOM uucJie rpagoBble MOJTyMapKOBCKHE METO/IbI pacyeTa U MPOTHO3UPOBAHUS HAJIC)KHOCTH CIIOKHBIX
BOCCTaHaBJIMBAEMBIX CUCTEM CO CKPBITHIMH OTKa3zaMmu [3].

* Pa3paboTanbl METO/IbI OJIEPKKU TPUHATHUS peleHnH (MeToibl (PaKTOPHOT'O aHaJIM3a 110 aroCTepUop-
HOM 1 anpuopHOi HHPOpMaLMK), TO3BOJISAIOLINE 00BEKTUBHO OLIEHUBATh U IPOTHO3WPOBATh HAPYIICHUS
0€30macHOCTH 0OBEKTOB JKEJIE3HOJOPOKHOTO TPAHCTIOPTA.

* Pazpabotana u B Teuenue 2010-2011 rr. BHepeHa Ha CETH KeJIe3HbIX JopOoT UH(OPMAIIMOHHAS CHCTEMa
OIepaTUBHOTO cOOpa, HAKOIUIEHHUS 1 aHAJIM3a JAHHBIX 110 0TKa3aM TEXHUUECKUX cpeicTB — KoMruiekcHas
aBTOMAaTU3MPOBAaHHAs CHCTEMA yUeTa, KOHTPOJISI YCTPAHEHHsI OTKAa30B TEXHUYECKUX CPEJCTB U aHAJIA3a
ux Hagexxnoctu (KACAHT).

» PazpaboTana MeToaMKa YNpaBiIeHUs] PUCKAMU MPOU3BOJICTBEHHOM NEATEILHOCTH HA KEJIe3HO0-
pOKHOM TpaHcropte Poccun, a Takxke METOIHMKa yIPABJICHHUS] PUCKAaMH TpaBMaTHU3Ma Ha MENIEXOIHbIX
epexoax.

* PazpabGorana u nostanHo BHeApseTcs HH(GOPMAIIMOHHAS TEXHOIOTHS MOAIEPKKH MPUHATHUS pelle-
HUH 10 yNpaBiIeHHUIO PUCKaMHU, PecypcaMH, HaJeKHOCThIO U Oe3omacHOCThi0. Ha ee ocHOBe co3maHa
Y MOATAIHO BHEAPSETCS Ha CETHU XKeJle3HbIX Aopor Poccun MHPOpMALMOHHO — yHpaBisionias cucTemMa
ABTOMaTH3UpPOBaHHAs CHCTEMa KOMIUIEKCHOTO YIIPaBJIEHUSI pecypcaMu, pUCKaMH, HaJeKHOCThIO (AC
YPPAH).

* Pazpaborana HOpMaTuBHas 0aza JjIs IMPOKOTO BHeApeHus npoekta Y PPAH, Bkirouast 18a MeXro-
CYyIapCTBEHHBIX CTAHAAPTA, 5 HAMOHAJIBHBIX U 11 OTpaciieBbIX CTaHAAPTOB, a TAKKE 23 METOAUKH U
METOJINYECKUE PEKOMEHJAIUH.

* PeryisipHo M3gaercs HaydHO — TEXHUUYECKUH )KypHall «HaneXHOCTh» Ha pyCCKOM M aHIIMMCKOM
A3BIKAX JUISl IUPOKOTO OOCYXKIEHHs pe3ysbTaToB HccienoBanuii mo npoekty YPPAH. Dtot xypHan
BKiroueH BAK PO B mepeveHb peKOMEH0BAHHBIX U3AHUH TSI Ty OJIMKAITIN MaTepUaioB KaHIUATCKUX
Y JTIOKTOPCKHUX TUCCEPTALUM.
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PASBUTUE U BHEOPEHUE TEXHOJIOIMU YPPAH HA XKEJIEBHOOOPO)XXHOM TPAHCNOPTE

Tecmuposanue npomexcymoyHsviX U KOHEUHBIX PE3YNbmamos uccieoosanuit no npoexmy YPPAH
MPOBOJMIIOCH HA 261 cTaHIu 1 288 neperonax, Ha 29 TUCTaHIUAX Ty TH, a TAK)KE Ha IMCTAHIIUAX aBTOMa-
TUKU U TEJIEMEXaHUKH, NEKTPUPUKALIUHU U IIEKTPOCHAOKEHHSI Ha SKCILTYyaTUPYEMOM JKeJIe3HOAOPOXKHOM
nuaun CeBepHOM JKEeIE3HON JOPOTH MPOTHKEHHOCTHIO 6omee 3200 kM B TeueHue 28 MeCIIIEB.

lNMpumeHneHne rexHonorun YPPAH no3sosnsier:

* 3HAYUTENILHO MOBBICUTH ONEPATUBHOCTh U OOBEKTUBHOCTD JAHHBIX 00 OTKa3aX U TEXHOJIOTHYECKUX
HapyILICHUSX.

* YIpaBisATh TEXHUUECKUM COZIEP)KAaHUEM OOBEKTOB JKEJIE3HOOPOKHOTO TPAHCIIOPTA MO TEKYLEMY
COCTOSIHUIO X HaJIe)KHOCTH U O€30MacHOCTH.

* [Ipu neduumre PUHAHCOBBIX CPEACTB Ha3HAUaTh PEMOHT Haubosee MPoOIeMHBIX YYaCTKOB U 00e-
CII€YMBATh HAJECKHYIO paboTy HHPPACTPYKTYpPbI U O€30MACHOCTh IBHKEHUS. Tak, M0 JaHHBIM ONBITHON
skcrutyatanui Ha CeBepHOM JKeIe3HOW Jopore yCTaHOBJIEHA BO3MOXKHOCTH CHIDKeHHS B 2012 T. Ha
ocHoBaHuu Metonosiornu Y PPAH pacxonoB Ha Tekyiiee copepKaHue IyTH 10 CPABHEHUIO C TEKYIIMM
MJIaHUPOBaHKEM OoJiee ueM Ha 85 MITH. pyOmeit.

* OnepaTuBHO OLIEHHWBATh PUCKU BOZHUKHOBEHHUS OIMACHBIX CUTYallUi Ha JKEJI€3HOJOPOKHOM TpaHC-
MOPTE ¥ MPOTHO3UPOBATh BOBMOKHOCTh BOSHUKHOBEHUSI TPAHCTIOPTHBIX IpouciecTBuil. Tak, Hanpumep,
Ha ctaHiuu IloBapoBo (maBHbIA x0n MockBa — Cankt-IleTepOypr) crporHo3upoBaHa BO3MOXHOCTb
TpaBMaTHU3Ma M Ja)ke THOeNH JItoiel Ha OJIHOYPOBHEBBIX MEIIEXOJHBIX MEPEX0/ax, 4To, K COXKaICHHUIO,
peanbHO npou3onwio. [Ipon3BoauTCs PeKOHCTPYKIIKS BbIACIEHHBIX MEIIEXOJHBIX MEPEX0/IO0B.

* [IporHo3upoBarh BO3MOXHOCTh BO3HMKHOBEHUS! TPAHCIOPTHBIX MPOMCIIECTBUI Ha BbISBICHHBIX
MPOOJIEMHBIX YYaCTKaX KeJe3HOAOPOXKHBIX JTMHHM.

» OOecrneunBaTh yNnpaBiIeHUE HAJEKHOCTHIO U O€30MACHOCTHIO TPAHCIIOPTHBIX CUCTEM B YCIOBHSX
HEMOJHOW U HeYeTKON MH(POpMAaIIIH.

Hay4ynasi HoBu3sHa npoekra YPPAH no OTHOLLEHUIO K CYLLeCTBYIOLLUM
pa3paboTkam:

* Pa3zpaboTana cucrema IKCIUTyaTallMOHHBIX MTOKa3aTeIel HaIeKHOCTH U (DYHKIIMOHATIBLHOM Oe3omac-
HOCTH 3TAJIOHHBIX OOBEKTOB ITyTH, aBTOMaTUKH U TEJIEMEXaHUKH, JIEKTPH(DUKAIIN U JIEKTPOCHAOKEHHS,
a TaK)Ke YCTaHOBIIEHBI KO (HUIIMEHTHI IepecdeTa 00bEKTOB K ATAIOHHBIM.

* Pa3paboransl rpagoBbie MOTYMapKOBCKHE METOJABI pacueTra M MPOTrHO3UPOBAHMS HAIACKHOCTU
1 (QyHKIIMOHAITBEHOW 0€30MaCHOCTH CIIOKHBIX TEXHHMYECKHX CHUCTEM, OTIMYAIOUINECS OT M3BECTHBIX
METOZOB BO3MOKHOCTSIMU PAaCCUMTHIBATH U MPOTHO3UPOBATH HETIOCPEACTBEHHO MO Tpady COCTOSHUN
MPAKTHYECKH BCE TIOKA3aTeN HAJIe)KHOCTH U 0€3011aCHOCTH CIIOKHBIX BOCCTAaHABIMBAEMBIX 00BEKTOB
’KEJIe3HOAOPOKHOTO TPAHCIIOPTA C PE3EPBUPOBAHUEM W/ €CTECTBEHHOM H30BITOUHOCTHIO M HETIOJ-
HBIM KOHTPOJIEM.

* Pazpabotanbl MeTozbl (haKTOPHOTO aHAIH3A VIS IPOTHO3MPOBAHNUS TPAHCTIOPTHBIX MTPOUCIIIECTBHUH.

* PazpaboTanbl METO/IBI OIICHKH PUCKOB TPaBMaTHU3Ma WM THOEIH JTF0IeH Ha TeTEXOAHbIX ITepexo1ax
C y4eTOM 000pYIOBaHUS MEPEXOI0B U MHTEHCUBHOCTH M CKOPOCTH JIBIKCHHUSI TPAHCTIOPTHBIX CPEICTB.

MeTtogonorndyeckass HoBu3Ha npoekra YPPAH:

* B pazButne metononoruu RAMS uccnenyrorcs kak nokasaresu 6e30TKa3HOCTH, TOTOBHOCTH, PEMOHTO-
MPUTOAHOCTH, OE30MTACHOCTH, TaK U JIOJITOBEYHOCTH OOBEKTOB JKEJIC3HOAOPOKHOTO TpaHcnopTa. [Ipu atom
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PASBUTUE U BHEOPEHUE TEXHOJIOI'MU YPPAH HA XKEJIEBHOOOPOXXHOM TPAHCNOPTE

JUIS Ka’KII0T0 X03s1iicTBa MH(MPACTPYKTYPHI U MOJABHKHOTO COCTaBa CPOPMUPOBAH KOMILIEKC IKCILTyaTallu-
OHHBIX MOKa3areyiel, yUUThIBAIOLINI TPON3BOJACTBEHHBIN XapaKTep AeATEIbHOCTH XO3SHCTBA.

* B paszButne merononorun RAMS pa3zpaboTaHbl METOAMYECKHE TIOJIOKEHHUS TI0 YIIPABJICHHUIO HAJICHK-
HOCTBIO M 0€30I1aCHOCTHI0 0OBEKTOB JKEJIE3HOJOPOKHOTO TPAHCIIOPTA B MPOIIECCE UX IKCILTyaTalluu Ha
OCHOBaHUU (PaKTUUECKUX JAHHBIX, IPOCKTHBIX PACUETOB U JOMYCTHUMbIX YPOBHEH PUCKOB.

* B pasButue meromonoruu ctoumoctu kusHeHHoro 1ukia (CXKI-LCC) paspaboransl MeToauye-
CKHE TIOJI0KEHHUS 10 YIPABIECHUIO 3aTpaTaMu Ha TEXHUYECKOE COJIEP’KaHue U MOJIEPHU3ALUI0 00BbEKTOB
MH(PACTPYKTYpbl HA OCHOBE 3HAYEHHI MX IMOKa3aTesieil HKCIUTyaTallMOHHOW Ha/eKHOCTU COIJIacHO
meTonosiornu YPPAH.

* B pa3Burue merononoruun RAMS pa3paboTanbl METOAMYECKHE TTOJIOKECHUSI TT0 TIEPEXOy OT HOP-
MHUPOBAHHOTO CPOKa CIIY>KOBI K MPeIeIbHOMY COCTOSTHUIO OOBEKTa KeJIe3HOAOPOKHOTO TPAHCIIOPTa ¢
Y4eTOM OIICHKH PUCKOB HApyIIEHUs 0€30MaCHOCTH MEPEBO30YHOTI0 MpoIiecca.

» Coznana HopMaTuBHast 6a3a Ji1sl yIpaBlIeHUs pecypcaMu, pUCKaMu, HaJIe)KHOCThIO, 0€3011aCHOCTHIO
TUIIOBBIX 00BEKTOB MHPPACTPYKTYPHI JKEIE3HOJOPOKHOTO TPAHCIIOPTA.

XoTenock Obl OTMETHTH e11e 01HO HanparieHue npuMmenennst YPPAH B 2013 r. M3BecTHo, uTO Ha
ceTH >kene3HbIx aopor Poccuu u HexoTopsix crpad CHI' 3adukcupoBaHo 3HAYUTENBHOE YBETUUYCHHE
KOJIMUECTBA CITy4aeB H310Ma OOKOBBIX paM TeNeKeK IPy30BbIX BaroHOB. KakapIii Takoi N3710M COMpsiKeH
CO CXOJIOM BaroHa UJIM BaroHOB, a MHOT/A MIPUBOJIUT U K O0JI€€ TSXKENIBIM MOCIEACTBHIM, CBSI3aHHBIM C
YeJI0BEUECKIUMHU JKEPTBAMHU.

XapakTepHoil 0COOEHHOCTBIO CIIOKUBLICICS CUTYallUU C pa3pylIEHUsIMU OOKOBBIX paMm siBiiseTcs 00-
Hapy>KeHHE UX U3JIOMOB Ha CPOKE IKCIUTyaTalluu OT 1 70 4 JIeT, 4TO CBUAETENbCTBYET 00 HEJOIYCTUMO
HU3KOM YPOBHE HaJIeKHOCTHU. [IMHaAMIKa 4aCTOTHI U3JIOMOB OOKOBBIX paM pa3InYHbIX U3TOTOBUTENICH 1O
naptusam 2002-2012 rr. BeIlycKa NpeacTaBiieHa Ha PUCYHKE 3.

OuHaMukKa 4yacToTbl MU3NTOMOB MO rogam BblMyCKa I'IapTMﬁ pam

(nonuHoMManbHas perpeccus 3-ro nopsaka)
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PASBUTUE U BHEOPEHUE TEXHOJIOI'MU YPPAH HA XKEJIEBHOOOPOXXHOM TPAHCNOPTE

Ha ocHoBe nipeicTaBieHHON JMHAMUKHA MOYKHO OIICHUTH MporHo3upyemoe Ha 2014 1. oOmiee koauye-
CTBO M3JIOMOB T10 paMaM yKa3aHHBIX U3TOTOBUTEJICH B KoMMUecTBE 38 mTyK (PUCYHOK 4) MPHU YCIOBUH
HEBBITNOJIHEHUSI MEPOIIPUATHI 110 CHIKEHUIO YPOBHS PUCKA U3JIOMOB OOKOBBIX paM.

o v%:"_--' .

fr_ﬁ% ABOB?IIEKTDOCTanb

AT B AnTaiBaroH

B beXXUUKUIA CTanenuTenHblin 3aBo4,
W KpemeH4yrckuii ctanenmnteinHblin

3aBo4,
H [MpomTpakTop-Npomnut

N YpansaroHsasog,

0,52

Puc. 4. IIporaosupyemoe Ha 2014 T. KOTUIECTBO U3JIOMOB OOKOBEIX paM (IT0 U3TOTOBUTEIISIM)

B 2013 r. 6b111 pa3zpaboTansl «MeToanuecKe yKa3aHus MO pacyeTy U MOCTPOCHUIO MaTPHUIL PUCKOB,
CBSI3aHHBIX C M3JIOMaMHU U JehekTaMu OOKOBBIX paM TEJIEKEK I'Py30BBIX BArOHOBY, MpeIHA3HAUYCHHBIC
JUIS UCTIONTb30BaHMSI B IPOIIECCE OLIEHKU PUCKOB KPYILIEHH, aBapHii, CXOI0B MOABMKHOTO COCTaBa BCIIE/-
CTBUE U3JIOMOB OOKOBBIX PaM, a TAK)KE PUCKOB BBIBO/IA U3 SKCILTyaTaI[MH IPy30BbIX BATOHOB BCIIEICTBHE
BBISIBJICHUSI TPEIIUH U APYTUX 1e(EeKTOB OOKOBBIX paMm.

MeTtonuyeckue ykazaHus O3BOJISIOT HAa OCHOBE MMEIOIIUXCS CTATUCTUYECKUX TAHHBIX MO KOJIMYECTBY
ne(eKTOB U U3JIOMOB JINTHIX OOKOBBIX PaM TEJIEkKEK, a TAK)KE BEI3BAHHBIM UMU MOCTIEICTBUAM (KPYLLICHHUS,
aBapuu, CXO/IbI IMOJIBUYKHOTO COCTABA) PACCUUTATh HEOOXOUMBIE TTOKA3aTEIN U OLIEHUTh YPOBEHb pUCKa
C OTOOpa)KEHHEM pe3yabTaTOB B BHI€ MATPHUIl PUCKA.

Hcnonb3oBaHne MaTpul, PUCKOB, MOCTPOEHHBIX MO JTaHHBIM METOAMYECKUM YKa3aHHSIM, TTO3BOJIUT
MIPUHATH 00O0CHOBAHHOE PEIICHUE O COCTOSITHUM HAJCKHOCTH U O€30MAaCHOCTH OOKOBBIX paM TEJICKEK
IPy30BBIX BArOHOB 3a 33JJaHHBINA NEPUO HAOTIONCHUS.

B pamxkax tupaxupoBanus Mmerogoiorun Y PPAH Ha ceTh xene3HbIx Jopor ObLI0 IPOBEACHO JIByXKa-
CKaJHOe O0y4YeHHe CrienuanucToB aupekiuu nHppactpykrypsl. C 27.05.2012 o 07.06.2012 obyuenue
npoBoamiiock B T. Mockse Ha 6a3e ['BL| OAO «PXK]I». Jlanee cunamMu NOATOTOBICHHBIX TPYII BHEIPEHUS
ObLIO MPOBEICHO CeTeBOE 00yUeHUE Ha loporax. B pe3ynprare o0yueHust HoAroToBKy npouuiu oosuee 2600
cnermanuctoB OAO «PXX]I». Takum 00pazom, Ha Kax a0 KEJIC3HOM I0pPOre aKTUBHO MPOBOIUTCS paboTa
1o BHeApeHuto cucteMbl Y PPAH B pou3BOICTBEHHYIO I€ATEIBHOCTD CTPYKTYPHBIX MOIpa3ICICHUN.

B Hacrosiiee BpeMs B myTeBOM KOMILJIEKCE MPOBOAUTCS OoJblas padoTa Mo y4eTy 3arpar U pacyeTy
KpuTepueB Ha3HaueHus peMoHToB B 2014 r. Ha ocHoBe noka3ateneit YPPAH. [lannas paboTa mo3Boiut
chopmupoBath B cucteme AC YPPAH tutysipHble yU4acTKU MyTH, BKIIOYA€MbIE B TJIaH PEMOHTOB Ha
2014 r. B COOTBETCTBUH C KPUTHYHOCTHIO MX (PAKTHYECKOTO COCTOSHHUS.

B 2013 rony coBmectHo ¢ LleHTpoM opraHu3anuu KOHKYPCHBIX 3aKyIOK HayaThl pabOThI MO pUMe-
Henuto nokazareneit YPPAH B 3akynounoit gestensHoctd OAO «PX/». Jlannas pabora obecrnednt
MPEIbSIBICHUE YETKUX 000CHOBAHHBIX TPEOOBAHUH K MPOIYKIUHU U YCIyraM U MO3BOJIUT Peaqnu30Barh:

— cobOmroieHne 00s13aTeNbHBIX TPeOOBaHUN MO OE30MaCHOCTH U HA/IeKHOCTU K HKETIE3HOIOPOKHOMY
MOJIBUKHOMY COCTaBY, CIICIUATM3UPOBAHHOMY 00OPY/IOBAaHUIO U AlIeMEHTaM UH(PPACTPYKTYPHI, SJIEMEH-
TaM BEPXHET0 CTPOEHUS MYTU U COOPY>KEHUSIM, PACIIOJIOKESHHBIM Ha HUX;

— cobmopenue uatepecoB OAO «PX]I» o npenbsiBieHnto TpedOBaHUI K BHICOKOMY YPOBHIO Oe30mac-
HOCTH U HAJIS)KHOCTH OOBEKTOB, C LIEJIbI0 MUHUMH3AIIUU COOTBETCTBYIOIINX PUCKOB;

— MUHUMU3AIUIO0 CTOUMOCTH YKU3HEHHOTO ITUKJIa 00BEKTOB, C LIEIbIO MOJIOKUTEIIBHOTO BIMSHUS Ha
¢dbunaHcoBbli pe3ynbTar AestenbHocTH OAO «PXK .



PA3BUTUE U BHEAPEHUE TEXHOJIOTMU YPPAH HA XXEJTIEBHOL4O0PO>XHOM TPAHCIMOPTE

3aBepiienue BHenpeHus TexHoiaoruu Y PPAH Ha undpacTpykType Beeit ceTH sxene3Hbix gopor Poccun
manupyetcs B 2013r., a B 2013-2014 rr. nanHas TexHOI0TUs OyzeT pa3paboTaHa s MOABUKHOTO CO-
CTaBa M BHEJPEHA Ha >KEJI€3HOJOPOKHOM TPAHCIIOPTE CTPAHBI.
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Structural reliability. The theory and practice

Gapanovich V.A.

DEVELOPMENT AND IMPLEMENTATION OF THE URRAN
TECHNOLOGY ON RAILWAY TRANSPORT

Tasks faced by the Russian economy highlight the need to find ways of enhancing operation efficiency
developing railway transport. At the same time, we should not forget that railway transport, like any other
complex system, faces uncertainty or risks while carrying out its activities. Uncontrollable risks can lead to
unplanned maintenance costs, harm to people, property and other negative consequences that adversely
affect the operating performance of JSC RZD.

Keywords: reliability management, railway transport, life cycle cost, resource management, risk manage-
ment, management of functional safety.

The purpose, goals and objectives of the URRAN system

The URRAN system is a technology of management of reliability, resources and functional safety
on railways. It is based on the integrated application of modified RAMS methodologies (reliability,
availability, maintainability and safety) and LCC (life cycle cost), new information technologies
to support decision making, distributed information systems, operational data collection and its
analysis and the new regulatory framework [1,2]. The URRAN system provides practical manage-
ment of resources, risks, reliability and functional safety management on the network of Russian
Railways. For the first time, this system allows under the circumstances of shortage of funds to
increase the assigned life span of railway facilities to limiting state on the basis of risk assess-
ment and reallocation of investments to maintain the reliability and safety of them as the most
problem facilities. And close attention is paid to consideration of the human factor influence on
the company’s technological process. The list of the components that are included in the project
URRAN is presented in fig. 1.

The possible impact of any factor affecting the reliability and safety of rail facility under considera-
tion should be evaluated taking into account the vitality of a given facility. Such an assessment should
include consideration of the impact of each factor on each stage of a life cycle, as well as it should take
into account the relationship of affecting factors.

While developing the URRAN system methodology, many of RAMS propositions have been developed.
Let us consider the most significant ones:
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1. The transition from the integrated reliability and safety management of a facility to the integrated
reliability and safety management of the transportation process with the help of developed information
technology;

2. Managing reliability and safety of the transportation process on the basis of the developed system
of measures for operational reliability and operational safety of objects and processes;

3. Investments management based on risk assessment taking into account the life cycle cost, durability,
and maintenance of railway facilities as to state.

The structure of the URRAN system is shown in fig. 2.
The URRAN system is being implemented in six RZD enterprises: track facilities, automation and
remote control (telemechanics), electrification and power supply, traction, telecommunication, multiple

units rolling stock enterprises. For the purpose of the implementation of the URRAN system, sets of
sub-goals are defined for each enterprise (Table 1).

Table 1. Objectives of the implementation of the URRAN system in enterprises

Enterprise Objective

Reduction of track infrastructure life cycle cost at the expense of resource
Track system redistribution under condition of ensuring the required level of operation-
al reliability and acceptable level of train operation safety

Improving the reliability of railway automation and remote control under
condition of ensuring the required level of safety of the transportation
process based on optimizing the use of resources and life cycle cost

Automation and remote
control facility

The increase of power supply systems’ life cycle based on risk assess-
ment, under condition of insuring the required level of operational reli-
ability and acceptable safety level of the transportation process

Electrification and power
supply facility

Reduction of locomotive life cycle cost through the increase of efficient
Locomotive complex use of resources under condition of ensuring the required level of opera-
tional reliability and acceptable level of train operation safety

Reduction of railway communications’ life cycle cost by increasing the
efficiency of resource management based on improving the technology of
Communication facility |telecommunication networks’ operation under condition of ensuring the
required safety performance and reliability at the provision of telecommu-
nication services

Reduction of life cycle cost of multiple units’ rolling stock facility
Multiple units’ rolling through the efficient allocation of resources, under condition of ensuring
stock facility the required level of reliability and acceptable level of safety while main-
taining the requirements of passenger travel comfort

Tasks of the URRAN system

I. The development of the regulatory framework, including the interstate, national and industry stand-
ards and procedures.
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II. The methodology development for reliability management of railway facilities, including metrics
of operational reliability and methods of their calculation and analysis.

II1. The methodology development for risk management in industrial activity on railway transport.

I'V. The development of mechanisms to increase motivation level of the Company divisions in improv-
ing indicators of operational reliability and functioning safety of railway facilities.

V. Ensuring credibility and efficiency of collecting and processing data on process violation and failures
of technical facilities in rail transport.

VI. The development of quantitative measures’ for assessing the technical efficiency of railway sec-
tions.

VII. The development of information technology to support decision-making in management of risks,
resources and reliability at the life cycle stages.

VIII. The methodology development for prolongation of assigned lifetime of railway facilities and
decision-making support for the determination of the limiting state.

IX. The development of the management system of human, material, financial and other resources
based on algorithms for their optimal allocation.

The main findings of investigation of the URRAN project:

* The developed methodology for the calculation and prediction of operational reliability of the refer-
ence railway infrastructure facilities (1 km of permanent way, switch, block section, 1 km of overhead
contact system, etc.), with metrics and calculation methods, including semi-Markov graph methods of
calculation and prediction reliability of complex recoverable systems with latent failures [3].

* The developed methods for decision-making support (the methods of factor analysis according to
a posteriori and a priori information), allowing estimation and prediction of safety violation at railway
facilities.

* The information system for operational data collection, accumulation and analysis of data on fail-
ures of technical facilities — Integrated Automated Accounting System, control of failures’ elimination
of technical facilities and analysis of reliability (KASANT), developed and introduced on the railway
network during 2010-2011.

* The developed methodology of risk management in industrial activity on the Russian railways and
the introduced method of injury rate management at pedestrian crossings.

* The developed information technology has being implemented step-by-step to support decision-making
in management of risks, resources, reliability and safety. On its basis of Information-management system
for automated system of Integrated Management of Resources, Risks and Reliability (AS URRAN) has
been created and is under implementation on the Russian railway network.

* The regulatory framework for the widespread introduction of the URRAN project has been developed,
including 2 interstate standard, 5 national standards and 11 industry standards, as well as 23 methodolo-
gies and guidelines.

* Scientific-technical journal “Reliability” is regularly published in the Russian and English languages
for extensive discussion of the results of studies on the URRAN project. This journal is included by the
Higher Attestation Commission of RF in the list of recommended editions for the publishing of doctoral
and candidate’s theses.

Testing of the intermediate and final findings of the URRAN project research has been conducted
on 261 stations and 288 open lines, in 29 track enterprises and in railway enterprises of automation
and remote control, power supply and electrification on the over 3200 km operating railway line of the
Northern Railway for 28 months.
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The application of the URRAN technology allows the following:

* Significantly increase the efficiency and objectivity of failure data and process violations’ informa-
tion.

* Manage the technical content of railway facilities according on the current state of their reliability
and safety.

* Under shortage of funds to appoint repair of the most problem sections and to ensure fail-safe opera-
tion of the infrastructure and train operation safety. Thus, according to the trial operation on the Northern
Railway in 2012, based on the URRAN methodology, the possibility was found to reduce the cost of the
current track maintenance compared to the current planning for more than 85 million rubles.

* Promptly evaluate risks of hazardous situations’ occurrence on railway transport and predict the
possibility of accidents. For example, on the station Povarovo (main line Moscow — St. Petersburg)
the possibility of injury and even loss of life on the single-level pedestrian crossings has been pre-
dicted, which, unfortunately, really happened. The reconstruction of the selected pedestrian crossings
is under way.

* Predict the possibility of accidents’ occurrence on the identified problem sections of railway lines.

* Provide management of reliability and safety of transportation systems under conditions of incomplete
and uncertain information.

The scientific novelty of the URRAN project in relation to existing developments:

* The system of operational reliability measures and functional safety of reference facilities of track,
automation and remote control, electrification and power supply has been developed, as well as conver-
sion factors of existing facilities’ performance to the reference ones.

* The graph semi-Markov methods of calculation and prediction of reliability and functional
safety of complex technical systems has been designed, which differ from the known methods by
calculation and prediction directly from the graph states almost all indicators of reliability and
safety of complex recoverable railway facilities with reservation and / or natural redundancy and
incomplete control.

* The methods of factor analysis to predict accidents have been developed.

* Methods of risk assessment of the of injury or loss of life on pedestrian crossings taking into account
the crossing equipment and the intensity and speed of vehicles has been presented.

The methodological novelty of the URRAN project:

* In the development of RAMS methodology indicators of reliability, availability, maintainability,
safety, and durability of railway transport are studied. Moreover, for each sector of infrastructure and
rolling stock facilities a complex operational performance is formed, taking into account the nature of
the manufacturing sector.

* In the development of RAMS methodology methodical regulations for management of reliability and
safety of railway facilities in the course of their operation on the basis of actual data, design calculations
and acceptable levels of risk.

* In the development of the methodology for life cycle cost (LCC) developed methodological regula-
tions for cost management of maintenance and improvements infrastructure facilities based on the values
of their performance reliability according to the URRAN methodology.

* In the development of the methodology RAMS methodical regulations for the transition from a nor-
malized lifetime to the ultimate railway facility state of rail transport taking into account risk assessment
of transportation process safety violation have been designed.

* A regulatory framework for management of resources, risks, reliability of typical railway infrastruc-
ture facilities has been created.

15



DEVELOPMENT AND IMPLEMENTATION OF THE URRAN TECHNOLOGY ON RAILWAY TRANSPORT

It is worth to mention another area of the application of the URRAN system in 2013. It is well known
that there is a significant increase in the number of incidence of side bogie frames breaking of freight cars
in the Russian and some CIS countries’ railway networks. Each such break is associated with derailment
of a car or cars, and sometimes leads to more serious consequences associated with loss of life.

The characteristic feature of the present situation with the side bogie frames breaking is detection of
their breaks on the operation life from of 1 to 4 years, which indicates that they have an unacceptably
low level of reliability. The dynamics of the break frequency of side bogie frames’ lots from different
manufacturers in 2002-2012 are shown in fig. 3.

The dynamics of the break frequency of side bogie frames’ lots
according to the year of production (polynomial regression of the third-
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Fig. 3. The dynamics of the break frequency of side bogie frames’ lots from different manufacturers in 2002-2012

On the basis of the presented dynamics it is possible to evaluate predicted for 2014 the total break
number of side bogie frames according to manufacturers by the quantity of 38 pieces (see Figure 4), under
condition of non-fulfillment of measures to reduce the risk of side frame breaks.

In 2013 “Guidelines for calculation and construction of risk matrix associated with breaks and defects
of side bogie frames of freight cars” were developed, which are intended for use in the risk assessment

= Azov Electro-steel

<l = Altai railcar

= Bezhitsky steel mill
= Kremenchug steel mill
= Promtractor

0,52 Ural railcar factory
Fig. 4. The total break number of side bogie frames predicted for 2014 (according to manufacturers)
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process of derailments, accidents and rolling stock wreckage because of side bogie frames’ breaking, as
well as the risks of operation stopping of freight cars as a result of cracks’ detection of and other defects
of side bogie frames.

Based on available statistical data on the number of defects and breaks of cast side bogie frames, as
well as on consequences caused by them (wreckage, accidents and rolling stock derailment), the meth-
odological guidelines allow us to calculate the necessary measures and evaluating the risk level with
results displayed in the form of risk matrix.

The use of a risk matrix constructed according to the guidelines, will allow taking reasonable
decision about reliability and safety state of side bogie frames of freight cars in a given period of
observation.

As part of the URRAN methodology duplication for the railway network, the two-stage training of
Infrastructure Directorate experts was carried out. From 27.05.2012 until 07.06.2012, training took place
in Moscow on the basis of The Main Computation Center of JSC RZD. Further, the trained teams’ forces
carried out network training on railway divisions. Because of this activity over 2,600 professionals of
JSC RZD were trained. Thus, the work to implement the URRAN system in industrial activity on each
structural division is being carried out nowadays.

Currently, a great activity on cost accounting and criteria calculation for the appointment of repairs in
2014 based on the URRAN system performance is carried out the track complex. This work will allow
forming in the AS URRAN system the title track sections to be included in the plan of repairs for 2014
according to the criticality of their actual state.

In 2013, together with the Center for Competitive Procurement organization the works were started
on the use of the URRAN system measures in the procurement activities of JSC RZD. This work will
provide a presentation of clear and reasonable requirements for products and services and will allow
implementing:

— Compliance with the mandatory safety and reliability requirements for the railway rolling stock, spe-
cial equipment and infrastructure elements, permanent way elements and structures located on them;

— Compliance with the interests of JSC RZD as for presentation of requirements to a high level of safety
and reliability in order to minimize risks;

— Minimizing the life cycle cost of facilities for the purpose of positive impact on the financial results
of JSC “RZD”.

Completion of the URRAN system technology implementation on infrastructure of the whole Russian
railway network is planned in 2013, and in 2013-2014, this technology will be developed for the rolling
stock and introduced on the railways of the country.
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CTpyKTypHas HageXXHoCTb. Teopus u NnpakTuka

lNMeperyna A.N., lNeperyna A.A., Tumawues [].A.

MATEMATUYECKASA MOAEJ1Ib HAAEXXKHOCTU
KOMMbIOTEPHbIX CETEU

PaccmoTpeHbl marematndeckme moaesnn HagexHoctn JIBC npou3BosibHOM TOMOI0rMmM ¢ BOCCTaHaB/IMBae-
MbIMU 3JIEMEHTaMU, aHasin3 KOTOPOV MO3BOJII MOJ1y4YNTb COOTHOLLIEHWUS BEPOSITHOCTU MOTEPU AaHHbIX B
CeTu, BePOSITHOCTM aBapuv M MaTeMaTn4eckoro OXuaaHusi BDEMEHW [0 aBapun 3J1eMeHTOB ceTn be3 ka-
Kux MO0 npearosioXeHnri 0 3aKoHax pacripenesieHnsl ciyyYarviHbix BeanydunH. lpeanoxeHa moaesb yyerta
MHOXECTBEHHbIX OTKA30B 3/IEMEHTOB CETHU.

KniouyeBbie cnoBa: QyHKUMS pacripenesieHvs, MaTteMaTndeckoe OXuaaHve, rnpoLecc BOCCTAHOBJIEHWS,
rnoTepst AaHHbIX, MHOXECTBEHHbIE OTKa3bl, CEPBEP, KIIMEHT, ropT, rNepuosa pereHepaLmu.

BeBepeHue

B Hacrosiiiee Bpemsi BEIYMCIUTENbHAS TEXHUKA HAXOAUT BCe Oojiee MIMPOKOE MPUMEHEHHE B Yeo-
BEUECKOH nesATenbHOCTH. be3 mcrnonbp3oBanus WHPOPMAIMOHHBIX CPEICTB HEBO3MO)KHA JaJIbHEHIIIAs
WH/IyCTpHANIN3alUsl TIPOU3BOJICTBA U, KaK CIIEICTBUE, JalbHEHIee moBbieHne 3(h(HeKTHBHOCTH BCex
cdep obiecTBeHHOM nesTenbHOCTH. Hapsiay ¢ OypHBIM pa3BUTHEM U MHTEHCH(UKaIed nHpopmarm-
OHHBIX TPOILIECCOB BO3HUKAET Psijl MpobiaeM, 6e3 pemeHust KOTOPBIX BOOOIIE Hellb3s OyAeT TOBOPHUTH 00
s dexkruBHOCTH HHPOpMaTu3anuu. K Takum mpobiemam ciieyeT OTHECTH CO3JaHUE BBIYMCIUTEIBHBIX
cuCTeM (ceTel), XapaKTepU3yIOIIUXCS TOCTATOYHO BBICOKUMU ITOKA3aTEIISIMHA HAICKHOCTH MX (DyHKITHO-
HUPOBAHUS M 00ECIIEUCHNEM 3alUThl HH(POPMALINH, CoAepKalieiics B MHPOPMALIMOHHON CHCTEME, OT
HECAHKIIMOHUPOBAHHOTO JOCTYTIA.

BonpmucTBo nHGOpMarmonHsix cucteM (MC) mocTpoeHo Ha 0CHOBE KOMITBIOTEPHBIX TEXHOJIOTHIA U
SIBJISIFOTCS] COBOKYITHOCTBIO IMTPOrPAMMHOTO | anmaparHoro ooecneyenust. C yCI0KHEHHEM TPOrPaMMHOTO
o0ecriedyeHns: BO3pOC €ro BKJIAJ] B HEHAE)KHOCTh CUCTEMBI B LIE€JIOM, YTO HEOOXOUMO YUUTHIBATh, B TO
BpeMs KaK paHbIle BHIMOJIHSIICS aHAJIN3 HAJAECKHOCTH TOJIBKO anmnaparHoit yactu. Ho s morpeOutens
HEBAKHO, YTO SIBUJIOCH IPUYMHOM OTKa3a CUCTEMBI, BaXKeH caM (akT oTkaza. CymecTBYIOMINE MOJEIN
HaJIKHOCTH HE MO3BOJISIOT pacCMaTpUBaTh allapaTHyo pealn3ainio U MporpaMMHOE 00ecTieueHne B
COBOKYITHOCTH KaK €IMHOE IEJI0e, UTO 3aTPYAHSET WX MCIOJIb30BaHHE M3-3a OOJIBIIOrO pa3zHOooOpa3us
MPUMEHSIOIINXCS CUCTEM, TPOTPAMMHOT0 00€CIICUeHUS U CIIOKHOCTH MX CTPYKTYPHI.

B nanpneiimem nog C GyneM moHMMaTh COBOKYITHOCTH alIIapaTHBIX U MPOTPAMMHBIX CPEZCTB, pea-
JU3YIOUINX TPU OCHOBHBIE (DYHKIIMU: XpaHEHHUE, 0OpaOOTKY M 3aLIUTy JaHHBIX, YTO TO3BOJISAET JTIO0YIO
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MH(OPMAITMOHHYIO CUCTEMY MPEACTABUThH B BUE TPEX MOJICUCTEM: CUCTeMbI XpaHeHus nanHbix (CX/),
cuctembl 00padoTku nanHbIx (CO/L) u cucremsr 6e3onacuoctu (Ch). Takoe paznenenue MC HOCUT uncTo
JIOTUYECKUH XapaKTep U He OTPakaeT KOHKPETHYIO Pean3alii0 CUCTEMBI, HO IIPHU 3TOM B JIF000I peasib-
HOM CHCTEME MOJKHO BBIJICIIUTH COBOKYITHOCTb alMapaTHBIX M MPOTPAMMHBIX MOYIIEH, 00€CTIeYMBAOIIINX
BBITIOJTHEHHE KXKIOU U3 ATUX (QYHKIMI. AGCTparupoBaHue OT PealbHOTO 00OPYIOBaHUS B PACCMOTpe-
HUE JTIOTUYECKUX MOJCUCTEM MTO3BOJISET MOJIYYUTh METO/IBI pacueTa Mmokas3arenei HaJie:)KHOCTH, KOTOphIE
MOKHO IPUMEHSATH K Jr00bIM JIBC He3aBHCHMO OT cocTaBa 00Opy/IOBaHUS, MacIITA0OB CUCTEMBI U €€
¢byukuuit. Paccmarpuaem JIBC kak COBOKYITHOCTB alilapaTHbIX U MPOTPAMMHBIX CPEACTB, PEaTHU3YOIINX
OCHOBHbIE (DYHKIIMU U BKJIIOUaroiue B ce0s cepsep — anement BC, comepkaiiuii cucteMy XpaHeHUs
nanabix (CX]1) co ceonmu cuctemamu nepenaun ganubix (CI1) u cucremoit 6ezonacHoctu (CB); xau-
enm — snemenT BC, Buimroyaromnuii B cedst cucremy oopabotku nanusix (CO/l) co ceoumu CIIJ u Cb;
KOHYeHmMpamop — CIyKUT JJIs CBSI3U KIueHTOB u cepBepa 1 coctout u3 CI1J] u Cb. K cucreme xpanenus
JAHHBIX OTHOCSTCS amlmnapaTHbIE U MIPOrPaMMHBIE CPEACTBA, 0OeceynBaroie GyHKIUN IpUemMa, Xpa-
HEHUS U BbIIauu nHpopManuu. OYHKIHUSIMH CUCTEMbI 00paOOTKU TAHHBIX SIBISIOTCS MPeoOpa3oBaHue
nanHbIX U cBa3b CX/] ¢ monb3oBarenem. Chb BeIMonHSET GyHKIMHU KOHTPOJISI HAA pabOTOi OCTaNbHBIX
CUCTEM U COXPAaHEHUS eIOCTHOCTHU NaHHBIX. OHa J0MKHA TMOO0 MPEIOTBPAIIaTh MOTEPI0 HHPOPMAIIHH,
100 CUTHATM3UPOBATH O HEBO3MOXKHOCTH 3aIUTHI JaHHbIX. ABapueit JIBC 3aeck Oyaem cauTarh HOTEpro
nanabiX. [log moTepeit naHHBIX MOHUMAaeM TUOO peaabHOE UX YHHUTOXKEHHE, JINOO0 HEBO3MOXKHOCTH B
TEUYEeHHE JOCTATOYHO JIIUTEIBHOTO MPOMEKYTKA BPEMEHU MOITYYUTh JOCTYI K HUM.

Hameit 3agaueii sBnsiercs pa3zpaboTka MareMaTH4ecKol MOJeNN HaJAeXKHOCTH Npou3BoibHOI JIBC
C BOCCTaHABIMBAEMbIMU 3JIEMEHTAMM, YUUTHIBAIOIIECH MTOCIEACTBUA OTKA30B IOACUCTEM U IOJIIyYCHUE
COOTBETCTBYIOILIUX [TI0KA3aTeJIeH HAJC)KHOCTH, a TAKKE y4eT MHOKECTBEHHBIX OTKA30B DJIEMEHTOB CETH.
JlanHas paGota siBiseTcsl JalbHEHIIUM pa3BuTHeM padot [1,2], rae ObUIM MOTy4eHbl BBIpaKEHUS 11
BBIUMCIICHUS BEPOSITHOCTH ITOTEPH JaHHBIX ceTel. OlieHKa MoKa3aTesnei Haie)kHOCTH U 3(h(heKTUBHOCTH
PE3€pPBUPOBAHHBIX CETEBBIX CTPYKTYP C BBIACICHUEM JIByX IPYIII Y3JI0B U KOMMYHHUKAIUOHHOMU I1O/ICH-
CTEMBI paccMaTpuBajiach B [3].

PeweHue 3apaum

Baenem HeoOxoaumMble 0603HadeHus. [TycTh cirydaiinas BeMurHa j 0003HauaeT HapaOOTKy 10 OTKa3a
CO/l, a cimyuaiinas BenuunHa Y — BpeMs BocctaHoBineHusa CO/l. CiydaliHbIMM BeMYUHAMHU @, @, U
¢, Oyznem o603Ha4yaTh HapaboTku a0 orkasa CIIJ] kaueHTa, mopTa KOHLEHTPATOpa U CEpBEpA, a BEIH-
YUHBI |, Y, U J; — 3TO BpeMeHa BOCcCTaHOBIIeHHUs nocie otkasa CIIJ] kiueHnTta, nopra KOHIEHTpaTopa
U cepBepa cooTBeTCTBeHHO. CitydaiiHyto HapaOoTKy a0 oTrkaza CXJ] o0o3HaunM uepe3 M, a BpeMs eé
BOCCTaHOBIIEHHUS — yepe3 € . Jlasee ciydaiiabie Bennunssl &, , &, u &, — HapabOTKH 10 CKPHITOTO OTKAa3a
Cb xnuenTa, nopra KOHLEHTpaTopa 1 cepsepa. CitydaiiHbIMU BEIMUUHAMHU 1), , 1), U 1); Oyznem 0003HayaTh
BpeMeHa BoccTaHoBineHus Cb kimenTa, nopra koHIeHTparopa 1 cepsepa. [10CkolbKy MbI ipesinosaraem,
YTO pacCMaTpUBaeMast CHCTEMA COCTOMT U3 BOCCTAHABIMBAEMBIX IIOACUCTEM U OTKa3bl OOHAPYKHUBAIOTCS
IIPY IPOBEJCHUN KOHTPOJIBbHBIX NPOPUIAKTHK, TO BKIFOYAEM B pacCMOTpEHUE nepuois! mpodunaktuk Cb
KaueHTa 1), nopra KoHueHTparopa 1, ucepsepa 7;. Yepes 0, , 0, u 0, 0003HaunM NPOAOIKUTEIBHOCTH
npodmiaktuk Cb kineHTa, mopra KOHLIEHTPAaTOpa 1 CepBepa COOTBETCTBEHHO, YUUTHIBAsI, YTO BO BPEMs
KOHTPOJIbHOW MPOMIIAKTUKU CUCTEMA O€30MTaCHOCTH HE MOXKET BBIIIOJIHATH CBOM (DYHKILIUU.

Bynewm npenmnonarare, 4To Bce GYHKIMU paclpeiesieHHs BBEIEHHBIX B PACCMOTPEHHE CITyYailHbIX Be-

JIMYHUH HCIIPCPBIBHLI, T.C. OHU O6J'Ia,I[aIOT IUIOTHOCTAMM PACIIPCACICHUA, H, KPOMEC TOI'0, BCC CJ'Iy‘IElﬁHHC
BCIINYHHBI B3aUMHO HC3aBHCHUMBI. PaCCMOTpI/IM MOACIIN HAACKHOCTH 3JICMCHTOB CCTHU B OTACJIBHOCTH.
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MaTemaTuuyeckas mogesib HaaeXHoCcTu npouecca
$YHKLMOHNPOBAHUS KJINEHTa

Paccmotpum nonpoOHee mpotiece GyHKIIMOHUPOBAHUS KIIMEHTA, BKIIIOYAIOIIHNH B ce0si cucteMy 00-
pabotku nanHbix (CO/) co ceoumu CIIJ] u Cb, npuuem COJl u CIIJ] xueHTa COeTMHEHBI MOCIe0-
BaTeNIbHO, TIOCKOJIbKY HEOOHAPYKEHHBIN OTKa3 000 M3 3TUX CHCTEM MPUBOIUT K aBapUU KIMEHTa U
JaTbHEHUIIIEMY ero BOCCTAaHOBJICHHIO, CJIEOBATENBHO Mpoliece PyHKIMOHUPOBAHUS KIUEHTa 00nagaeT
MOMEHTaMH perenepanui. [1ycTs KIMeHT QyHKIHOHUPYET TaK, UTO B Ipolecce ero QyHKIIMOHUPOBAHUS
BO3MOXKHBI JIBa BapraHTa pa3Butus coobiTuid. [1epsriit Bapuant: COJ] moxxet otka3ath panbiie CIIJI u,
ecinu Cb B 3TOT MOMEHT HCTIpaBHA, TO MIPOUCXOTUT OCTAHOB KIIMEHTA U BBIMOIHSIETCS BOCCTAHOBJICHHE
CO/, mpu 5ToM npenmnonaraeM, 4to o okonyanuu Bocctanosienusi COJl CI1/] Takxe moiaHOCThIO BOC-
cta”oBieHa win eciu Cb B 9TOT MOMEHT HaxOIUTCSl B HEUCIIPABHOM COCTOSIHUH, TO IPOU30iIeT aBapust
kiureHTa. Bropoii Bapuant: CIIJ] moxeT oTkazath panbie CO/l u, eciiu Cb B 3TOT MOMEHT UCIIpaBHA, TO
MIPOM30IAET OCTAHOB KJIMEHTa U nocnenyomiee BocctaHopnenue CIIJI, v mo okoHYaHUM BOCCTaHOBJIE-
Hus CITJ COJI Take moJHOCTBIO BOCCTaHOBIECHA, Win eciii Chb He cpaboTaet, To Mpou30HIeT aBapus
knueHTa. [Ipu aTux nonmymeHusx i-il HMKI perenepauu npouecca GyHKIMOHUPOBAHUS KIHMEHTa HMEET
1, we A,

rme J _, =

JUTMTENBHOCT, paBhyio (X, +7,)J, o, + (0, +¥,)J, <400, we A

1 <X

CrnenosarensHo, eciiu COJ] otkaszana pansiie CII/I, To nuki perenepannu OyneT cOCToATh U3 Hapa-
6otku COJI 10 oTKa3a 1 BpeMEeHU BOCCTaHOBJIeHUs KireHTa nocie otkaza CO/, a eciu CITJ] oTkazana
panbie CO/l, To UKII pereHepamnuy COCTOUT U3 HapaboTku 110 oTkaza CI1J] u BpeMeHn BOCCTaHOBICHHUS
kinueHTa nocie orkaza CIIZI. Tor nuki pereHepauuu ¢ HOMEPOM K , BO BpeMs KOTOPOTO MPOU30HAET
aBapus KIIMCHTA, HMECT JUINTEIIBHOCTD, PaBHYIO X J, <, +@Jq o, - Hapaborka kineHTa 10 aBapun
OyneT, TakuM 00pa3oM, CKITaIbIBAaThCS U3 K — | TOMHBIX IMKJIOB PETEHEPALIUH U TOTO IIMKJIA pereHepalyy,
Ha KOTOpoM Tipou3onnia aBapus [3,5]. Torga pyHKIMIO pacipeneneHus BpeMEeHN HapaOOTKH JI0 TEPBOU
aBapu¥ KIIMEHTa P MOXKHO 3aMuCcaTh TakK:

K—1

FP (t) - P(p < t) =P Z ((Xl + 'Y,')ingq)“ + ((I)li + Wli)J¢1i<X,‘ ) + XKJXK <Oy + ¢1KJ¢1K<XK <t

i=1

K k—I
=P Z (Xl A q)li) + Z (yiJXi§¢1f + Wli]¢1i<Xi) S1,
i=l1 i=l1

rae K — HOMep LMKJIa, Ha KOTOPOM IPOH30ILIa aBapust KiueHTa. Mcmonssys hopmyiry moTHON BEpOSIT-
HOCTH, GYHKLMIO F (¢) TepenuieM Tax:

0 n n—1
Fp(t) = Z Z(Iz /\¢li)+z(7i‘];(i§(p“ —i_l/lli‘](pli<;(i)S t‘ K=n P(K'=l’l),
i=1

n=l1 i=1

IJ€ 7 — BEPOSITHOCTh OTKa3a KJIMEHTAa Ha LIMKJIE pereHepanuy. 3amedasi, YT0 BEPOSITHOCTh TOTO, UTO
aBapyisl IPOM30IILIA MMEHHO Ha 71-M LUKIe, papHa Plic = n)= rn(l- rl)”_1 , TOr7a
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F,(0)= Z Z(LA%HZ(% o Vi ) -rK_nJrl(l ", (1)

n=l1 i=1

Haiinem teneps 7. BBenem B pacCMOTpeHUE 1B€ BCIIOMOTaTENbHbIE ClIydaliHble BenuuuHel U, u v, ,
YUUTBIBAIOLIHE IEPUOANYECKHE IPOBEPKU 000PYI0BaHUS. DTH BEIMUUHBI, UMeroIue cMblci: U, —Bpems
¢ynkumonupoBanust Cb knuenTa 10 n -ro otkasa, V, —Bpems pyHkuuonupoBanus Cb kineHTa 10 n-ro
BOCCTAHOBJICHHSI, OTIPEICTICHbI CAEAYOIMMHU COOTHOIIEHUSIMU [4]:

n-l1
3%, +2[(T+e> B }(T+e>]+ Sni=U. Y&, +2[(T+e) B }(T+e)j+ S0, =
3neck, [x] — uemas wacts x, {x} — npoGHas 4acTb x, AQ, =min(y,,).
OueBuaHO, yto ecnu otka3 CII/ wim COJ] npousoiaeT Bo BpeMs mpoBeieHus Bocctanopienus Chb, o
IIPOU3OMET aBapys KIIMEHTA. YCIIOBUE aBapHHU JUIsl 9TOTO cirydas 3anuceiBaercs B Bune U, <y AQ, <V .Ho
aBapUM KJIMEHTA MOTYT MPOU30UTH Takke U B ciaydasx, korjga orkasz CII/I wiu COJl npuaeTcs Ha Bpemst

IIPOBEJICHHS KOHTPOJIBHOU MPO(PHIAKTUKH. YCIOBHE aBapUU MEPEIHIIEM B BHJIC ITOCIICIOBATSILHOCTH
COOBITUH:

Voa+h<yne <V, +(0+6); V.,+O+0)+T < yre <V, +2T+6);...

v+ ([f%ﬁel |- 1)(Tl O)HT S AR <Vt T T 6.

VYuuTbIBas ycaoBHe aBapuH, BEPOATHOCTh aBapuu 3a EPUOJT pereHepalluy ONpeIeINM TaK:

F}%Tﬁ'ﬂ )}

=) (AU, <0V, <04M Y (RO +=DE 04T, =AY,y (T +0) S M, ()

n=l i=l

Omnyckas HecJIOKHbBIE TTpeoOpa3oBaHus, uMeeM [4,5]:

My + M 0,4 5 g |1+ 000t MY o)l

J’_

My M40+ g (000 M T w0 S o KT 40)

Mey - M[%ﬁ'gl )}gl
My 40, 5 o T 6)

rie K & — cranmonaphsiii kospduuuent roropaoctu CB, K e K, 5 14).

~

]"1~

:1— :l—KZCE:K;:eE,
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Hepenuenm Boipaxenue (1) B Buae ceeprox pyHKumii pacupeaenenuit £y (1) u F, ., (¢):

Fy0= Y (F « EX 0K (- K2Y
n=1

e F,, ()= P(;( AQ < t) , F.(1)= P(;/Jlg(pl Yy, < t). Torna dyHkumto F, (f) npeAcTaBuM TaK:

- I . o KEF (s)
— n-1 n Ch _ CE \n-1 — He INPL R 2
Fp (S) ; (FO' (S)) (F;(/\(pl (S)) Kltz (1 Kuz ) 1 _ (1 _ K:;E )ﬁa (s)ﬁlwl (S) ( )

~ _ —st _ — Vp
e F (s) = .[ e "dF ,(t) = Me " — npeobpasosanue Jlannaca-Cruntbeca Gynkuun F, (1). Hcnonssys
0
cBOICTBO TIpeoOpa3oBanus Jlamnaca-Ctuintbeca, HAXOAUM CPEIHEE BPeMs JI0 TIEPBOi aBapuu KIIMEHTa

dF ,(s) 3
o ¢popmyne Mp = — J ‘s=o’ KOTOpOE€ 1ocJe npeoOpa3oBaHU 3aMuLIeM:
A)
Mp=M(ZA¢1)+K7C§2(M(zA¢1)+MG) (3)

He

0y 0y
e M(y ngy) = J‘J‘xdFZ (x)dF, (y)+ .[.[XdE” (x)dF,(y) 1 Mo = MyMF,(¢,) + Ml//IFZ (o).
00 00
Qynkuuy pactpenencHus £, (1) u F(¢) 3amuiieM B IBHOM BUJC

F,()=F,(1) IFZ (x)dF, (x)+F,, (1) IF% (X)dF,(x)> F,., (1) = F () + F, (1) = F (O)F, ().
0 0

MaTemaTnyeckas Mmoaesib HaAeXHOCTU NopTa KOHLeHTpaTopa

Boruncnnm GyHKIMIO pacnpeiesieHnst BpEMEHH 10 TIEPBOI aBapuH MopTa KOHLEHTpaTopa. KonneHnTpa-
TOP CITY>KUT JUIsl CBSI3U KJIMEHTOB U cepBepa U coctouT u3 CIIJI u Cb. IIpu cocraBnenun MareMaTn4yeckoi
MOJIEJH HaJIS)KHOCTH IOPTa KOHIIEHTPATOpa PACCMOTPUM HAJIOXKEHHE PEreHEPHPYIOIINX MPOIeCcCOB (PyHK-
IIMOHUPOBAHUS CUCTEMBI IIEPEIauu JaHHBIX M cucTeMbl Oe3onacHocTH. [poniece dynkimonnpoanust CI1/]
B OTOM KOHTEKCTE, SBIIICTCS ONPEICIIIOIINM, ITOCKOIbKY OH 3aaeT MOMEHTHI PEreHepaluu mpouecca
(YyHKIMOHUPOBAHUS TOPTA XapaKTEPU3YIOIIETOCS MPOAO/DKUTENBHOCTBIO IIMKIA pereHepanuu @, +\,.
DYHKIMIO pacpeie/iCH s BpeMEH! HapabOTKH JI0 EPBOM aBapHiu MOpTa P’ MOKHO 3aIUCaTh TaK

K—1
P{p'St}z P{Z((sz Y, )+ Qo St},

k=1

rae K — IUKJ pereHepalu, Ha KOTOPOM MPOU30IIIa aBapus MopTa.
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[TockonbKy npornecc PyHKIMOHUPOBAHUSI TOPTA SABISETCS alIbTEPHUPYIOIINM IPOLECCOM BOCCTAHOB-
JICHUSI, TO BEPOSITHOCTh TOTO, YTO aBapus MPOU30IILIA HAa 1—OM MEPUOJIE PEreHepallii MOXKHO MpeJIcTa-
BuTH B BUae Pfc =n}=r,(1-r,)"", e r, — BEPOATHOCTH aBAPHHU HA LHUKJIE pereHepamuu. Mcnoms3ys
(dbopMyity OJTHON BEPOSATHOCTH, 3aMUIIEM:

oo n—1
P{p'St}=ZP Z((sz Y, ) +9,, <t P{(zn}.
n=1 k=1

[Toxcrarisis B 3alMCaHHOE COOTHOIIEHUE BEPOSITHOCTD P{v = n}, MOJIy4aeM UCKOMYIO BEpOSITHOCTh B
BUJIE:

Fp(0)=r) Fo (D(1=r)"".
= kZ:l((/?zk Wk )+ 02,

. o p(n) *(n)
[Tockonbky GyHKIMS F,_ (¢) ectb cepTKa QyHKumMi pacupenenenuit £, " (¢) u F, " (¢), 10

El(‘l’zk Vo )40z,

F,/(t) mepemnuiieM Tax:
Fyt)=r ) (F;" % F;0 )@y =)™ 4)
n=l

Boinonnss npeobpazoBanue Jlamnaca-Ctuntbeca GyHKLINU pacpeaeseHusl BpeMEHU 10 HACTYTICHUS
MepBOM aBapuU MOPTa KOHIEHTPATOpa, epenuiieM (4) B CIeAyIOLEM BUE:

F N (7 = 7
Fp'(S) = q22(F(p2 (S) n(sz (S) ”*1(1 _q2)n71 _ q9> 0, (S) (5)
n=l1

== )F, (9F,, ()

rae ﬁ% (s), Eh (s), ﬁp,(s) — npeobpazosanmst Jlamnaca-Crunteeca byHKIuMi pactpenencuust Fy (1),
F, () u Fy(1).

Takum 00pazom, yganock moiayduTh npeobOpasoBanue Jlamnaca-Ctuintbeca GyHKIUM pacmpeserie-
HUSl BPEMEHU JI0 HACTYIUICHHS MEPBOM aBapuu KOMILUIEKCA B BUEC, YAOOHOM JUIsl BBIYMCIICHHUS MaTe-
MaTUYECKOTO OKUJIAHMS BPEMEHH JI0 HACTYIUICHUS IIEPBOM aBapuu MopTa KOHIEHTparopa. [1ockonbKy

_ dF, (s)

ds o

!

Mp’ = Mo, + (Mo, + My ,), (6)

"
rne Mo, n My, — MaTeMaTU4YECKUE OXKUIAHUS CIIy4alHbBIX BEJIUYUH @, U, .

Kak 0pu10 MOKa3aHO paHee, I KIMEHTa BEPOITHOCTh aBapyH IMOPTa KOHIIGHTPATOPa Ha IHUKJIIE pere-
HEpaluK ¥, MOXKET OBbITh BBIYKMCIICHA IO CIEAYIOUIEMY COOTHOUICHUIO
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Me, - M[%z‘wz )}92

M, + M((Tz +0,)+ [%2 N 92)}(5 + 92))

~ Kb _
r ~K2ue =1-

MaTtemaTuuyeckas moaesib HaaeXXHOCTU cepBepa

Cepsep BkItO4uaeT B ce0s cuctemy xpaneHus nanubix (CX /1) co ceonmu cucteMoi epeaadn JaHHBIX
(CIT) u cucremoit 6e3onacHoctu (Ch). PazButue npouecca GyHKIIMOHUPOBAHUS CEPBEPA MOXKET MPO-
MCXOIUTH 10 ABYM crieHapusiM: eciiu CX ] otkazana panbine CII]I, Torna muki perenepanuu COCTOUT U3
cyMmMbl HapaboTku CX/1 10 oTka3a 1 BpeMeHU BOCCTaHOBJIEHU cepBepa nocie otkaza CX/, a eciu CITJ]
otkazaina panbiie CX/I, To UK pereHepannuu COCTOUT U3 CyMMBI HapaOoTku f0 oTkasza CIIJ[ u Bpemenu
BOCCTaHOBIIeHUS cepBepa nocie orkaza CII. [Tpu Takom npeanonokeHuu i —i LUKII pereHepamuu npo-
necca GyHKIMOHNPOBAHHS CEPBEPA MMECT IUTUTEIBHOCTE T; PABHYIO O; AQ3; +€:J, <o +V 3/, , » TOT
LUKJI pereHepaluy ¢ HOMEpOM K , BO BpeMsi KOTOpPOTo IPOU30iiIeT aBapusi cepBepa, OyAeT HETOIHbIM,
H, COOTBETCTBEHHO, UMECT THTCIBHOCTD, PABHYIO O/, o +@3.Jy  =®c AQs . HapaboTka cepsepa
JI0 aBapuu paBHA CyMMe K —1 MOJIHBIX LIMKJIOB PEreHepaluy U TOro LUKJIA pereHepalnn, Ha KOTOpOM
MIPOM30IILIA aBapusl.

[TockonbKy Mmoka3zarenu HaJIe)KHOCTHU cepBepa OyIyT BBIYUCIIATHCS [0 TOM XKe CXeMe, YTO U [ToKa3aTeln
HaJeKHOCTH KJIIMEHTA, TO U3JI0KEHHE 3TOM MozieTu OyIeT BHIIOTHEHO 0e3 nmoapooHoctelt. Tak, pyHKIMI0
pacrpejiesieH s BpeMEHU HapaOOTKH JI0 TIEPBON aBapuu cepBepa p” MOXKHO 3allucaTh TakK:

© n n—1
Fe@)=Y P> (@ A0)+ D (6] yep Wi ) <E 3 (1=15)", ()
n=l1 i=1 i=1

I7ie 73 — BEpPOATHOCTb aBAPHH CEPBEPA HA IIUKJIE pEreHepaliy, a BEpOATHOCTb TOT0, YTO aBapHs CepBepa
MPOMU30IIJIa UMEHHO Ha 71 -OM IUKJIE, paBHA P(K = n)= ry(1— r3)”_1 .

He ocranmaBmmBasch Ha O6CY)K21€HI/H/I MCTOAOB MOJYUYCHUA COOTHOIICHUA IJIsA BEPOATHOCTHU aBapUHn
cepBepa Ha IUKJIE pereHepaliy, Cpasy 3aluiieM KOHEeUHOE COOTHOLIEHHE, TaK KaK 3TH METObI OITHCaHbI
paHee 10BOJIBHO NOApOoOHO. Tak r; UMeeT BUA:

Mé, —]\{%’ﬁ@)}% =1-KP =P

3u2’
My + M(Ty 0,4 %y [40))

e K¥ — crannonapusrii koodgumuent rorosroct CB cepsepa.
BeposttHocTb (7) BEIYHCIISIETCS OT CYMMBI CITyYaliHBIX BEJTHYHH, IOITOMY CIIEAYET €€ 3alliCaTh B BUJIE

CBEPTKH JBYX BEPOSTHOCTeH DyHKIMIA F(,, ()= P(®AQ; <t), F, ()= P(a] wzp, TV pcr S t). Nwmeem:

Fa()= Y (F0 * FX D) OK S8 (- KoY. (8)
n=1
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Brimonnss npeo6pazoBanue Jlammaca-Ctuiitbeca HaJl COOTHOIIEHHEM (8), Toirydaem:

ﬁ (S) _ K?’C;gﬁw/\% (S)
P 1= (1=K$2)F,,, ()F, (s)

3ne

)

[py HAXOXKICHUH CPEHETO BPEMEHH JIO MEPBON aBapuu cepBepa Mp” HCIONB3yeM CTaHIAPTHBINA
dF . (s)

METOJI, @ IMEHHO Mp" = — 7
s

‘5:0 H ITOCJIC COOTBCTCTBYIOIIUX BBEIUMCIICHUY MEEM:

; 1-K
Mp =M(a)/\(p3)+W(M(a)/\¢3)+MO'3), (10)

He

® y © y
e M(@;)= [ [xdfy (O, )+ [ [vdf, (9dF, () n Mo = MeMF, (ps) + My MF, ()
00 00

®ynkuuu pacnpeneneuus F,,, (1) u F; () MOKHO 3aIIMCaTh B IBHOM BUJIC

oy (0= o) [Fy GO (04 Fy, ) [Fy COHEL ()5 Fov = Fo 0y (0~ F OF, ).
0 0

OtmeTuMm, uto cooTHoueHus (2), (5) u (9) Hanpumep, 171 SKCIOHEHLIUAIBHOTO PAaCIPENEIICHUS SIB-
JSIFOTCS PAllMOHATBHBIMY aNTreOpandeckuMy (GYHKIUSMH, U UX OPUTHHAI HAXOIUTCS TOBOJIBHO MPOCTO
IIPY ITIOMOLIY CTaHJAPTHBIX METO/IOB.

MaTtemaTunyeckasa mogenb HageXXHOCTU ceTu

ITycTb ceTb COCTOMT U3 KOHEYHOTO YKCIIa 31eMeHTOB V. DyHKINIO HAZIeKHOCTH CeTH S 0003HAYNM depe3
h=hg(p;, Py Py) = MOg(x), THE O(X) = Q(X,, X, ,..., X ) — CTPYKTypHast GpyHKuus (Oynesa pyHkius) [6], a
P, =P(x, =1)=Mx, — BepossTHOCTb O€3aBapHUitHOM PabOTBI i -r0 3JIEMEHTA CETU B MOMEHT BPEMEHU £ .

ITockonbKy ceTh — 3TO BOCCTaHaBIMBaeMasi CUCTeMa, TO Bce Bpems [0,o0) (QyHKIIMOHMpPOBaHUS die-
MEHTa pacragaercs Ha OTJENIbHbIC IIUKJIbI, B KaXIOM M3 KOTOPBIX JIEMEHT 4acTh BPeMEHHU paboTaer
0e3 aBapuil (MHOXXECTBO HHTEPBAIOB BpeMeHu (), a OCTAIIbHOE BPEMSI 3aTPauMBACTCS Ha YCTPAHEHHUE
MOCIIEICTBUI aBapuu (MHOXECTBO MHTepBasioB BpeMeHH ()~ ). Ha3zoBeM nyanbHOM Kk OyneBoi (QyHK-
muu Qg (x) =Qg(x),X,,...,Xy) QYHKIUIO MHOXECTB A, A,, Ai,....,Ay O5(4)=Qs(4,,4,,....,A4y),
OTIPEJIENICHHYO TI0 CIIEAYIOMEMY MPaBUILy: eciu @ (x,,X,) =X, AX,, T0 O5(A4,,4,)=A4, N A, u nas
Og(x,%,)=x,VX,, 0s(4,,4,) = 4 U 4, u, HakoHeL, IpH O (x) =X = @ (A4) =(0,00)— 4. PopmanbHO PyHK-
o Qg (4,, 4,,..., Ay) MOXXHO BBECTH C TOMOIIBIO COBEPLICHHON AU3bIOHKTHBHOI HOPMaJIbHOM (hOPMBI
(COAHD) dynxumu @ (x;,x,,...,xy). E

. — Y 0 .0y Oy
Ecin CIIH® ¢ (x;,%,,...,Xy) AMeCT BUA: Qg (X), X500, Xy ) = E No oy ooy X1 X7 XN
o

10 @5 (Aps gy A ) =\ Vo AT AT AT Tre
o
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Y A ecmn o =1

|@0-4 ecmt =0,

0, ecuu Cal,az,...,aN =0
Cal,az,...,aN = B C _ 1
, ecmu Cp oo =1,

OtobOpaxeHue 7¢) — @ MPEACTABISAET COOOU €CTECTBEHHBII MOP(HH3M 13 KaTeropuu OyJIeBbIX (yHKIHI
B KaTeropuio (QyHKIHH MHOXKECTB; COEPHKATEIbHbII CMBICII COCTOUT B TOM, UTO €CIH 4, — MHOXKECTBO
TEX MOMEHTOB BPEMEHH, B KOTOPBIC AIEMEHT X, HAXOJUTCS B HCIIPABHOM COCTOSIHUM, TO Qg (4, A, ,..., Ay)
€CThb MHOXXECTBO MOMEHTOB HCIPAaBHON pabOThI BCEH CUCTEMBI.

I[IycTh ¢t — HEKOTOpPBIII MOMEHT BpPEMEHH, TO MO OMNPEACIICHUIO CTPYKTypHass (QpyHKIUS
0, (0, N[0,7] O, N[0,¢] O; N[O,£],...,Q; (1[0,£) eCTh MHOXECTBO MOMEHTOB BPEMEHH, B KOTOPBIC CH-
CTeMa HaxOJWJIach B MCIIPABHOM COCTOSIHUM 10 MoMeHTa t. Torna cpegHee BpeMsi UCIIPaBHOTO (yHK-
LIMOHUPOBaHUs cucTeMbl K ¢ (¢) 3a Bpems t Oyner onpenenstbes popmynoit

Ko@) = MmeS(T)S(Ql+ N[0,#1,05 N[0,1,05 N[0,7],...,0,” N[0,£]), tne mesA — mepa JleGera mMHO-
)KecTBa A .

ITpeobpazyem K (t) cnemyromum oopasom:

Ks)=M '[JgaS(Ql*ﬂ[o,r],Q;ﬂ[O,t],Qg*ﬂ[O,t],---,Qm[O,t])(y)dy'
0

V4uThIBast CMBICI HHAWKATOPA COOBITHIT U TO, UTO eci u3 y >t caenyer y ¢ Q. (1[0,], o

K, (0= [ Plye 6507 N10.11.07 N10.1,07 NO.01s0F NI0.D = [ (ROME (s PG (1)
0 0

Hanomuunm, uto no cmsicity P.(f)=Hp, =1)— BeposTHOCTb Oe3aBapHiftHOr0 ()yHKIIMOHUPOBAHUS i -T'O 3J1e-
MEHTa B MOMEHT BpeMeHH ¢ . Takum o0pasom, cootHomeHue (11) mo3Bossger cBecTH BeuMcaeHHE K g (¢)
K pacyery P;(¢) = P(p, =1) Ui OTAeIbHBIX 1eMeHTOB. [lycTh HapaboTka 10 aBapuu P, i-ro JIEeMEHTa
ecTh cilydaitHas BeanunHa. [lociie aBapuu 3J€MEHT BOCCTAaHABIMBACTCS B TEUEHHE BPEMEHH O, , TAKKe
ciyyaitnoro. [Ipeamnosnaraercs, 4To BOCCTaHOBIIEHHE [TOJHOE, T.€. BpeMs HCIIPABHOTO (PYHKIIMOHUPOBAHHUS
3JIEMEHTA [10CJI€ BOCCTAHOBIICHUS, PABHO KaK U BPEMs, II0CJIE BTOPOI'O U CIEAYIOIIUX BOCCTAHOBIICHUN,
HE3aBHCHMBI U UMEIOT OJJHO M TO K€ PaCIpeelICHUe, TaKoe XKe, KaK U ClIydalHble BEJIMYUHBI P;, O;.
CoBMecTHOE pacripe/ielieHHe CITy4ailHbIX BEJIMYUH P,, O; 0003HaYNM F.(4,B)=P(p, € 4,9, € B) ; B ciy4ac
HE3aBUCUMOCTH 3TUX BenuuuH F (4, B) = P(0, e B)P(p, € A)=F, », (A)G(;]_ (B).

IIpu BbIYKCIIEHUH BEPOSTHOCTH O€3aBapUHHOTO ()YHKIIMOHUPOBAHUS i-T'O JJIEMEHTA UCII0JIb3yeM (op-
MyJly IIOJTHOM BEPOSATHOCTH, B COOTBETCTBUU C KOTOPOH UMEEM

P(t)=PteQ)= ij(t € O/lpy = x,0 = y)dF, (x)dG, (¥),
00
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rae p,, U 0, — CllydaiiHble BpeMeHa JI0 MEPBOH aBapuu M JI0 MEPBOTO BOCCTAHOBJICHHS JJIEMEHTA
COOTBETCTBEHHO. [10CKONIBKY mporiecc GyHKIIMOHUPOBAHHUS I -T'O 3JIEMEHTA 3TO AJTBTCPHUPYIOIIUH MPO-
IECC BOCCTAHOBIICHHS, TO BpEMS €r0 PYHKIIHOHUPOBAHUSI TOKPHIBACTCS HENIEPECEKAIOIIIMMUCS ITUKITAMA
pereHepanyy JUIMTENBHOCTH p; +J; = 7;(p;,0;). BO3MOXHBI 1Ba BapuaHTa pa3BUTHS Mporecca QyHK-
HoHupoBaHus: T,(p,;,d,) >t ut,(p,;,8;) <t. Torna BeposTHOCTb Oe3aBapUIHOTO (yHKIIMOHHUPOBAHUS
i -ro anemenra P, (f) OyaeM BBIYHUCIIATH TaK

Pi=X0,1=y pri (X)dG(g] (y) - ]1 + 12 ’

P()= J' J' (0|, o ME, ()G, (1) + J' Ip(feQ;

7 (x,y)st 7 (x,y)>t

VYenosue T; (pz , 81) >t O3HA4aeT, YTO MOMCHT pereHepanuu 1—TO dJIEMEHTA HACTYIIWJI ITIOCJIC MOMCHTA
BpPEMCHHU [, a, CICAOBATCIbHO, YCIIOBHUE f € Q;r 9KBUBAJICHTHO YCJIOBHIO f € [0, P ] n

I, = J-J-P(t E[O,pil]‘ p”:x’é‘“:y)dei (X)dGcgi (»)= II(JIE[O’X])dei (x)a'G(;i (y=1- F, (9.

X+y>t X+y>t

[1pu paccMoTpeHnH BapHaHTa P, +0, <t CIeLyeT yUUTHIBATh TO, YTO MOMEHT BPEMEHH p,, +3, ABIS-
€TCsl MOMEHTOM IEPBON pereHepariy JIeMeHTa, T.€. B ’TOT MOMEHT BPEMEHHU HCIPABHOCTh JIEMEHTa
MOJTHOCTHIO BOCCTAHOBIIEHA, a 3aTeM AIIEMEHT POIOJIKIIT (PYHKIIMOHUPOBAHUE U UCIIPABHO MTpopaboTa
emte BpeMs ¢ —0,;, —p;, . YUUTBIBas yKa3aHHOE cOOOpaskeHHe, IepenuchBaeM /, B BHIE:

h= [[eelo.pul o), 4G, 00 = [[ple-x-1)aE, (946, ) = Ojlz-(r—z)dﬁi )

7 (x,y)st 7;(x,y)<t

Cymmupys [, u [,, momydaeM UHTETPAIBHOE YPAaBHEHHUE B CBEPTKaX
t
P() =g+ [P(t=2)dF, (2), (12)
0

e g,(t)=F, (1), F, (t)=P(p, +5; <1).

B repmunax npeo6pazosanue Jlammaca—Ctunteeca pemenue (12) umeeT BU:

g  1-Me™
1—]?“7(3) 1— Melera)

P(s)=8/(s)+E(s)F, (s), nmu P(s)=

Kaxk YKa3bIBaJIOCh BBIIIC, 06paTI/ITB IMOJIYYCHHOC pPCHICHUC B O6H.I€M BHUJAC HC NPCACTABIISACTCA
BO3MOXHBIM, IIO3TOMY 3I€CH 3alMIICM JHIIb €0 aCMMIITOTHYCCKOC 3HAUCHHUC IIPH S — 0. Torz[a

P =limP(s)=————=K,. Takum 00pa3oM, aCUMITOTHYECKOE COOTHOLIeHue P (f) coBmamaer c
=0 Mp,; + Mo,

K09(PUIMEHTOM TOTOBHOCTH i -T0 21eMeHTa K, a, CIIe0BaTeNbHO, ACUMIITOTUYECKOE COOTHOLIEHHE JUIs

BEPOATHOCTH HAXOXK/IEHHS CETU B COCTOSHUU aBapuu OyaeM BbUMCIATH Kak P =1-h(K ., K ,,....K ).
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[IpuBeneM COOTHOIICHUS JJISI BEPOSTHOCTH HAXOXKJICHUS CETH B COCTOSHHMHM aBapHWH IIHPOKO PacIpo-
ctpadHeHHbIX Tonosioruit JIBC: 3Be3na, koiblio, o0mas muHa. Tak, CeTh ¢ TOMOJIOTHEH «o0mIas muHa»
MEPEXOJIUT B COCTOSTHUE aBapHH, KaK TOJHKO B ATO COCTOSTHUE TEpelIesl XOTs Obl OJMH M3 KIMCHTOB.
CTpyKTypHas cxema CeTH B ’TOM CITy4ae €CTh IOCIEA0BaTEeILHOE COS,I[I/IHGHI/IC KJINCHTOB U CEPBEPA U Be-

POATHOCTE aBapuu OyAET ONPENENAThCA COOTHOMEHUEM P, =1—-K f I IK f ITepexon B cocTosiHUE aBapuu

o i=1
CCTU C TOIIOJIOTHUCHU «KOJIBLIO» MPOUCXOAUT TOraa, Korga B TAKOC COCTOAHUC MEPCUICIT XOTs OBl OJHWH M3

KIIMEHTOB, JIN0O MOPT, KOTOPBIM OCYILECTBISETCS MOIKII0YEHHE BhILIE, 1100 cepBep. BeposTHOCTh aBa-
N

UM JUIs OTOH TOIOJIOTUY 3anumeM Tak: P, =1—- K f K ZP H K ZK IToCKONIBKY CETB C TOIOJIOTHEN «3BE31a»
NIEPEXOUT B COCTOSIHUE aBAPUU, €CIIU IPOU30LLIA HOTGZI;}I JTAHHBIX XOTsI OBl Ha OJTHOM 1]4\’3 IKJ'II/ICH%OB WU
+
HIOPTOB KOHIIEHTPATOPa UJIM Ha CEPBEPE, TO BEPOATHOCTH apapuu OyzieT paBHa P, =1 - K ZS H K f H K ZK h
i=1 i=1
rie N — uMCcIo KIMEHTOB B cetH, K ' — koadduiueHT roToBHOCTH i -T0 KituenTa, K.' — KoddduImeHT
FOTOBHOCTH i-I'0 IIOPTa KOHLIEHTpaTopa, K ° — Ko3((PULMEHT FOTOBHOCTH CepBEpa.

Taxkum 00pazom, BbIlIEe IPUBEIEHA MaTeMaTUyecKas MOJENb HAJEKHOCTH U MOJYUYEHbl BbIPAKEHUS
JUTSL BBIYMCIIEHUSI BEPOSATHOCTH MOTEPU JaHHBIX (aBapuM) U CPETHEr0 BPEMEHHU JI0 NIEPBOM aBapuu Ipo-
M3BOJIbHOM CETH C BOCCTAHABIMBAEMbIMU dleMeHTaMu. OJJHAKO MIPHU 3TOM HE yYTE€Ha BO3MOKHOCTH I0-
TEpH JaHHBIX U3-3a UCYE3HOBEHHU NUTAHUsA CETU. VICYEe3HOBEHME DIIEKTPONIUTAHUS CETU IPUBOAMT K TaK
Ha3bIBAEMBIM MHONCECMBEHHbIM OMKA3aM UIH OMKA3AM NO 00Well npuyuHe.

JInst ydera OTKa30B 3JIEMEHTa CETH IO O0IIel mpu4uHe BBeAeM cieaylomue obo3Hadenus. [lycts
ciydaiiHas BenmmunHa { — HapaOOTKa 1O OTKa3a, a CilydaliHasi BEJIMYMHA V — BPEMsSI BOCCTAHOBIICHHS
CHCTEMBI 3Hepr0CHa6)KCHI/IH. CnyqaﬁHble BCIINYHHBI C U V — B3aMMHO HC3aBUCUMbIC BCIWYHUHBI C
dynkumsamu pacnpenenenus F (1) = P(§ <t) u F (t)=P(v <t). llycts & - cnyvaiinas napa6oTka
JI0 OTKa3a Pe3epBHOM CHCTEMBbI dHeprocHabkeHus ¢ GyHkuueil pacnpeneneHus Fy (1) = PO <t). Uc-
npaBHOE (PYHKIIMOHHPOBAHWE CHCTEMbI SHEPTOCHAOKCHHSI SIBISICTCS KPUTUIHBIM TSl O€3aBapuiHOTO
(YHKIMOHUPOBAHHS CETH, TO3TOMY OyZIEM CUHTATh, YTO B CIIydae OTKa3a OCHOBHOM CHCTEMBI SHEProc-
HaOKEeHUS noaava 3JICKTpHUICCTBA MOXKET OCYHICCTBIIATLCA C IOMOUIBIO pe3€pBHOI>'I CHCTEMEL 3a BpeMA
paboTHI pe3epBHOI CUCTEMBI I0JDKHA OBITh BOCCTAHOBIIEHA OCHOBHAS CUCTEMA YHEPTOCHA0KEHUS, NHAYE
npou3oneT aBapus cetd. Cuntaem, 4To pe3epBHas CHCTEMA CIIOCOOHA MOAEPKUBATh (PYHKIIMOHHPOBA-
HUE KIIMEHTA TOJIBKO B TEUEHHE OTPAaHUICHHOTO BpeMeHu. OYeBHIHO, €CJIM BOCCTAHOBIICHHE OCHOBHON
CHCTEMBbI SHEPrOCHA0KEHHSI HE 3aKOHYUTCSI 10 0TKa3a Pe3epBHOI CUCTEMBI, TO KJIMEHT OyJieT 00eCTO4EH,
T.€. IPOM30UIECT aBapusl KIIMEHTa. B To ke BpeMst OyzieM CUuTaTh, 4TO €CJIM OCHOBHAS CHCTEMa YHEPTOC-
HaO)xeHMs OyZeT BOCCTAaHOBIICHA IO OTKAa3a PE3EPBHOI, TO pe3epBHAs CUCTEMa MTHOBEHHO BEPHETCS K
CBOEMY MCXOTHOMY COCTOSTHHIO.

ABapus drieMeHTa CeTH, TaKUM 00pa3oM, MOXKET MPOU30UTH JTMOO 110 BHYTPEHHUM NPUYUHAM, JTHOO
BCJIE/ICTBUE MOTEpU NMUTaHUsA. BBeneM 0003HaUeHHUsI p — BpeMs JJ0 aBapuu 3JIEMEHTA 110 BHYTPEHHUM
NpUYUHAM, 3 —BpeMs 10 aBapUH AJIEMEHTA BCIICICTBUE MIOTEPHU IIUTAHUS M 0L — BPEMsi JI0 IEPBOIi aBapHU
aneMeHTa. [lockonbKy Bpems 10 aBapuu ’TO MUHUMYM U3 BPEMEHU J0 aBapUU 110 BHYTPEHHUM NPUYH-
HaM M BpEMEHH 10 aBaPHH BCIIC/ICTBUC IIOTEPHU IIUTAHNUS, TO OYCBHHO, 9TO O = pJg o +PJgc, =p AP .
Torma nist GyHKIMH pacrpeneneHnss BpeMEHH! 0 NepBOM aBapHy AIIEMEHTa CETH OyleM OIpenelsiTh
CJICYIOIIHM COOTHOLIEHHUEM:

F,(0)=Pa<t)=F,()+Fz(1) = F,()F4(0). (13)
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CpenHee BpeMs 10 TIEPBOM aBapyu COOTBETCTBEHHO MOYKHO 3aIIMCATh:
Ma = Mp+ MB ~ [(1- F,(6)F,(t))d. (14)
0

Haiinem teneps pacnpenenenyue BpeMEHH 10 aBapuu 3JIEMEHTa CETH M3-3a 0TKa3a CUCTEMbI SHEProc-
HaOxeHus. HeTpyaHo 3aMeTuTh, 4TO pacrpeesieHue BpeMeHH J0 aBapuu BCIEACTBUE 00eCTOUMBAHUS
OTpeNeNseTCs TaK

7—1
PB<t}=PI> (S +v)+(S, +8,) <1y,
k=1

rJe T — HOMEp LMKJIA pereHepamnuu mnpoiecca GyHKIUOHUPOBAHUS CUCTEMbl SHEProCcHAOKEeHHUS, Ha
KOTOPOM IPOU30LILIA aBAPHsI JIEMEHTA CETH.

YuureiBasi, 4To mpouecc (pyHKIMOHUPOBAHUS JIEMEHTa 3TO PETeHEPUPYIOLIUI MPOLEcC, TO JIETKO
OTIPENETUTh, YTO P{ﬂ' = n} =q,,p."' — BEPOATHOCTH TOTO, YTO aBapHs IPOM3OLIIA HA 7 —M IHUKJIE pere-
Hepaluu, Ie ¢, — BEpOATHOCTb aBapuy Ha LMKIJIEe pereHepauuu, p, =1-g¢q, . Torna P{B < t} cienyer
BBIYUCIISATH M0 (hOpMYJIe MOJIHOM BEpOSITHOCTH

* *(n—1 —1
Fy(t)=g,, ) (FX" = F" % Fy)o(i-g,,)"
n=l1
J{ns1 BeIUMCIICHUS P{B < t} (YHKIIMU pacrpeesICHHs] BPEMEHH J10 HaCTYIUICHHS TTIePBOI aBapyu CHCTE-

MBI SHEProCcHa0KEHUs OIATH Oy/eM UCIIOIb30BaTh peodpazoBanue Jlamnaca-CtuiiTbeca u ee 3anuiieM
B CJIEJIyIOIIEM BH/IE:

Fos)=a, > F) (E )y Fs)a-g,)"

e Fy (s), F, (s) u F5(s) —npeobpasosanust Jlaraca-Cruiirbeca COOTBETCTBYIOLINX (QYHKIMA pac-
npeneneHus. Maremaruyeckoe OXHJIaHWe BPEMEHHU J0 HACTYIUICHUS MEPBOM aBapuu SJIEMEHTa CETH
BCJIE/ICTBHE 00ECTOYMBAHMS MOXKHO 3aIMCaTh B BUJIE:

MB= M+ M5+ =% (Mg + My, (15)

on

Hcnone3yst popmylly CyMMBbI T€OMETPUYECKON TPOrPECCUH, MOTYYaeM:

I (F6)
1=(1=4,)F-(5)F,(5)

Fy(s)= (16)
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Taxum 06pa3om, yaanoch monyduTs npeodpazoBanue Jlamnaca-Ctunrbeca QyHKINUN pacrpeieeHus
BpPEMEHHU 10 HACTYIUICHHS [IEPBO aBapuu 3JIEeMEHTAa CETH BCIIeICTBHE 00ecTounBaHus. [[11 ncnonb30BaHus
COOTHOUICHHSI MATEMAaTUUYECKOT0 O’KUJaHHs BPEMEHH JI0 HACTYIUICHUS IIEPBOI aBapuu HEOOXOIUMO BbI-
YHUCIUTh BEPOATHOCTb aBAPUH AJIEMEHTA CETH ¢, Ha LIUKJIE pereHepanuu npouecca (pyHKIMOHUPOBAHUS
CUCTEMBI SHEPrOCHA0KEeHHS U3-3a 0TKa3a CUCTEMbI SHEprocHadkeHus. OueBUIHO, UTO YCIOBUE aBapuu
JUTSL 11 —TO [MKJIa MOXHO TPEICTAaBUTh B Buje V =0 . Toraa [uis ¢, 3aMuIiieM ClIeayoliee BEIPaKeHHEe

g, =P(v>3)= IP(& <0)dF, (1) = _[Fg (0)dF, (f) = MF; (v).
0 0

OyHKIHIO pactpe/ielieHHst BDeMEHH JI0 TIEPBOM aBaprH KIIMEHTa MOYKHO HalTH, 3aIicaB 00paTHoe mpe-
oOpazoBanue 115 (2) v (16) 1 mogpcTaBUB COOTBETCTBYIONIME QDyHKIIMK pactipeaesienus B (13). @yHkuo
pacrpeielieHus] BpeMEHH JI0 TIEpBOi aBapHM MOpTa HAXOAWM, 3alKMChIBas 0OpaTHOE MpeoOpa3oBaHHe
1011 (5) m (16) m mosIcTaBUB COOTBETCTBYIONIME (PYHKIMH pactipeaesieHus B cooTHomeHue (13). dynkuuro
pacnpeseneHusi BpeMEeHH J10 TIEpBO aBapuy CEpBepa HalieM, 3arucaB oOpaTHoe nmpeodpazoBanue 11 (9)
1 (16) u mozcTaBUB COOTBETCTRYIONTHE PyHKIMU pactpenenacHus B (13). Cpennee Bpemsi 10 IEpBOi aBapyun
KJIMEHTA HaxoauM 13 cootHomeHui (3), (9) u (15), mopra —(5), (10) u (15), a cepsepa — (7), (10) u (15).
3areMm, UCTIONB3ys (YHKIIUIO HaJIS)KHOCTH CETH, 3aITUChIBAEM (DOPMYITBI JUIsi BBIYUCIICHHS BEPOSTHOCTEH
aBapUM CETH Ha OCHOBE BEPOSTHOCTEH COCTOSHHIA OTACIBHBIX AIEMEHTOB.

3akn4yeHue

Takum o6pazom, pa3paboTaHa MmaTemMaTuueckas Mojiennb HaaexkHOCTH JIBC mpon3BoiIbHOM CTPYKTYpBI C
BOCCTaHaBJIIMBA€EMBIMH DJICMCHTaMU. HonyquH BBIPAXKXCHUA O] pacuc€Ta BEPOATHOCTU aBapru CETHU IIPpU
CaMbIX 06HII/IX MPEAIIOIOKCHHUAX O 3aKOHaX paCpCacICHIA CHy‘-IZtﬁHBIX BCJIMYHH. HOJ’Iy‘-IeHI)I COOTHOIIC-
HUS 1J151 HAXOXKJICHU A rokKazareaen HaACKHOCTH BEPOATHOCTHU TIOTECPU JaHHBIX B JIBC 1 acMMITOTHYECKHE
COOTHOILIEHMSI, CPETHETO BPEMEHU 10 NIEPBOM aBapHUH JIEMEHTOB CETH. VICIonb3ys 3T COOTHOIIEHMUS,
MOXXHO BBIYHUCIIUTE BEPOATHOCTE HAXOXICHHA B COCTOSIHUUN aBapuu CETU C HpOHSBOJ’IBHOfI TOIIOJIOTHEN
M3-32 MHOKECTBEHHBIX OTKA30B 3JIEMEHTOB.
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Structural reliability. The theory and practice

Pereguda A.l., Pereguda A.A., Timashev D.A.

THE MATHEMATICAL MODEL OF COMPUTER
NETWORKS’ RELIABILITY

The paper has investigated mathematical models of the reliability of LAN with an arbitrary topology and
recoverable components, with the analysis allowing to obtain the ratios of probabilities of data loss in a
network, a failure probability and expectation of time to failure of a network’s components, without any as-
sumptions about the laws of distribution of random variables. It has also offered the model for accounting
multiple failures of network components.

Keywords: distribution function, expectation, process of recovery, loss of data, multiple failures, server,
client, port, period of regeneration.

1. Introduction

Nowadays, computer technology is increasingly being used in human activity. Further industrializa-
tion of production and, consequently further enhancement of efficiency in all spheres of social activity
is impossible without the use of information and communication technologies. Along with the rapid de-
velopment and the enhancement of information processes, a number of problems emerge, and if we do
not solve them, we cannot even talk about the efficiency of informatization. These issues should include
the creation of computer systems (networks) described by sufficiently high reliability of their operation,
and data protection contained in information systems from unauthorized access.

Most information systems (IS) are constructed based on computer technology and are a combination
of software and hardware. Their contribution to the system unreliability as a whole has increased with
the complexity of software, and it should be taken into account, while previously only the analysis of
hardware reliability has been carried out. However, for the consumer no matter what was the cause of a
system failure, the fact of a failure is important. Existing reliability models do not allow considering the
hardware implementation and software together as a comprehensive whole, making them difficult to use
because of the large diversity of applied systems, software and the complexity of their structure.

In what follows, we shall understand IS as a set of hardware and software implementing three basic func-
tions: storage, processing, and data protection, which allow presenting any information system in the form
of three subsystems: data storage system (DSS), data processing system (DPS) and security system (SS).
This IS partition is purely logical and does not reflect a specific implementation of the system, but in any real
system it allows distinguishing a set of hardware and software modules that provide execution performance
of each of the mentioned above functions. Abstracting from the actual hardware and considering logical
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subsystems provides obtaining a method of reliability calculation that can be applied to any LAN regardless
of the hardware configuration, the scale of the system and its functions. We shall consider LAN as a set of
hardware and software that implements the basic functions and includes the following:

A server as a component of computer system (CS) containing a data storage system (DSS) with its data
transmission systems (DTS) and a security system (SS),

A client as a component of CS, including a data processing system (DPS) with its own DTS and secu-
rity system (SS),

A hub serves to connect the client and server, which consists of DPS and SS.

A data storage system includes hardware and software that provide functions of receiving, storing
and releasing of information. The functions of a data processing system are the conversion of data and
communications of DSS with the user. A security system executes functions of control over the work
of other systems and data integrity retention. It must either prevent the loss of information or signal the
impossibility of data protection. Here we assume a loss of data as LAN accident. We understand the loss
of data as its actual destruction, or the inability to get access to it for a sufficiently long time.

Our objective is to develop a mathematical model of reliability of any LAN with recoverable com-
ponents, taking into account the consequences of failure of subsystems and obtaining appropriate
indices of reliability, as well as accounting of multiple failures of network components. This work is a
further development of studies presented in [1, 2], where the formulas for calculating the probability
of networks’ data loss have been obtained. Evaluation of reliability indices and efficiency of redundant
network structures with the selection of two groups of nodes and communication subsystem has been
considered in [3].

2. Solution of the problem

First, we shall introduce the necessary notation. Let the random variable y denote the DPS, time to
failure, and the random variable y is the DPS, recovery time. Next, we shall denote times to failure of a
client’s DTS, port hub and server as random variables¢,, ¢, and ¢, and the valuesV¥,, ¥, and ¥V, will
present recovery time after failure of a client DTS, port hub and server respectively. We shall denote random
time to failure of DSS by 0, and the time of its recovery — by €. Further the random variables&,, &, and
&, will present operating time to latent failures of a client’s SS, port hub and server respectively. We shall
denote the recovery time of a client’s SS, port hub and server by random variablesn,, 1, andnj;.

Since we assume that the system under consideration consists of recoverable subsystems and failures
are detected during preventive maintenance, then we should include periods of preventive maintenance
of aclient’s SS 7, port hub 7, and server T;, to the consideration, and the duration of preventive main-
tenance of a client’s SS, port hub and server we shall denote by 0,, 0, and 0,, respectively, and the
security system cannot perform its function during the control preventive maintenance. We shall assume
that all distribution functions introduced in consideration of random variables are continuous, i.e. they
possess density functions and all random variables are mutually independent. Let us consider the reli-
ability model of the network components separately.

3. Mathematical model of the functioning of the client
process reliability

We shall consider in more detail the process of client operation, which includes a data processing system
(DPS) with its own DTS and SS, and at that, the client DPS and DTS are connected in series. Because
of such a connection any undetected failure of these systems leads to the client failure and its further re-
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covery, therefore the operation process of the client has regenerative times. Let the client operate in such
a way that in the course of its operation, there are two alternatives of events’ development.

The first alternative: DPS may fail earlier than DTS and if SS is in good order at this point of time, then
the client’s stop will occur, and DPS recovery will take place, and at that, we assume that at the end of
DPS recovery DTS will also be fully restored, otherwise, if the SS at this point of time is in down state,
then the client failure occurs.

The second alternative: DTS may fail earlier than DPS and if SS is in good order at this point of time,
then the client’s stop will occur, and the subsequent recovery of DTS will take place, and after the end of
DTS recovery, DPS will also be fully restored, or if the SS at this point of time is in down state, then the
client failure occurs. With this assumptions the i-th cycle of regeneration of the client operation process
has a duration equal to the following

1, weAd,

(Xi + Yi )JX;'§¢1I' + (¢1i + \Vli )J¢11<Xi ’ where JWEA N {09 w g A. .

Consequently, if DPS failed earlier than DTS, then the regeneration cycle will consist of DPS time to
failure and the client recovery time after the failure of DPS, and if the DTS failed earlier than DPS, then
the regeneration cycle consists of DTS time to failure and the client recovery time after DTS failure.
The cycle of regeneration, with the number £ in which client failure will occur, has the duration equal to
Xy <o, T Py, <y - Thus, client’s time to accident will consist of the total of k —1 complete cycles
of regeneration and the regeneration cycle, on which the failure occurred [3,5]. Then the distribution
function of the client time operation to the first failurep can be written as:

K—1

Z ((xl + Vi )JX,'S(])U + ((I)li + Wli )J¢1i<X1 )+ XKJXKSd)lK + ¢1KJ¢1K<XK S H=

i=1

F\(t)=Pp<i)=P

K—1

DN Y iy <o, +Vidy, <) <1

i=1 i=1

=P

where £ is the number of the cycle in which the client failure occurred. Using the formula of total prob-
ability, we will rewrite the function F,(7) in the following form:

00 n n—1
Fp (t) = ZP Z(Xz A d)li) + Z(Yini§¢1i + Wli]¢11<xi ) < t|K:n ]P(K = I’Z),
n=1 i=1 i=1

where 7 is the probability of the client failure during the regeneration cycle. Taking into account that the
probability of the failure occurred on the n-th cycle is equal to P (K = n) =n(l- rl)”*l , then we have the
following expression:

F()=>_P

n=1

n(d—n)"", (1)

n n—l
> /\¢1i)+Z(YiJX,§¢” FWiidp <y ) S |z
i=1

i=1

Now we shall find 7. First, we should introduce two additional random variables U, andV, , taking
into account the periodic checks of hardware. These values having a sense: U, is operation time of the
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SS’s client to the n-th failure, V, is operation time of the SS’s client to the n-th recovery, defined by the
following relations [4]:

Zal,+2[(T+9) {E’l’ }(T+6)]+Zml s

i=1
E-’11
Zaﬁz (T +6)— (T +6) +Zm, Vs
i=1
where [x] is the integer part of x, {x} is the fractional part of x, x A¢; = min(y,¢,).

Obviously, if SPD or DPS failure occur during the SS’s recovery, then the client failure will also occur.
The condition of a failure in this case is written down as U, <y A ¢, <V, . However, the client failures
can also occur when the failure of DTS or DPS fall on the time of a control preventive maintenance. The
condition of failure can be rewritten down as sequence of the following events:

Vo H T S A <V H TGO Vo + (R H0) T S Ady <V +2(F +0,);.
AR 7 B R NS EP PN A L7 )

In view of a failure condition, the probability of the failure during the time of regeneration is defined
as follows:

=3 [(Pw, <x)-Pr, <x)+

n=1

i

+M Y (PU, =D +0)+ T <x)— PV, +i(T +6) < 0)dF, 5 (%)

Omitting simple transformations, we have the following according to [4, 5]:

M’?] +M(Tl +6] +‘§1 (T]‘Fel)](ﬂ +0]))_Mfl Mlél(Tl—f—e])]el
1 ~ * -
Mgy + M (T, + 6, +F~’1 (T1+el)](T1 +6)) Mg+ M(T; +6, [a/(TpLOI)](Tl )
g
Mgl_Ml 1(T1+91)]91

i :l_KZCE K €5

He

=
M+ 46,4 M\ % o |(56)

where K b is the stationary availability of SS, K, b _1- K b [4].
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Now we shall rewrite the formula (1) in the form of convolutions of distribution functions:

o0
Fy(ty= (Fy + F 0K (1=K,
n=l

where F g, (t)= P(x AN, < t), F;t)=P (y Jy<p, TV1dp < < t). Then we shall represent the function
F,(2) as follows:

]<;1C;Eﬁ;(/\(|)l (S)
1= (1= K D)y (8)F, g, (5)

F($) =3 (Fo(9)" ™ (Fypg, ()" KL (1= KP) = )
n=1

where £, (s5) = f e *'dF, (t)= Me** is the Laplace-Stieltjes transform. Using the property of the Laplace-

0
Stieltjes transform, we determine the mean time to the client’s first failure under the formula, which we
shall write after transform as follows:

I—KCE
Mp:M(x/\¢1)+K—ng(M(x/\¢1)+MG), 3)

He

oo Y ooy
where M (A d,)= f f xdF, (x)dFy (y)+ f f xdF,, (x)dF,(y) and Mo = My ME,(¢;)+MV,E,(¢,).
00 00

Distribution functions F, s (1) and F () can be written down in explicit form

Fy(0)=F,(0) [ E,(0)dF, (0)+ Fy () [ Fy (2)F,(x), Fypg, ()= F,(0)+ F, ()= F,(OF, (©).
0 0

4. A mathematical model of the hub port reliability

Let us calculate the distribution function of time to the first failure of a port hub. The hub serves to
connect the clients and the server, and consists of DTS and SS. In working out the port hub mathemati-
cal model of reliability, we shall consider the overlay of regenerative processes of the data transmission
system’s operation and security system. The DTS’s operation process in this context is crucial because
it specifies moments of the regeneration process of the port operation, which is described by duration of
the regeneration cycle ¢, + W, . Distribution function of time to the first failure of the port p’ may be
written as follows:

Kk—1
P <t}=Pi> (o + Vo) 0y <11,
k=1
where £ is the regeneration cycle, on which the port failure has occurred.
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Since the process of the port functioning is an alternating renewal process, the probability that the fail-
ure has occurred at the n-th period of regeneration can be expressed as P{K = n}: rnl—r )", where
r, 1s the probability of an failure on the cycle of regeneration. Using the formula of total probability, we
shall write

00 n—1
P{plgt}:ZP Z((I)Zk +VWo0)+6,, <t P{K:”l}-

n=1 k=1

Substituting the probability P{v = n} in the recorded ratio, we obtain the desired probability in the
following form:

o
F,(t)=n)Y F. H(1—r)"".
o0 2; 5 (v, i, A7)
Since the function F,, (t) 1s the convolution of the distribution functions F ¢*(") () and
E](¢2k+“}2k)+¢2n :

*(n) ; .
sz (1), then we shall rewrite F,(¢) as follows:

Fy@)=n (Fy "« Fy ) —n)"". (4)
n=1

Carrying out the Laplace-Stieltjes transform for the time distribution function before the first failure
of the hub port, we shall rewrite (4) as follows:

N O RNV DRI 0 Fy (5)
Fp/(s)—ng_;(az(s» (Fy, ()" (1= g0)" " == AT ARTAE) (5)

where F¢2 (s), ﬁ\uz (s), I:"p,(s) are the Laplace-Stieltjes transforms of the distribution functions Fy (1),
F, (1) and F, (7).

Thus, it has been possible to obtain the Laplace-Stieltjes transform of the distribution function of time
to the first failure occurrence of the complex in the easy-to-compute form of the mathematical time ex-

dF,(s)

pectation to the first failure of the hub port. Since Mp’ = — |S:0 , then

MP/:M¢2+1_F2

(Mo, +MV,), (6)
r

where M ¢, and MV, are expectations of the random variables ¢, and V,.
As it has been shown previously, the probability of a hub port failure at regeneration cycle r», for the
client can be calculated by the following ratio:
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ME, —MF2 0,

(T,+6,)

My |00+ o [T +0)

VA
Ky =1-

5. The mathematical model of server reliability

The server includes a data storage system (DSS) with its own data transmission system (DTS) and se-
curity system (SS). The development of the process of a server operation can occur according to the two
scenarios: if DSS failed earlier than DTS, then the regeneration cycle consists of the sum of DSS time to
failure and server recovery time after DSS failure, and if the DTS failed earlier than DSS, the regenera-
tion cycle consists of the sum of DTS time to failure and server recovery time after DTS failure. With
this assumption, the i-th cycle of the process regeneration of the server operation has duration t, equal to
©; Ns3; +€J ¢ <y, T V34, <o, - Theregeneration cycle, with the number & during which the server failure
occurs will not be complete, and therefore it has duration equal to ®, . J, <5 + 3/ < = O A3,
Server’s time to failure is equal to the sum of k¥ —1 complete cycles of regeneration and the regeneration
cycle on which the failure occurred.

Because server reliability indices will be calculated in the same way that the reliability indices of the
client, the presentation of this model will be carried out without further details. So, the distribution func-
tion of server operating time to the first failure p” can be written down as follows:

00 n n—l1
Fo(@)=> P|D> (@, N3)+ Y (6 <o, +Vidy o) Sth(0—r)"", (7)
n=1 i=l1 i=1

where r; is the probability of a server failure during the regeneration cycle, and the probability that the
server failure occurred just on the n-th cycle is equal P (K = n) =nr(l-—n y*~!. Without dwelling on dis-
cussion of methods to obtain a ratio of the probability of the server failure during the regeneration cycle,
we shall immediately write down the final ratio, as these methods are described in detail earlier. So r
has the following form:

g
ME —M[ 3 }6
3 (T5+65)| 3 —1- K —KCB,
M, + M(T; + 6, +F3 (T +6,))

(T 3+93)}
where K3CZE is the stationary availability factor of the server‘s SS.
The probability (7) is calculated from the sum of random variables, so it should written down

in the form of a convolution of the two probabilities of functions £, W)=P(oAp; <1),
F, ()= P(e Jo<p, T V3dp,co = t), then we have the following:

3He 3ne

Fy0) =30 (Fy  Fpm OKGE (1= K3, ®)
n=l1
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By carrying out the Laplace-Stieltjes transform for the ratio (8), we obtain:

KgfiﬁwA¢3 (S)
1= (1= K50 Fyopg, ($)F5 (5)

3ne

Fo(s)=

©)

In finding the mean median time to first server’s failure Mp” we shall use the standard method, namely

dﬁ n (S
Mp" =— le( ) |S:0 and after the appropriate calculations, we obtain the following:
., 1— K Cb
Mp™ = M(oAd3)+ che (M(0 N d3)+ Mo3) (10)

He

ooy x Yy
where M (A dy) = f f xdFyy (x)dF, (y)+ f f xdFy (x)dF,(v) and Moy = Me MF, (3)+ M3 MF, (6;)
00 00
The distribution functions F, ,, () and F; (¢) can be written explicitly

F, ()= F,(t) f Fy(x)dFy (x)+F, (1) f Fy (0)dFy(x), Fypg (1) = Fo (1) + Fy (1)~ Fy (0F, (1).
0 0

Note that the ratios (2), (5) and (9), for example, for the exponential distributions are rational algebraic
functions, their original is determined sufficiently easily with the standard methods.

6. Mathematical model of network reliability

Let us suppose that a network consists of a finite number of components N. The function of the net-
work reliability S shall be denoted by 7 = hg(py, ps,.... Px) = M g(x) , where ¢(x) = ¢(x;, x5,...,xy) 1S
the structure function (boolean function) [6], and P. = P(x; =1) = Mx; is the probability of failure-free
operation of i-th component of the network at time ¢.

Because the network is a recoverable system, then the whole time [0,00) of a component operation
splits into separate cycles, in each of which the component operates during part-time without accidents
(the set of time intervals O™ ), and the rest of the time is spent on an failure consequences’ elimination (the
set of time intervals O ). We shall call the function of sets 4,, 4,, 4;,..., Ay (T)S(A) = (T)S(Al, Ay, Ay)
as dual function for the Boolean function ¢g(x)=d¢(x,x,,...,xy). The function of sets is deter-
mined according to the following rule: if ¢g(x;,x,) =x; Ax,, then dA)S (4,,4,)= A4 NA4,, and for
G5 (X, %) =5V Xy, bg(4y, 4)) = 4 U 4,, finally for pg(x) =% = dA)S(A) = (0,00) — A4 .. Formally, the
function ¢¢(4,, 4,,..., Ay) can be introduced by using the complete disjunctive normal form (CDNF) of
the function (T)S(Al, 4,,...,Ay) . If CDNF of the function (T)S(AI,AZ,...,AN) is given in the form:

_ oy 0, Oy n _ o 40 oy
s (X2 %000 Xy) = D Cy o XXy then g (A, Ay A) = Cy oo AV AS o AR,
o

where ¢
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e :{ 4, ita=1 . b {o, i Coy i, =0
(0,00)— 4, ifa=0, : B, ifChp o =0

The mapping © ¢ — (T) is a natural morphism of the category of Boolean functions in the category of
sets of functions; the meaningful sense is that if 4; is a set of those times at which the component x; is
in good order, then ¢ (4, 4,,..., 4y) 1s a set of moments of the system correct operation.

Let ¢+ be some point of time, then, by definition, the structure function
o (0 N[0,11,05" N[0,£1,05” N[0,7],....0;” N[0,£]) isasetofpoints of time, at which the system was in good
condition until the point of time z. Then the average time for the correct operation of the system during time ¢ will
be determined by the following formula K ¢ (£) = Mmesd o (Q;" N[0,£1,05 N[0,£1,05” N[0,¢],...,0, N[0,£]),
where mesA is the Lebesgue measure of the set 4. Let us transform K¢ (¢) as follows

o0
Ks®)=M f J 05 (0 M[0,11,07 M[0,11,05 N[0,(].....0, N[0,¢]) ()dy.
0

Taking into account the sense of events’ index and that if for y > ¢ the following y ¢ Q;" N[0,¢] holds
true, we have

K0 = [ P{y€bs(0 N10.1,05 NI0,1,05 NI0,1L,... O N0, D}y = [ B (ROLBG), o B (7). (1)
0 0

It is necessary to remember that P;(#) = P(p, =1) is the probability of failure-free operation of the
i-th component at time point ¢. Thus, the ratio (11) allows reducing the computation of Kg(¢)to the
calculation of P;(t) = P(p, =1) for individual components. Let the time to failure p; of the i-th com-
ponent be a random variable. After the failure, the component is recovered over time 9, , which is also
a random variable. It is assumed that the recovery is complete, i.e. times of correct operation of the
component after its recovery, as well as after the second and subsequent recoveries are independent
and have the same distribution as random variables p;, J;, We shall denote the joint distribution of ran-
dom variables p;, J; by F;(4,B)= P(p,; € 4,9, € B) and in case of the independence of these variables
F(4,B)= P(5, € B)P(p, € A) = F, ()G, (B).

When calculating the probability of accident-free operation of the i-th component, we will use the total
probability formula, according to which we have

Rty=Pae0) = [ [ PO |py=x0,=y)dE, ()dG, (),
0 0

where p;; and J,; are random times to the first failure and to the first recovery of the component respec-
tively. As the process of the i-th component operation is an alternating recovery process, then its operation
time is covered by disjoint cycles of regeneration with duration p; +J; = t,(p;,0;). There are two options
of the process operation development: t,(p,,0,) >t andt,(p;,0;) <t. Then the probability P.(¢) of an
accident-free operation of the i-th component will be calculated as
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[[ Plee0f |y oo ), Gy 0+ [ Pre0f

T (x’y)gt T ()C,y)>t

pi=x,3,=y ) dFPi (x)dGSi (y) = Il + 12'

The condition t;(p;,d;) >t means that the moment of regeneration of the i-th component come after
time 7, and, consequently, the conditiont € Q;" is equivalent to the conditions € [0,p;, | and

L= [ Pltef0.pn]lp -5 - JdF, 4G5 (0= [ (J,e[o,x])de,. (X)dGs () =1-F, (0.

x+y>t xX+y>t

Considering the option, p;, +9; <t, it should be taken into account that time point p,, +90,, is the
moment of the first regeneration of the component, i.e. at this time point, the operability of the
component is fully recovered, and after that, the component continues correct operation during
some more time ¢ —9; —p,;. In view of these considerations, we can rewrite /; in the following
form:

I = ff (te [0.p]], =0, )dF (0)dGy (v) = f B(1—x~y)dF, (x)dGs (y) = fP(t—z)dF (2).

T ()<t T, (x,y)<t

By summing up /; and /,, we obtain the integral equation in convolutions

t
Rty =g+ [ Bt—2)dF, (2), (12)
0
where g;(7) = ﬁ;)i (1), F, ()= P(pi +96; < f)-
In terms of the Laplace-Stieltjes transform, the solution (12) has the following form:

gi(s)  1-Me™™
I=F(s)  1-Me*®Ho)

P(s)=g,(s)+ B(s)F, (s), or B(s)=

As mentioned above, it is not possible to convert the obtained solution in general form, so here we write
Mp;

Mp; + M5;

of P.(t)coincides with the component availability factor and, consequently, the asymptotic ratio for the
probability of finding the network in failure state will be calculated as P, ~1—-/h(K_,,K_,,....,K_y). Let
us give the ratio for the probability of the network stay in failure state of widely-spread LAN topologies:
star, ring, common bus. Therefore, the network with the topology “common bus” transits into failure
state, as soon as at least one of the clients has transited into this state. In this case the structure chart of
the network is a serial connection of clients and a server, and the failure probability will be determined

only its asymptotic value at s — 0. Then P, = limlsi(s) = = K ;. Thus, the asymptotic ratio
s—0
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N
by the ratioP, =1—- K f H K ZK The network having the topology “ring” transits into a failure state when
at least one of the clientslor the port by which connection is carried out, or the server has transited into

N
this state. The failure probability for this topology can be written down as P, =1— K K" H K% Since the
i=1
network with the topology “star” transits into failure state, if there was a loss of data on at least one of the
N+l N

clients, or hub port, or on the server, then the failure probability is equal to P, = 1— K> H K" H K5, where
i=1 i=1

N is the number of clients in the network, K ZK '1s the availability factor of its client, K ZP is the availability

factor of the i-th hub port, K? is the availability factor of server.

Thus, a mathematical model of reliability is presented above and expressions for calculating the prob-
ability of data loss (an accident) and mean time to the first failure of an arbitrary network with recoverable
component are obtained. However, this does not take into account the possibility of data loss due to the
network power supply failure. The network power supply failure leads to the so-called multiple failures
or common cause failures.

To account a network component common cause failures, we shall introduce the following notation.
Let the random variable £ be the time to failure, and the random variable v be the recovery time of the
power supply system. The random variables & and v are mutually independent variables with distribution
functions F (1) = P(E <) and F, ()= P(v<1). Let 6 be the random time to failure of the redundant
power supply system with distribution function F5(¢) = P(6 <t) . The correct functioning of the power
supply system is critical for accident-free operation of the network, so we will assume that in the event of
failure of the main power supply system, electricity supply can be carried out using the redundant system.
During the operation of the redundant system, the main power supply system must be recovered, or a
network failure will occur. We believe that the redundant system is able to maintain the functioning of
the client only for a limited time. Obviously, if the main power supply system recovery is not completed
before the redundant system failure, then the client will be cut off power, i.e. failure of the client will
occur. At the same time, we shall assume that if the main power supply system will be recovered before
the redundant system failure, then the redundant system immediately will return to its original state.

Thus, a network component failure may occur either on the internal reasons or due to a power supply
loss. Let us introduce the notation p as the time before the component failure due to internal reasons,
B as the time before the component failure due to the power supply loss and o as the time to the first
failure of the component. Since the time to failure is the minimum of time to failure due internal reasons
and time to failure due to loss of power supply, it is obvious that o =p J., +B Js, =pAP. Then the
distribution function of the minimum of time to the first failure of a network component will be deter-
mined by the following ratio

F,(1) = Pla <1) = F, (1) + Fy(t) = F, () Fy (0). (13)
Mean time to the first failure can be written down respectively as

Mo.=Mp+MB —f(1 — F, () Fy(1))dt. (14)
0
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Now we determine the distribution of time to failure of a network component due to the failure of
the system power supply. It is easy to notice that the distribution of time to failure due to power supply
failure is defined as follows

n—1
P{R<t}=P> (& +v)+(&, +8,) <tf,

k=1

where 7 is the cycle number of the regeneration process of power supply system operation, where the
network component failure has occurred.

Taking into account that the process of a component operation is a regenerating process, and then it is
easy to determine that P{n=n} =g, p” " is the probability that the failure occurred on the n-th cycle
of regeneration, where ¢, is the probability of failure on a cycle of regeneration, p,, =1—¢q,,. Then
P {B < t} should be calculated according to the formula of total probability

o0

Fy()=q,, 9 (F." « F;" D« Fy)(0)(1—g,,)"

n=1

To calculate P {[3 < t}of the distribution function of time to the first failure of the s power supply sys-
tem, we again will use the Laplace-Stieltjes transform and write down it in the following form:

Fy()=q,, > (Fe ()" (F, ()" Fy(9)1—q,,)" ",
n=I1

where Fg (s), FV (s) and F}; (s) are the Laplace-Stieltjes transforms of corresponding distribution func-
tions. The expectation of time before the first failure of a network component due to power supply failure
can be written down as follows

MB = ME + M +3=D2 (M + M) (15)

q3fl

Using the formula for the sum of a geometric progression, we obtain:

G i () (s)

Be=1z (1=, F=()F,(s)

(16)

Thus, it was possible to obtain the Laplace-Stieltjes transform of the distribution function of time before
the first failure of a network component due to power supply failure. To use the ratio of the expectation of
time before the first failure, it is necessary to calculate the probability of failure of a network component
4y 1n the regeneration cycle of the process of power supply system operation due to failure of the power
supply system. Obviously, the failure condition for n-th cycle can be presented by v > . Then we shall
write down the following expression
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g, = P(v>8)= f P8 < t)dF,(t) = f Fy(t)dF, (f) = MF;(v) .
0 0

The distribution function of time to failure of the first client can be determined by writing down the
inverse transformation for (2) and (16) and by substituting the appropriate distribution function (13).
The distribution function of time to the first accident of the port, we shall determine by writing down
the inverse transformation for (5) and (16) and by substituting the corresponding distribution function in
the ratio (13). The distribution function of time to the first accident of the server, we shall determine by
writing down the inverse transformation for the ratio (9) and (16) and by substituting the corresponding
distribution functions (13). The mean time to failure of the first client we shall determine from the ratios
(3), (9) and (15), the mean time to failure of the port — from the ratios (5), (10) and (15), and the mean
time to failure of the server — from the ratios (7), (10) and (15). Then, using the reliability function of the
network, we shall write down the formulas for calculating the probability of a network failure based on
probabilities of states of individual components.

7. The conclusion

Thus, the mathematical model of LAN’s reliability of arbitrary structure with recoverable components
has been developed. The expressions for calculating the probability of a network failure under the most
general assumptions about the laws of distribution of random variables have been obtained. The ratios
for the reliability determination of the probability of data loss in the LAN and the asymptotic ratios of
the mean time to first failure of network components have been obtained also. Using these ratios, we
can calculate the probability of finding a network with arbitrary topology in failure state due to multiple
failures of components.
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KOPHEBAY OLLEHKA MNJIOTHOCTU PACNPEAEJIEHUA
NO HEMNOJIHbIM OAHHbIM

B cratbe npeanoxexsl ABe MoanduKaLmm HernapamMeTpPn4eCcKor KOPHEBOV OLIEHKW MJIOTHOCTY pacrpeaesne-
HUSI B CUTYaLMN HaJINYnsi HEMOJIHbIX JaHHbIX B BUAE rpyrnnupoBaHHbIX 4ACTOT 0TKa30B. [lepBbivi (MHTerpasib-
HbIVi) METOoA CBSI3aH C COOTBETCTBYIOLLMM M3MeHeHneM GyHKuun npasaononobus. Bropowi (resampling)
MeTo[ BOCCTaHOBJ/IEHWSI OTKA30B OCHOBAaH Ha UTEPaLNOHHOM BOCCTaHOBJIEHUW MOMEHTOB OTKa30B. Vc-
c/iejoBaHbl TOYHOCTU MPELAJIOXKEHHbBIX METOAOB OLIE€HUBAHUS.

KniouyeBsbie cnoBa: rcu-QyHKUWS, MeTos KBaApaTrHOro KOpHs, QyHKUMS npasaonoaobusl, nceaooTkassbl.

O6bem mH(poOpmaIuu, nmocrynarmeid Ha 00padoTKy ¢ 0OBEKTOB aTOMHBIX CTAHIIUM, KaK MPaBUIIO,
orpanuueH. [Ipuxoaurcs crankusarbcs ¢ nHGOpMaluei, B KOTOpoil Hapsly ¢ HapaOOTKaMU OTKa3aBIINX
00BEKTOB MIPUCYTCTBYIOT HAPAOOTKH OOBEKTOB, MPOJOKAIONINX padoTaTh, HO HAOMIOACHHS 32 (QyHK-
LIMOHUPOBAHUEM KOTOPBIX OBLIH M0 Pa3IMYHbIM IPUUMHAM NIPUOCTaHOBIEeHbI. Kpome 3Toro, yacto mpu-
XOJIUTCSI UMETB JIEJI0 C IPYyNNHUPOBaHHON HH(pOopMalueit 00 0TKa3zax, B KOTOPOI moTepsiHa HHPpOpMaLus O
HapabOTKaxX OTKa3aBIIHNX OOBEKTOB, @ U3BECTHA JIMIIL YAaCTOTa UX NosBiaeHus. MHpopmanuio nogooHoi
HEOIpeeICHHOCTH HA3bIBAIOT LIEH3YPUPOBAHHOM.

Kak u3BecTHO, METO/BI aHAIM3a CTATUCTUYECKOW MH(POPMALIUU JIEISATCS HA TapaMEeTPUUYECKUE U He-
napamerpudeckue. s aHanm3a JaHHBIX 00 OTKa3ax, MOCTYIMAIOIINX ¢ OObEKTOB aTOMHBIX CTaHIIUM,
panuoHallbHEE HCIOJIb30BaTh HEMapaMeTpUUECKUEe METO/bl, He TpeOyrolire, 4ToObl pacupeeieHue
BEPOSITHOCTEH OBLIO OMMCAHO KAKUM-JTMOO IMapaMeTpUIeCKUM 3aKOHOM pacmpeneneHus. 1]

HaubGosnee obiieit xapakTepruCTUKOM, OMTUCHIBAIOIIEH MTOBEIEHUE OJTHOMEPHOMN CIIy4aifHOW BETMYUHBI,
SIBJISIETCS €€ TIOTHOCTD pactipenenenus f(¢). 3ajadya olleHKH MIIOTHOCTHU paciipeiesieHus HabmronaeMon
CIIy4aiiHOUM BEJIMYMHBI 10 KOHEYHOMY YHUCITYy €€ peajnu3aluid Py HaJUYUU HEONIPEAECICHHOCTEN SABIISIET-
Csl OIHOM M3 KITFOYEBBIX 3a7a4 CTATUCTUYESCKOTO aHAIKN3a, YTO U OIPEACIIAET aKTyaJbHOCTh HACTOSIICH
CTaThH.

N3BecTHO MHOXKECTBO METO/IOB OIIEHUBAHUS TNIOTHOCTH PACIIPEICIICHUS MOTHBIX U 1IEH3YPUPOBAHHBIX
JIAHHBIX: TUCTOTPaAMMHBIE, POEKIIMOHHEKIE, S/Ie€pHBbIE, KOPHEBBIC OIICHKU. Bce METONbI MMEIOT Kak J0-
CTOMHCTBA, TaK U HEJIOCTATKHU.

MeTton rucTorpaMm MpOCT B peau3aliiy, OJTHAKO HE CIIUIIKOM HATJISIIeH, U TUCTOTpaMMa, TTIOCTPOEH-
Hasl 10 MaJbIM BBIOOpKaM, HE TMO3BOJISET C/eNaTh MPAaBUWIBHBIX BBIBOJOB. HemocTaTkoM nMpoeKIMoHHON
OIICHKH SIBJISIETCS TO, YTO HA KPasiX pacCMaTPUBAEMOTO HHTEPBajIa OHA MOXKET MPUHUMATh OTPUIIATEIHHBIC
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3HA4YEHHUs, TOIA KaK IUIOTHOCTH 110 ONPEAEIECHUI0 HEOTpULaTesibHa. KadyecTBo A1epHO OLIEHKU CUIIBHO
3aBUCUT OT BBIOOpA «Apa».

KopheBasi oneHka npenacrasisieT co0oil KBajapar pasziaraeMoil 1o OpTOHOPMHUPOBAHHOMY Oasucy
(yHKLMH U 3aBEIOMO 3aJ1aeT INIOTHOCTh. OIIEHKa XOPOLIO U3y4eHa JUIsl OJIHbIX JaHHBIX. B crarbe pac-
CMaTpHUBACTCS KOPHEBAs OLICHKA I JaHHBIX, UMEIOLIUX HEOIPEACICHHOCTh B MOMEHTE pealln3aluu
HCCIIENYEMOTr0 IIPU3HAKA, T.€. JJI LEH3YPUPOBAHHBIX JAHHBIX.

B crarbe KOpHEBON METOJ OLICHKHU IUIOTHOCTH YCJIOBHO Pa3[elIcH Ha JBa METOJA: UHTETPAIbHBIN U
UTEpPaTUBHBIN.

HumezpanvHulii Mmemoo KopHego2o oyenusanus — KIIacCCUIeCKUi METo/l KOPHEBOM OLICHKH, T/1€ UCKOMast
ILUIOTHOCTb PAacCIpe/eeHus fr (x) HAXOAMTCS, KaK KBaJpar TaK Ha3bIBaeMOH NCU-QYyHKIMH:

L ()= (). (1)

Ilycte

\V(x)= éci(pi (x),

rae {(pl. (x)} — OPTOHOPMUPOBAHHAS CUCTEMA, {Ci} — K03(QGULIHEHTHI Pa3NoXKEeHUs, MOJIeKAIINe
oneHke [2, 3].

B nanbHeiimem npeanonaraercs, uto GpyHkuun @; (x), W (x) 1 koodpduuEeHTs! ¢; ASHCTBATENBHEL.
W3 ycioBus HOpMUPOBKU _[ Sz (x)dx =1 cnenyer paeHcTBO

z cl-cjf(pl- (x)(pj (x)dx =2 et =1. (2)
=1

i,j=1 i

CJ'IG,[[OBaTeJ'ILHO, HGO6XO,[[I/IMO OLCHUTD m-1 HEe3aBUCHMBIX KOB(I)(I)I/II_II/IGHTOB. I[J'IH X OLCHKH HMCIIOJIb-
3yCTCA METOA MAaKCUMAJIbHOT'O HpaBI[OHOI[O6I/ISI.

Ecnu BeIOOpKa MOBTOpHAS — E = (ﬁl,...,a » ), To (pyHkuus npasaonogodus (OI1) umeer Bux:

I, (a):i[lfg (ak):g ch €l - )

Jlorapudmuueckas pynxuus npasaonogodus (JIOII):

zn(a):m,,(a):émﬁ;(ak):gm gc,-cpi@k) :glniicicj¢i<ak)<pj(ak).

= i=1 j=1

Ee yacTHEIE IMPONU3BOIHBIC:
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alai) Z—lnf&(gk) Zfé(&k)a fé(‘t:k) ng(ik)a Z J(P](E,.k)

1

, 20 &) ich’j &) b om
_Z J=1 22 (EJk)(Pz (E;k)

= fe &) et (99 o

Bosnukaer OIITUMHU3AIIMOHHAs 3aa4a
P p (m 2
LO-T1AE)T][Eew @) e
i=k i=k \_i=Il

m
2
C OrPaHUYECHHUEM TUIIA PABEHCTBA! 2 ¢; =1.KoadduuuenTs! ¢; mogduparorcsi TakuM 00pa3oM, 4To0bI
i=1
@II 6bu1a MakcUMaibHa, IPU 3TOM MX CyMMa KBaJpaToB paBHa 1.

JUisl HAXOXK/ICHUS. MAKCUMAJIbHOTO 3HaYeHHs Jtorapudmuueckoil pyHkuuu npasgononodus /, (¢) ¢
yueToM orpanndenus (2) popmupyercs ¢pynkuus Jlarpamka:

L(E)=1, (E)+7L[l—§ci2].

ITpousBoaHast pynkumu Jlarpanxa npupaBHUBACTCS K HYJIIO:

—L() 2;2;@1(2‘22)@") 7= 2he; =0. 4)

VMHOXKast 00e yacTy (4) Ha ¢; ¥ CyMMUpYsi 0 i nony4uM A = p . [logcTaBum 310 B (4):

Z @, (&k » -1

(=20 6) e, 20 6) Tew @)

[[anee JJI HaXO0XACHU A KOB(b(pI/ILII/IeHTOB HUCIOJIB3YIOTCA UTCPALIMOHHBIC YUCJICHHBIC METObI.

B ciy4ae ecii MMEIOTCSI IGH3YPHUPOBAHHBIE TAHHbIC, B KaYCCTBE HHTEPBAJIOB IS [IOCTPOCHHS OLICHKH
BBICTYIIAIOT JJIEMEHTHI MACCHBA UHTEPBANIOB [ R = [(I1 N ) (12 5 ) (ls, 7, )] Bennuuna ckauka sMnupuye-
CKOM (DyHKIIMH pacnpeie]eHus B Hadaje KaK10ro MHTepBajia NpOIOPLUOHaIbHA KOJUYECTBY JIEMEHTOB
BBIOOPKH (CIIy4aliHOMY YHCITy OTKA30B), HONABIINX HA JaHHbINA UHTEPBAT V = (Vl,vz,...,vs )
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DyHKIUA npaBaonoaoous (3) i Takoro pojaa JaHHBIX IPUMET BU:

— p - J - - Vm
L, (C): Ef& (&k)xl__[l(Fé (rm)_Fi (lm)) ’
T.€. K QYHKLUUHU IPaBAONOA0OUS MOJIHBIX JaHHBIX J100aBUTCS COMHOXHTENb ﬁ (ﬁg (rm )— }2 (lm ))Vm ,

OTBEYAIOIINI 32 LIEH3yPUPOBAHHbIE TaHHBIE. m=1

YacTHble MpOU3BOJHBIEC JorapupMuieckoil GyHKIUU MpaBronogodust OyayT paBHBI CIEIYIOLIUM
CyMMam:

%€)_ 539 & )e: (ik)cj +Sv, otn (7 ()£ ()

dc; k=1 j=1 fé (ék) ‘ m=1 de;

PaccmoTpum oTaenbHO

ot (7 (r,)- F. (1, )).

dc;

1

()

Ecmm OIICHKA IJIOTHOCTH pacClpEaACICHUA
m 2
fé (x): (Zciq)i (x)j ) (6)
i=1
TO II€JIECO00Pa3HO B3ATh B KAUE€CTBE OLIEHKH (DYHKIIUU PACTIPEICICHUS HHTETPall:
—_ X —_
F(x)= [ f: (u)du. (7

B nanbHeWmmx BbIKIaIKaX MPEANONI0KHUM, YTO IJIOTHOCTh pacipeesieHus: MMeeT HOCUTENb-0TPE30K
[0,1]. dyst TUTOTHOCTEH ¢ IPYTUM HOCHUTEJIEM pacIpenesieHus MOXHO C/IeJIaTh HEOOXOAMMOe JIMHEHHOE
npeoOpa3oBaHUEe CIIyYailHOW BETUYHHBI, OTOOpaKaroee MHOKECTBO 3HAYCHUH CITyYaliHOW BEITMYUHBI
B 0Tpe30k [0,1] wim ucronp30BaTh HHBIC OPTOHOPMHUPOBAHHBIC 0A3HCHI.

Kax ussectro, ¢, (x)=~/2sin(knx), k=1,2,... — oproHOpMHpOBaHHIi Gasrc Dyphe Ha OTpe3Ke
[0,1]. Hatinem dbynkuto pacripeaeneHus (7), UCTIONb3ys paziokeHue (6).

ﬁg (x)= iicz‘c]j(pi (“)(Pj (u)du = ggciCJZTSin (imu)sin (jmu )du =

i=1 j=1 0 i=1l j=1 0

i+j i—J

N 3 c; (PZi,(x)+i i ciC{(PHj (x)—q)i,_j (X)J :
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YacTtHble npou3BoHbIe (YHKIIMH paclpeesieHUs] PaBHBbI:

OF: (x) 1 z 0 J(x) Qi () 0y (x)|_
ac; fn{z 2« ( it ] ‘ ]_

J=Lj#i

i—Jj ‘o it

:%[.lzm:#c P ](x) ZCJ(Pl+j (x)]

[Tocne nmoncTaHOBKY MOTYUYEHHBIX PE3yJIbTaTOB (YACTHBIX MPOU3BOIHBIX) B BhIpaxeHue (5) noaydum
ClIeyIollle ypaBHEHUS:

mEG)EGL) ! $ < (0 ()0, ()
de; T (ﬁ&. ()= G )) J=Li# =

((plﬂ (1 )= @ir; ))]

j=1 i+j

9; C)ei &) S Vv,
2%% 26 T EREG)-R0)

¢, (o ( )-0,-, () 2 ¢; (@11 ()= 010, 0, ))]

jl];tl ] Z+J

HeoOxomumoe ycrnoBue skcTpeMyMa, Kak M Ui MOJHBIX JTaHHBIX, CBOAUTCS K YCIOBHUSIM PaBEHCTBA
HYJIIO YaCTHBIX MPOU3BOIHBIX (yHKIMH Jlarpanxka:

Kl (P,(E,.k)(Pz(ék) e + N V2v, %
L() 2%; fg(’gk) 27Li mzln(ﬁi(lm)_ﬁi(rm))

((Pz J(’”) (U ](l ((pl+](r) Qv j (l ))

jl];ﬁl J l+]

) Z ¢, )

VYMHOXHM 00€ gacTH (8) Ha ¢;, IPOCYMMHUPYEM IIO i, IOJyYUM ypaBHEHHS IS A
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N
D TANAR

((P,+J (r)- Qiyj ( ))]

l+]

3 e

((P, ](r ) ¢;- J(l

11]7&1 J

))Z’

Penraem:

- € ((Pi—j (1)~ Di-j C ))

((Plﬂ (1 )= @ir; (s ))]

j=1 i+j

WtepaunoHHbIi Iponiecc A1 HaX0XKACHUS KOOPPUIIMEHTOB Pa3JIoKEHUS:

l+1 - oc! +_ (P,(gk)q)l(ék) iy ﬁv
B { %; f&(&k K 2“1TE(F§ (r,)- F§ (@, ))

[ o/ b0, ) %www%wﬁ}

—J = i+

Teneps npuBeneM GOPMYIIBI 1JIs1 KOPHEBOW OLIEHKU Ha MIPOU3BOJIBLHOM OTpE3Ke JIOKanu3anuu. B mpo-
M3BOJILHOM Cilydae (ClydaifHas BEJIMYMHA paciipesiesieHa Ha oTpeske [/a, b/) 6aszuc Oyner UMeTh BU:

. —a
Sin .
—a —da

B kadectBe [a, b/ MOTYT OBITH B3SIThI IEPBAs U TIOCJICTHSAS TOPSIKOBBIE CTAaTUCTHKH, T.€. HAUMEHBIIICE
M HauOoJIblIee 3HAYEHHE.

HrepanmoHHsIil iporiece i HaXoxKACHUS KOAD(UIIMEHTOB Pa3JIOKEHHs B 3TOM CITydae MPUBEICT K
CIEeAYIOUIEH CXeme:

l+1_OC +—{ ZZ(P](gk)(pl(ék)] 2 J2(b—a)v,,

o (v)=

et B (99 K mln(Fg(r)Fé(l ))
[ ((P, J(r ) G- j(lm)) l((Pi+j (rm)_(piﬂ' (lm))

-J : i+
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Credyrowas mooughuxayus Memooa KOpHeB020 OYeHUBAHUSL NO YEH3YPUPOBAHHLIM OAHHbIM OCHOBaHA
Ha METOJIE BOCCTAHOBIICHUS MCEBI00TKA30B. B 3amagHoii nuTeparype 3Ta npoueaypa HOCUT Ha3BaHUE
Resampling-method. [Ipuniun MmogenupoBaHus ceBAOHAOIIONEHU ONUpaeTCs Ha U3BECTHOE CBOMCTBO
MOHOTOHHO# (DyHKIMH Paclpe/IeNICHus — CIIy4aiHas BeJNYNHA F; (&) sBIsleTCS paBHOMEPHO pacIpejie-
JIeHHOM Ha oTpeske [0, 1]. JIns KaXX10ro UCTOUHHKA C [IEH3YPUPOBAHHBIMH JaHHBIMU ITPOU3BOAUTCS ITOUCK
3HaueHUs QYHKIMH pacIipe/ie]IeHHs B TOUKaX IPaHUIl MHTEPBAJIOB LIEH3YPUPOBAHMUSI, 3aTEM B KQXKJIOM U3
MOCTPOEHHBIX MHTEPBAIOB (QYHKIIMI MOJEIUPYETCS HEKOTOPOE YHCIIO TOYEK, PABHOE YHCITy OTKa30B Ha
JTaHHOM uHTepBaje. C MOMOIIbIO MHTEPIOJSAINH MPOU3BOIUTCS 00paTHOE OTOOpaKEHNE CMOAETUPOBaH-
HBIX «TICEBI00TKA30B» HAa 0Ch HapaboToK (puc. 1). [4]

| F; (X; 9(.?))
i i ﬂCGBﬂOH@GmO,[leHMH
g
\ B
U :/

Puc. 1. MozpenmpoBaHue 1ceBIOHAOMIONEHIH Ha YIaCTKE HEOTIPEISIIEHHOCTH

Ha cnenyroriem mare BOCCTaHOBJICHHBIC OTKA3bl OT KAXKI0TO UCTOYHHUKA C TPYIITUPOBAHHON HHPOpMA-
IIUei COOMPAIOTCS B OJIMH MACCHB, Jlajiee C HUMU pabOoTaeM, KaK C TIOJTHBIMH JJAHHBIMH, 10 HUM CTPOUTCS
KOopHeBasi (MHTerpaibHasi) oueHka mo (opmyne (1). HoBas ¢yHkuus pacnpeneneHus HaXOAUTCS Kak
MHTErpajl OT 3TOW OICHKH, 110 HOBOHM (DYHKIIMU OTISITh BOCCTAHABIMBAIOTCS OTKA3bl, M TaK J0 TEX TOP,
MOKa UTEPAIIMOHHBIN MPOIIECC HE COUIETCS.

-4 g -4 i

51 52 S3 Sn

1 t t t t t t t t
n "2 v Vg

2 —H—H—H—H—H—H—H—
o Va3 Vg

3 —H—H—H—H—H—H—H—
V]_ V.Z V 3 Vg

4 H——H——H————————r¢—
v, VvV V3 v,

5 }/ L' Fd h'Fd L' Fd h'Fd }( h'Fd ' |

¢ P A

Puc. 2. MonenupoBaHue 11eH3ypPHPOBAHHBIX JaHHBIX
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OTKa3bl BOCCTaHABIMUBAIUCH O PYHKIUU F.,, IPEACTaBISIONIEH cO00 cpeaHee 3HaYeHUE IMITUPH-
4yecKuX (PyHKUIUH pacnpeaesieHus UCTOYHUKOB C IEH3yPUPOBAHHBIMY JaHHBIMU U (pyHKIUU F,,, B3ATOM
KaK MHTErpajl OT KOPHEBON OLIEHKH MJIOTHOCTH MOJIHBIX JaHHBIX.

Ananuz oyenok. OLEHKH TIOTHOCTH paclpeesieHus] UCCIeI0OBAINCH Ha PUMEpe 3aKOHA pacrpese-
nenus BeiiOymia ¢ mapamerpom dhopmbel o = 2 1 mapameTpoM maciirtaba 4 = 2. MoxenupoBaHHUe CITy-
YaHBIX BETUYMH ITPOU3BOAMIOCH C MMOMOLIBIO0 MeToAa 00paTHbIX (yHKIui. K momydeHHbIM BRIOOpKaM
MIPUMEHSIIACh KOPHEBAasl OLIEHKA TUIOTHOCTU pacIpe/lelieHHs, sl POBEPKH COOTBETCTBUS OLEHKU HC-
TUHHOM MIOTHOCTH. VccnenoBaHus IpOBOIMIKCH JUTS TISITH KICTOYHUKOB HH(OPMALIUU: OTHOTO C MOJHOMN
uH(popMaIueil 1 YeThIpex C LEH3YPUPOBAHHBIMU JaHHBIMU. CXeMa MOJEIUPOBAHUS LIEH3YPUPOBAHUS
n300paxxeHa Ha puc. 2.

[IpunsaToe uncno HaGMrONeHNA 1 17151 Kaxkaoro ucrounrka — 100. [{nmiHa nHTEpBaia 1eH3ypUpOBaHUS
o ymonyanuio — 0,1.

Kopnesvie oyenxu yenzypuposanuoii ungopmayuu unmezpaisHvim Memooom U300pakeHbl Ha puc. 3.
I'paduku nmpeacTaBiIeHBI IS YUCiia TAPMOHUK 71, paBHOTO 2, 4 1 6.

14 —

hothocrs 'Lﬁ m=4
1.3 PACTIPEORTE: ""__:M’.'-—- el ] \\
1,2 S IN "y . \ .n=2

N

o

_m=6

o
o =
~—

1,8

o (=]
o o

0,075
0,15
0,225
0,3
0,375
0,45
0,525
0,675
0,75
0,825
0,975
1,05
1,125
1,275
1,35
1,425
1,575
1,65
1,725

3HaueHHA 3 1eMeHTOE ERIDOPKH

Puc. 3. KOpHeBaﬂ OLICHKA IIJIOTHOCTH pacupeACJICHU ICH3YPUPOBAHHBIX JAHHBIX I pa3HOTr0 YUCjia TrapMOHUK

KauecTBo olLileHMBaHUS 3aBUCUT OT YMCJIa TADMOHUK U OT JUIMHBI UHTEpBaJIa TPYIIIUPOBAaHNUs JAHHBIX.
B xozne uccienoBanus BBIICHUIIOCH, YTO YEM MEHBIIIE MHTEPBAJI IPYIIIIUPOBAHNS, TEM TOUHEE OLICHKA.
I'pacduku cymmapHOi OMIMOKK OLIEHUBAHHUS JJIS1 PA3HOTO YHCJIa TAPMOHUK IPE/ICTABICHBI Ha pucC. 4.

CyuiecTByeT 4nCIIO TapMOHUK, IPU KOTOPOM JIOCTUTAETCsI ONTUMAJIbHAS OLIEHKA ITIOTHOCTH. B taHHOM
cllyyae m = 4 — ONTUMaJIbHOE YUCIIO TAPMOHUK.

Kopnesas oyenka nnomnocmu mMemooom 0CCMAHOBIEHUs OMKA3068 N300pakeHa Ha pHC. 5, YUCIIO
rapMOHUK m = 3.
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o
JHadeHns 31eMEHTOE BEIOODKH

KopHEESA OUEHKS MAOTHOCTH RACMPERENEHAA

JJIg pa3Horo 4Yrcjia TapMOHHK
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Ha pucynke fucm v Fucm — ucTUHHBIC 3HAYCHUS TUNTIOTHOCTH U (DYHKIIMH paCIipeieNieHuUs, fKOPH.um u

FKOpH. um — UX OUCHKHN MECTOJOM BOCCTAHOBJICHUS OTKa30B.
KagectBo OLCHUMBAHUA UTCPATUBHBIM MCTOAOM YCTYIACT KAYCCTBY MHTCTIPaIbHOr0 METOA4a, OJHAKO

I[J'II/IHa HWHTCPpBaJIa HCH3YPHUPOBAHUA CUJIBHO BJIIMACT HAa KaUCCTBO OLICHKH. OHGHKa TEM TOYHEC, UEM

MEHbIIE JJIMHA UHTEPBAJIA LICH3YPUPOBAHUS.
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€ro HECOMHEHHOE MPEUMYIIECTBO COCTOUT B TOM, YTO (PaKTHYECKU OH padOTAET C TOJHBIMU JaHHBIMH,
HET HEOOXOIMMOCTH B IPUMEHEHHH CIIOXKHBIX (opMyll. METOT HTEpaTHBHOTO BOCCTAHOBIICHHSI OTKAa30B
0oJsee mpocT U yao0eH B MPUMEHEHUH.
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B

Maleev E.A., Chepurko V.A.

ROOT ESTIMATION OF DENSITY FUNCTION USING
INCOMPLETE DATA

The paper offers two modifications of the nonparametric root estimation of a density function in case of
incomplete data in the form of grouped frequencies of failures. The first (integrated) method is connected
with respective alteration of a likelihood function. The second (resampling) method of the restoration of
failures is based on the iterative restoration of failure time points. The accuracy of the offered estimation
methods has been investigated.

Keywords: psi-function, square-root method, likelihood function, pseudo-failures.

The volume of information coming into processing from the facilities of nuclear power stations, as a
rule, is limited. One is forced to face information which, alongside with the operating time of failed ob-
jects, contains the operating time of objects still working, but supervision over which functioning for the
various reasons have been suspended. Besides it is often necessary to deal with the grouped information
on failures in which operating time’ information of failure objects is lost, and frequency of their occur-
rence 1s only known. The information of similar uncertainty is named as censored one.

As is generally known, methods of statistical information analysis are divided into parametric and
nonparametric ones. For the analysis of failure data incoming from objects of nuclear power stations, it
1s more rational to use nonparametric methods which do not require describing a probability distribution
by any parametrical law of distribution [1].

The most general characteristic describing the behavior of a one-dimensional random variable is its
density function f(¢). The problem of estimating the density function of an observable random variable
according to the finite number of its realizations at presence of uncertainty is one of the main problems
in the statistical analysis, and that identifies the urgency of the present paper.

We know a variety of methods for estimating the density function of full and censored data: histogram-
mic, projective, nuclear, root estimations. All the methods have both advantages and disadvantages.

The method of histograms is simple in realization; however it is not too visual, and the histogram con-
structed using small samples, does not allow making correct conclusions. Lack of a projective estimation
is in that at boundaries of ca onsidered interval it can take negative values whereas the density is non-
negative by definition. The quality of core estimation strongly depends on the choice of “kernel”.

The root estimation represents a square of function expanded on the orthonormal basis and obviously
specifies density. The estimation 1s well studied for full data. This paper considers the root estimation
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for data having uncertainty in the time point of realization of the investigated attribute, i.e. for censored
data.

For convenience, in the paper the root method of density estimation is divided into two methods: in-
tegrated and iterative one.

The integrated method of root estimation is a classical method of root estimation where the required
density function f; (x) is found as a square of so called psi-function:

fe ()=l (=f. )

Let

v (x)zgciq)i (x),

where {(pl- (x )}is an orthonormal system, {Ci} are expansion coefficients to be estimated [2, 3]. In what
follows it is assumed that the functions@; (x), W (x)and the coefficients ¢; are real. The normalization
condition J & (x)dx =1causes the equality

cic; [0; ()0 (x)d Zc =1. @)
I,j= 1
Consequently, it is necessary to evaluate the m-/ of independent coefficients. For the evaluation the

maximum likelihood method is used. If the sampling is repeated & = (&1 yernrS p ), then the likelihood func-
tion (LF) has the following form:

Ly (€)= Hfg(ék) H(ch%@k)] (3)

k=1\i=1

Log-likelihood function (LLF):

P _ P m 2
(@)=, ©)= £ €0)- Ef“[%""“”' (ak)] _

= ilnﬁ %Cicj@i@k)@j (39

k=1 i=1j=1

Its partial derivatives:

2

f(ék)a f(E.:k)al ]1

2(pi (“;k )[icj(pj (&k )j P m
= o33 2606 e G

k=1 J?e; (&k) k=1 j=1 f (‘t-:k) j .
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Optimization problem arises:

L (C) Hﬁ;@k) H[zcz@z(&k)] _>max

i=k\ i=1

m
with contingency type of equality: Y Ci2 =1. Factors ¢; are selected in such a way that LF was maxi-
i=1
mal, and their sum of squares is equal to 1.

For finding the maximal value of log-likelihood function /,, (E) in view of the contingency (2) La-
grange’s function is formed:

L(&)=1, (E)+X[1—§cl~2 J

The derivative of Lagrange’s function is equated to zero:

Kl 29, G )i Gr) e, =
L() 21;1]21 fe Gr) e =0 @

Multiplying both parts (4) by c¢; and summarizing as to i, we shall obtain A = p . Then we substitute
it in (4):

2 /9 Ex) |2 . -1
2% G == 3 0 &) S €|
@k) P k=1 Jj=1

Then for finding factors iterative numerical methods are used.

%
In case there are censored data, array elements of intervals 7R = [(ll,rl )i (L. )3 (L 7 )] act as in-

tervals for estimation description. The size of discontinuity of empirical density function in the beginning

of each interval is proportional to the number of sample units (a random number of failures), got in the
given intervalv’ = (V{,v,,...,V ).

Likelihood function (3) for such data will take the following form:
~ P S~ ~ V m
L,(€)=11 fé (&k)x IT (Fi (rm)_F§ (lm)) )
k=1 m=1

S — —
that is, factor [] (Fé (1 )= Fe (I, ))V’" will be added to the likelihood function of full data which is
=1

m=
responsible for censored data.
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Partial derivatives of log-likelihood function will be equal to the following sums:

aln(c) ¢, (E_,k)(Pl(E_,k) + S v aln(ﬁé (rm)_ﬁ?3 (lm))
Jc; 21;1121 fé(&k) K m§1 " de; .

Let us consider individually

dln (ﬁ'{; (}’m )— ﬁ& (lm ))
oc; .

1

()

If the estimation of density function

2
fe (x)=(§1c,-<p,~ (x)] : (6)

then it is expedient to take integral as density function estimation:
—_ x —_
Fe (x)= [ fz (u)du. (7)

In the further calculations we shall assume, that the density function has the bearer — the segment [0,1].
For density with other bearers of distribution it is possible to make the necessary linear transformation
of a random variable mapping set of values of a random variable in the segment [0,1], or it is possible
to use other orthonormal bases.

oy (x)= J2sin (knx), k=1,2,... is known as Fourier orthonormal bases on the segment [0,1].

We shall find density function (7), using expansion (6).

R()=33 ac; j<p, W), (W)du=3" S, cic;2sin (imu)sin (jru Yo =

i=1j=l1 i=1 j=1 0

1+ 1=

| 0y (x) o P (x) 0 (x)
2\/575 1112 e +Z._Z .Cicj( - H

Partial derivatives of density function are equal:
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() 1 {2 g (cpl () <pl+,<x>]_cl-<p2,-(x)]_
cj

aCi B \/ETC j=1, j#i i—J 1+ I

LN A =

_Q{ & cj@f—j(x)_gcj%(x)],

After substitution of the obtained results (partial derivatives) in expression (5) we shall get the follow-
ing equations.

In (£ () F2 (L )): NG [ i ¢j @iz ()= @iz (i ))_
dc; n (ﬁf; (7 )_F}; U )) J=Lj# i=J

2 @i+ )= 0is (I >)}

]l i+j

Then

al, (c) 0G0 Ce) 3 Vv, y
o 251]21 A AT I ()

JGWJ@) %JU » m‘u@wﬂr)‘th)q

j= ljstl j=1 1ty

The necessary condition of an extremum, like for full data, is reduced to conditions of equality to zero
of partial derivatives of Lagrange’s function:

—_ M - c~+S \/Evm X
O R S R )

((Pz j(r ) Gi- j(l ) m €j ((p,+](r ) (pl"'J(l ))

i+j

@®)

j:Ljii j=1
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Now we shall multiply both parts (8) on ¢;, sum up on i, and finally obtain the equations for A :

s \/Evm y m
Mo R )R ) B

]((Pl J(r )=0i—j ) & CJ((phL](r )=+ j U ))

j= 1 ,j#i —J j=1 i+j
The obtained solution is the following:
s m m c(o;,_;(r,)—0:_:(/
}\':p+2 _ Vi _ XZCI'X 2 ]((pl ](m)(Pz .](m))_
mat T2 (B ()= Fe (b)) it | j=ije i=J

m Cj((Pl-l-](r )= iy j (L ))

l+]

j= 1

Iterative process for finding expansion factors:

S B %(&k)%(ik)c; Jv,, y
l +27‘ kzljzl 7t &) J+mz='1n(ﬁél(rm)—ﬁ§l(lm))

=1, j#i =1 i+

Xl: i cjl ((pi*j( ) (Pl J(l )) ic ((pl+f (r ) (pt+1 (l ))]}

Now we shall bring formulas for root estimation on any segment of localization. In arbitrary case
(the random variable is distributed on a segment /a, b/) the basis will have the following form

2 sin(kn ad a}
—-a —-a

The first and the last order statistics can be taken as /a, b/, i.e. the minimum and maximum value.
In this case the iterative process for finding expansion factors will lead to the following expression
(scheme):

o (x)=
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S B zzwj(ﬁk)ﬁpz(ﬁk) 4 J2(b-aw,
“ 2h k=1j=1 &(ak) K mlTC(Fé (I’) F;‘; (l ))

¢/ (or ](r ) - j () mc’((Plﬂ(r )=0ix; ()|

i+

Jj= 1,] #i j:l

The next modification of the method for root estimation on censored data is based on a method of
restoration of pseudo-failures. In the Western literature this procedure is named as Resampling-method.
The principle of modeling of pseudo-observations is based on known property of monotonous function
of distribution — the random variable F (§ ) is evenly distributed in regular intervals distributed on the
segment /0; 1]. Finding of the value of distribution function is carried out for each source with censored
data in points of borders of censoration intervals, then in each of the described intervals of functions
some number of points equal to the number of failures on the given interval is modeled. By means of
interpolation an inverse mapping of simulated “pseudo-failures” is made onto the axis of operating time

(Fig. 1) [4].

Fs (X; é(:))

Pseudo-observations

Fig. 1. Modeling of pseudo-observations on the segment of uncertainty

Ii.k

At the following step the restored failures of each source with the grouped information are collected in
one array, and then collected data is processed similar to full data processing. They are used to describe
the root (integrated) estimation under formula (1). The new distribution function is found out as the
integral from this estimation. According to the new function, failures are restored again, and so on until
iterative process will not converge.

Failures were restored according to the function F, representing the average value of empirical dis-
tribution functions of sources with censored data and function F,,, taken as integral of root estimation
of full data density function.
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Review of estimations. Estimations of density function were investigated using the example of Weibull’s
distribution law with parameter of the form a = 2 and scale parameter A = 2. Modeling of random variables
was made by means of the method of inverse functions. Root estimation of density function was applied
to the obtained samples, to check equivalence of estimation to the real density. Researches were carried
out for five sources of information: one source with full information and four sources with censored data.
Simulation scheme of censoration is shown in Fig. 2.
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5 H—H——H——f——f——

Fig. 2. Simulation of censored data

The accepted number of observations n for each source is 100. The length of censoration interval is
set by default as 0,1.

Root estimations of censored information by an integrated method are shown in Fig. 3. Diagrams are
presented for the number of harmonics m, equal to 2, 4 and 6.
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Fig. 3. Root estimation of density function of censored data for different numbers of harmonics
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Estimation quality depends on the number of harmonics and the length of an interval of data group-
ing. During the study it was found out that the less the interval of grouping is, the more accurate is the

estimation.

Diagrams of total error of estimation for different number of harmonics are shown in Fig. 4.
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Fig. 4. Total error of root estimation of density function for censored data for different numbers of harmonics
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Fig. 5. Root estimation of density by the method of pseudo-refusals, with empirical functions of distribution

of censored information taken into account

62



ROOT ESTIMATION OF DENSITY FUNCTION USING INCOMPLETE DATA

There is a number of harmonics at which the optimum estimation of density function is achieved. In
our case m = 4 is the optimum number of harmonics.

The root estimation of density by a method of restoration of failures is presented in Fig. 5, the number
of harmonics is m = 3.

In the figure fucm and Fucm are the true values of density and the function of distribution, while fxopH.
um and Frxopn.um are their estimations by the method of restoration of failures.

The length of censoration interval strongly influences estimation quality. The less the length of censora-
tion interval is, the more accurate is the estimation.

Estimation quality by iterative methods is inferior to the quality of the integrated method, however its
doubtless advantage consists in the fact that actually it works with full data, and there is no necessity for
application of complicated formulas. The method of iterative restoration of failures is more simple and
convenient in application.
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CTpyKTypHas HageXXHoCTb. Teopus u NnpakTuka

L /I
IpuropseB C.H.

AHAJNIN3 HAAEXXHOCTU U TEXHOJIOTMYHOCTU
KOHCTPYKUUU CBY-ATTEHIOATOPA

B ctatbe npvBeaeH aHanm3 HaaéxHOCTU U TEXHOJIOMMYHOCTY KOHCTPYKUnn CBY-aTtTeHoaropa, Ha npumepe
CEPUIHO BbIMyCKaeMbIX aTrTeHI0aTOPOB, NCMOJIb3YEMbIX B COBPEMEHHbIX MOLLHbIX BATTMETPAaXx, noraoLjae-
mMoro Tuna.

KnoueBblie cnoBa: CBY-artTeHwoarop, BarTMeTp, HaaéXHOCTb, 6€30TKa3HOCTb, [0JIrOBEYHOCTb, PEMOH-
TOMpUroaHOCTb, TEXHOJIOrMYHOCTb, pr,qOéMKOCTb, MaTepl/IaﬂOéMKOCTb, 3HepI'OéMKOCTb, TexHosiorndyeckas
cebecToMMOCTb.

BeBepeHue

B nacrosiee Bpems B Poccun ciioxuiack cuTyalus, KOria HaxoJsIuecs B 3KCIITyaTalluy CONIaCOBaH-
HbIe pe3uctopabie CBU-aTTeHI0aTOphI MOBBIIEHHOW MOIITHOCTH YCTapeliv, He COOTBETCTBYIOT TpeOOBa-
HUSIM TIOTPEOUTETHCKOTO PBIHKA U MTPEICTABUTENEH 3aKa3UMKOB Ha IMPOAYKIUIO JBOWHOTO HA3HAYCHHUS, a
CEepHITHOE IMTPOM3BOICTBO HOBBIX 00PA3I0B BEChMa HENICIIEBO WA OTCYTCTBYET. CTOUT OTMETHUTD, UTO IIPHU-
60pbI 3apy0eKHOTO MMPOU3BOJICTBA UMEIOT CTOUMOCTD, HETOCTYITHYIO [Tt OOJIBIINHCTBA OTEYECTBEHHBIX
notrpedbureneit. Ha atom pone Hanbosiee akTyansHOM MpeICTaBIsSETCS 3a1a4a CO3IaHus TPUHIMITAATEHO
HOBOTO TpUOOpPa, HE UMEIOIIETO B CBOEM cocTaBe goporoctosmux CBY-koMIoHEHTOB, 001a/1at0IIero
JOCTaTOYHO IIUPOKUM CIIEKTPOM (PYHKIIMOHATBHBIX BOZMOKHOCTEH, IPUTOTHOTO JUTS PELICHHUS OOJTBIIIOTO
Kpyra MH)KEHEPHBIX 3a1a4. 1, 4To oueHb BayKHO, CIIPOEKTHPOBAHHBIN MPHOOP TOTHKEH OBITH MAKCUMAITBHO
aBTOMaTH3UPOBAaH U UMETh HAMMEHBIIYI0 BHOCUMYIO ITOTPEIIHOCTh U3MepeHuii [1-4].

KoHCTpyKTOpCKO-TEXHOIOTNYECKAs peain3aliis OCHOBHBIX MOJI0KEHUH, IPEAJIOKEHHBIX B CTaThe, He-
00X0IMMa TSI CO3/IaHus IIMPOKOMACIITA0OHOM HayYHO!H 023l 000CHOBAHUS PsiJia TEXHUYECKUX HOBIIIECTB
110 KOPEHHOMY OOHOBJICHHIO ¥ MOAICPHU3AINHN PAJHON3MEPUTENBHBIX TproopoB CBY-anamna3ona — mor-
HBIX BATTMETPOB MomIoIaeMoit MmomHocTy Tumna «M3-106», B COOTBETCTBUYU C HOPMaMHU U CTaHAAPTaAMU,
IPUHSTBHIMU B MUPOBOII ITpakTHKe U Teopun copemenHon metposioruu (ISO 9001, 'OCT P MCO 9001,
I'OCT PB 15.002), a Tak>xe BO3pacTarOIIUM CIIPOCOM Ha MUPOBOM PHIHKE Ha 00JIee MOIIIHBIC, HAJIEKHEIC,
COBpEMEHHBIE pasnonzmepurenabHblie npubdopsl 1 CBU-texnuky [1-4].

MorHbie BaTTMETpBI ororaeMoro tuna «M3-106» sBrsitores paspadorkamu 1982 rona, u neiictBu-
TenbHO BO BpemeHa OviBiiero CCCP npencrasinsim coboit nepernektuBHbie CBY paguonsMeputenbHbie
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npuOOpHI IBOMHOIO Ha3HAYeHUs. B HacTosAMiA Mepros yKa3aHHbIe TPUOOPBI OTHOCSTCA K YCTapEBIIUM
MOJIETISIM, HE YIOBJIETBOPSIIOLIUM COBPEMEHHBIM TPEOOBAHUAM METPOIOrUYecKoil Hayku B oOnactu CBY-
U3MEPUTENIBHOW TEXHUKH, MPEJCTABIAIOT 00pa3iibl, HYKJAIOLIHecs B SKCTPEHHOM MepeoOopy10BaHUN
Y HEMEJJICHHON MOAECPHU3ALUU B CTOPOHY YJIyUIIEHHsI CBOMX OCHOBHBIX TEXHMUECKHX U dKCILTyaTaly-
OHHBIX XapaKTEPUCTUK [1-4].

B cepuiino BeimyckaeMbix BarTMeTpax «M3-106» 1 «M3-108» 0CHOBHBIMU 3JIEMEHTaMU NOMIOIEHUS
nocrynaromei momuoctu apistorcss CBYU-artentoatops! [1-4], obnanaromume J0CTaTOUHO BBICOKMMU
TEXHUYECKUMH XapaKT€PUCTUKAMH.

PaccMOTpUM OCHOBHBIE TEXHHUUECKHUE KPUTEPUHU BHIOOpA MOJEIH MPOEKTUPYEMOI0 COIIACOBAHHOIO
pesucropHoro CBY-arreHroaropa MOBBIIIEHHOW MOLIHOCTH PAaCcCEUMBAHUS Ha NIPUMEPE KOHCTPYKLUHU,
IIpEeIHAa3HAYE€HHOM JUIsl M3MepuTenel noniomaeMoil MmomHocty tuna «M3-106» u «M3-108»:

1. Conporusnenue Harpysku — R =50 [Om] (R, =R__ = 50 [Om]);

2. llpenensuas CBY-momHoCTh paccenBanus (nowiomenus) — P gy = 1,5 [KBT] 115 BarT™MeTpa
tina «M3-106» u P -y = 2 [KBT] 1uist BarrmeTpa tuna «M3-108»;

3. HomunaneHoe 3HaueHue ocnabnenus — o = 40 [1b];

4. HepaBnomeprocts AUX B quanasone yactor 50 [['n]... 1,2 [ITTu] —A =+ 1,2 [1b] s Bart™MeTpa
tuna «M3-106» u 50 [T'q]...2,0 [ITu] — A, =+ 0,5 [nb] mist Barrmerpa tra «M3-108»;

5. 3nauenne KCBy; . < 1,15 nust Barrmerpa tuna «M3-106» u KCB; | < 1,05 s BarT™MeTpa Tuna

«M3-108.

Cpenu Bblle TPUBEIEHHBIX ONTUMATBHBIX KPUTEPHEB HAUOOIBIITYIO CIOKHOCTD I UX peaTn3aiun
MIPEACTABIISIIOT 3HAUEHUSI MIPEACIIbHONM MOIIIHOCTU PacCeuBaHus U HEpaBHOMEPHOCTh AUX B HIMpOKOM
4acCTOTHOM auana3one — HauuHas ot 50 [['1] u konuvas 1,2...2,0 [I'Tu].

[Tpu pazpaborke CBU-aTTeHI0aTOPOB MOBBIIIEHHON MOIITHOCTH HEOOXOAMMO BBITIOJIHEHUE Psiia B3aUM-
HO MIPOTHUBOPEUUBHIX TpeOOBaHMi. B aHanu3upyeMoil KOHCTpYKIMH TpeOoBaHHe 00ecIeueHNs BEICOKOM
MpeAEeTbHON MOIIIHOCTH CBOJIUTCS K YBETMUYEHUIO TA0OAPUTHBIX Pa3MEPOB aTTEHIOATOPA 32 CUET YBEIUUICHUS
KOJIMYECTBA MOMIOLIAIOIIUX PE3UCTUBHBIX AJIEMEHTOB, BHIIIOJIHAEMbIX HA CTAHJIAPTHBIX TUAIEKTPUUECKUX
noanoxkkax. COmyTCTBYIOIIEE 3TOMY YBEIMUYEHUE KOJIMYECTBA MASHBIX COCAMHEHUN C NPUMEHEHUEM
MenHo# (Cu) Goabru NPUBOAUT HE TOJBKO K CIOKHOCTAM 00€CTIEYeHus 10Ny CTUMbIX 3Hayennid KCB
1 HepaBHOMepHOCTH AYX B 33JaHHOM JMana30HE YacTOT, HO U K CHMXKEHUIO HaJAEXKHOCTH [5].

C To4KM 3peHHs] MOILIHOCTHBIX U TEIUIOBBIX XapakrepucTuk CBU-arteHtoaropa [1-5], ero KOHCTpyKIHIO
MOJKHO YCJIOBHO Pa3/JI€JIUTh Ha JIBE COCTABHBIE YaCTH:

1. BXoznHbIE TOHKOIUIEHOUHBIE PE3UCTUBHBIE CTPYKTYPBI, BBITIOJTHEHHBIE B BUJIE IIAKETOB U COEAUHEH-
HBIE IIOCIIE0BATENLHO, UMEIOT CyMMapHOe conpoTuBieHre Ry = 43,91 [Om]. IIpu BXOAHOM U BBIXOJHOM
conpoTupienun arrenroaropa R = R~ 50 [OM] Ha 1aHHBIX PE3UCTHBHBIX CTPYKTypax Oyaer pac-
CEHMBAThCsI OCHOBHAS YacCTh 110/1aBa€MOI Ha BX0J] MOIIHOCTH (mpubnu3urensHo 80 %).

BoigenseMas B McclienyeMbIX CTPYKTypax TEIJIOBasi 3HEPTUs B BUJE JKOYJIEBBIX IIOTEPh OTBOJIUTCH,
B OCHOBHOM, 32 CYET MEXaHU3Ma TEIUIONPOBOAHOCTH U TEIUIONEpelaud yepe3 OOKOBbIE IPaHU MAKETOB
K OCHOBaHMIO KOpIIyca, B KOTOPOM BBINOJIHEHB! CKBO3HBIE IMaMETPAJIbHBIE OTBEPCTUS VISl IIPUHYIU-
TEJIBHOIO BO3YIIHOIO OXJIAXK/IEHUS C UCIIOJIB30BAHUEM IIapbl MOLIHBIX BEHTUJISATOPOB. B KOHCTpYKIIMK
CBY-arteHtoaropa o0ecrneyeHo MUHUMAIbHOE TEIUIOBOE COMPOTHBICHHE MEXYy OOKOBBIMHU I'DAaHSAMHU
PE3UCTOPHBIX IUIAT U CTEHKaMHU BOJIHOBOZA.

HHTEpeCHO OTMETUTB, UTO CaM KOPILYC COBMEILEH € TEIUIOOTBOAALIUM PAIUaTOPOM, BBIIIOJIHEHHBIM U3
aJIFOMMHUEBOTO citaBa B-95, B Buzie ckBo3HbIX 0TBepcTHil 10 60KkaM (B CBU-arTeHtoarope BaTTMeTpa THIa
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«M3-106» — B BuzIE cTaHapTHOTO Tipoduiist). [TakeThl ¢ pe3MCTUBHBIMU TOHKOTUIEHOYHBIMH CTPYKTYPaMH,
COCMHEHHBIE B ITOCIICA0BATEIBHYIO 1ICTIb, IPEICTABISIOT COOOM IIEHTPAIBHYIO SHEPTETHUECKY O KUY
B BUJIC TIOJIOCKOBO# JIMHUM TTOJIBEIICHHOTO THIIA, 3aKPEIUISIEMO MTOCEPEIMHE, BHYTPH MPSIMOYTOJILHOTO
BOJTHOBO/Ia, CTCHKH KOTOPOTO M KOPITYC pagraTtopa CMOHTUPOBAHbI HA “O0IINH MPOBOI — 3eMITIO”.

HeoOxoaumo mpu3HaTh, 4TO B TOPa3a0 MEHbIIEH CTEICHH 3/1eCh NMPUCYTCTBYeT paccesHue CBY-
MOIITHOCTH B BUJIC CJIA00 BBIPAXKEHHOTO MHOTOKPATHOTO TIepen3TyYeHus TeroBbiX BoH MK-auana3zona
(ue 6omee 5 %).

2. BrixoHas pe3UCTUBHAS CTPYKTYpa — KOHCTPYKIUS JEJIUTEINS HAMPSKEHUsL, HA KOTOPOM pPacCEUBAET-
cs1 110 19 % nonaBaeMoi MOLIHOCTH, BBINOJHEHA HA OTAEIBHBIX (ITOITMKOPOBBIX —98% Al,O,) nomnoxkkax,
MpUNAsSHHBIX K OCHOBaHUIO KOpIyca-paauaropa arteHtoaropa. [lockocTh KpermieHus OpueHTUpOBaHa
0 HOpMaJH K pacrpoctpaneHuto CBY-BoIHBL, 4TO CIOCOOCTBYET BHECEHHIO MUHUMAIBHOTO JIOTOTHH-
TEJIHHOTO PACCOTTIACOBAHUS Ha OKOHEUHOM Y4YacTKe aTTeHroaropa. B To ke BpeMs 00acTh KperaeHHs
MOJIIOKEK HECKOJIBKO yAalleHa OT OXJIaK1aeMO BEHTUIISITOpaMU 00JIaCTH OCHOBAHUS, BCIIEJICTBHUE YETO
UX TeMIIePaTypPHBIA PeKUM OoJiee SHEPrOHATPYKEHHBIN U HAPSHKEHHBIN.

C OCJIBIO obOecrieueHuUs 3aJIaHHOM npe,ueanoﬁ MOIIMHOCTU aTTCHIOATOPAa OKOHCYHAA YaCTh BBIITIOJIHCHA

B BUJIE JIBYX CUMMETPHYHO C(HOPMHUPOBAHHBIX PE3UCTUBHBIX CTPYKTYP, COSAUHEHHBIX NapaJICIIbHO.

AHanu3 HapEXHOoCTU KOHCTPYKUuun CBY-atTeHloaTopa

Ananus paccMorpenHoro CBY-arrentoaropa a1t Bartmerpa «M3-106» mokasall, 4To €ro KOHCTPYKIHUS
HE SIBJISIETCS] HAaWTy4lleld Mo HUKENPUBEAEHHBIM B Ta0n. | KpuTepusM HaA&KHOCTU MO CPAaBHEHHUIO C
npemtokeHHol koHcTpykuuen CBY-arTeHtoaTopa ayis Bartmerpa «M3-108», cormacHo padoram [1-9].

TpeboBanus k HanéxHOCTH KOHCTpyKInn CBY-arTeHroaTopa ciemyronue:

1. YoporieHre KOHCTPYKIIMU M COKpaIlleHHe 10 min Yuclia pe3UCTUBHBIX IIaT 0e3 yXyAlIeHUs BbI-
XOJTHBIX XapaKTePUCTHUK 3a CUET MPUMEHEHHUS PAllMOHATBHBIX CXEMHBIX PEIICHUH.

2. [TpoBepka HaIEKHOCTH KOHCTPYKIIMM MYTEM aHalin3a HaaE&XHOCTH Ha Beex aTanax CAIIP.

3. Haunbonee BO3MOXHOE paciupeHue Mo JoImyckoB Ha mapameTpsl CBU-pe3uctopos.

4. MakcuManbHO BO3MOXKHOE oOJsierdeHre peskuMoB padoThl CBY-MIEHOUHBIX pe3uCTOPOB 3a CUET
CHIDKEHUSI paboyuX MapaMeTpoB MO CPABHEHUIO ¢ HOMUHAILHO-PACCYUTAaHHBIMHU.

5. YMmeHblieHne Tpa6 [°C] pe3uctuBHbIX T1aT B CBY-arTeHoaTope, NpeaycMOTPEB JIJIsl 3TOTO TETIO-
OTBOJIbI, COOTBETCTBYIOIYIO0 KOMIIOHOBKY M XOPOIII€€ BO3AYUTHO-MIPUHYIUTENbHOE OXJIaXKIeHUE (HE HC-
KITFOU€HA BO3MOXKHOCTH MPUHYAUTEIHHO-KUIKOCTHOTO HJIK MACJISIHOTO).

6. YcTpaHeHue BUOpAIIHi C ITOMOIIIBIO XOPOIIEH aMOPTH3AIIIH.

7. 3amuTa OT yIapoB, BIaKHOCTH, KOPPO3UH, BHEITHEH palaliy U YIEKTPOMArHUTHBIX MOJEH.

8. 3amanue TpeboBaHUI K HAAEKHOCTH KOMIUIEKTYIOIIUX PE3UCTOPHBIX TUIAT.

9. YTouHEeHHE yCIIOBHI UCTIBITAHUA U METOIUKHU IPUPAOOTKH BbImyckaeMbix CBYU-aTTeHI0aTOpOB.
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Ta6imna 1. Ucxoanble JaHHbIE Pac4éTa OCHOBHBIX KPUTEpPHEB M MOKa3aTeseil HaJIe:KHOCTH
KOHCTPYKIMM ATTeHAaTopa s BarTMeTpoB THna «M3-106» n «M3-108»
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[Tox TexHONMOrMYHOCTHIO KOHCTpYKIMKM CBY-aTTeHoaTopa moHUMAETCsl KOIMYECTBO KOMIUICKTYOIINX
PE3UCTOPHBIX IJIAT HA OCHOBE TEIJIOOTBOISIIMX TUAIEKTPUUECKUX IMOUIOKEK, P KOTOPOM BO3MOKEH
TEXHOJIOTUYECKHI ITPOIIECC HanboIee OBICTPOTO M SKOHOMUYHOTO 0cBoeHUs1 CBU-arTeHroaropa B cepuitHOM
MIPOM3BOJICTBE, KOT/A BHIMYCK TOTOBOM MPOAYKIIMUA MPOUCXOAUT C MUHUMAJIbHBIMH 3aTpaTaMU, BHICOKOU
CTETIEeHbIO HaJI&KHOCTH U 3PPEeKTUBHOCTHIO. [IpH 3TOM, OlIeHNBAas CTENEHb TEXHOJOTHYHOCTH KOHCTPYK-
LIUH C TOUYKH 3peHUs e€ HaAEKHOCTH, HEOOXOIMMO UCXOIUTh U3 YPOBHS Pa3BUTHS TEXHUKH IPOU3BO/ICTBA,
CTETIeHN MOJICPHU3AINH U TpeOyeMOoro Kjacca TOUHOCTH U3TOTOBIICHHS IO MOTPEUIHOCTSIM, 3aJI0)KEHHBIM
B TV Ha camo uznenue U cTaHOYHOE 000pyI0BaHKE, COOTBETCTBUS MexayHapoaHomy (ISO 9001) wmu
obmepoccuiickomy Tuity kadectBa ¥ ctanaaptoB (P14.4110.02-93 u OCT4.0018-95), ypoBHs 00111€e#i aBTO-
MaTu3aluy U MeXaHU3aluu Haubosee TpyA0EMKIX ONepalyii Py CEpUHOM MPOU3BOACTBE KOMILIEKTYIO-
[IUX PE3UCTOPHBIX IUIAT, TAKETOB U CeKIUi B KOHCTpYKiMu CBY-arTeHioatopa, akTHBHO HCIIONb3yEMBIX,
HaIpuMep, B U3MEPUTEIISAX MOBBIIICHHON MOIIIHOCTH paccerBanus Tuna «M3-106» u «M3-108».

OcHoBHOH 3a7a4eil 0TpaOOTKHU KOHCTPYKIIMU Ha TEXHOJIOTMYHOCTH SBJISIETCS MOBBIIICHUE TPOU3BO-
JTUTEJIbHOCTH TPYyZa MpU ONTUMATbHOM CHIKEHHH 3aTpar Tpyda, CPEICTB, MaTepUaIoB U BPEMEHU Ha
MIPOEKTUPOBAHKE, MMOJITOTOBKY NMPOU3BOJCTBA, U3TOTOBICHHE, TEXHUUYECKOE OOCITY)KUBAHUE U PEMOHT
(TOuP), obGecrnieuenre mpounx 3aJaHHBIX TOKa3aTeseil KauecTBa M3/ENUs B MPUHATHIX YCIOBUSX €T0
MPOMU3BOJICTBA U AKCILTyaranuu [5-9].

AHaNN3 TeXHONIOrM4YHOCTU KOHCTPYKUuun CBY-atTteHioaTopa

Amnanus paccmorpenHoro CBYU-arrentoaropa st Bartmerpa «M3-106», ¢ yd4€ToM €ro KOHCTPYKTHBHBIX
0COOEHHOCTEN Ha ATanax MpoU3BOICTBA, SKCIUTyaTallii U PEMOHTA, IT0Ka3aJl, YTO €ro KOHCTPYKLHUS He
SBJISIETCS HAWITyUILIeH TaKKe U 10 HIDKENIPUBEIEHHBIM B Ta0M. 2...4, KpUTEPUSIM TEXHOJIOTUYHOCTH, IO
CpaBHEHUIO ¢ MpemIokeHHOW KoHCTpyknueit CBY-arTentoaropa mist Bartmerpa «M3-108», cormacHo
paboram [1-9].

[Ipu xonMyecTBEHHON OLIEHKE MoKa3aresel TEXHOMOTUYHOCTH KOHCTpyKuuu 1 mt. u3nenuss — CBY-
arrerroaropa (TKW) Hanboee pactpocTpaHeHbI M YIOOHBI [Tl CPAaBHUTEITLHOMN OIIEHKH OTHOCUTENTLHBIE TI0-
Kasaresu. [Ipy 5ToM 3HaueHs OTHOCUTENBHBIX YaCTHBIX OKa3aTesnel npuHnmatorcs B npeaenax 0 < k; <1,
IPUYEM POCT 3HAYEHHUsI CAMOTO MoKasaresis Kk, cooTBeTcTByeT Ooiee Bricokoi crenenn TKU.

Crnemyer 3aMeTUTb, YTO YACTHBIE [TOKA3aTEIHN XapaKTEPU3YIOT TOJIBKO OIMH MPU3HAK (KpUTEPUIl) TEXHO-
JIOTUYHOCTH. B 0TiIM4Me oT 4acTHBIX, KOMIUIEKCHBIE TOKA3aTeNN XapaKTEePU3YIOT HE OT/EJIbHbBIE YACTHbIE
MPU3HAKU TEXHOJOTUYHOCTH, a ONPEAENEHHYIO0 TpyMIy npu3HakoB (kpurepuen) TKU.

Tabnuna 2. Ananu3 koncrpykuuu CBU-arreHoaropa mo KpurepusiM TeXHOJTOTMYHOCTH

(1)

Ne Kpurepun TexHossoruaynocTu npudopos, CBY-arrtenioarop, %

n/m U31eJIMi, y3J10B H T.II. M3-106 M3-108

| Tpyno€mMKoCcTh — KOJTUYECTBO TPy/a, 3aTPayuBacMOTO 7075
Ha 1 mT. m3nenns

) Marepuano€MKoCTh — KOJIUYECTBO MaTepUATBHBIX PECYPCOB, 7420
HEOOXOMUMBIX JUIS CO34AHUS U UCIIOIB30BAHMUA | IIT. U3AEIIUI 100

3 DHEPro€MKOCTh — KOJIMYECTBO TOTUIMBHO-DHEPTETUICCKUX ) 85
pecypcoB, HEOOXOMUMBIX Ha | IIT. U3Aenus

4 TexHonorunueckasi ce€0ECTOUMOCTh — CTOMMOCTD BBIPAKEHUS R0.. 85
pecypcoéMkocTy 1 mIT. n3aenus
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Merton omnpenenenusi komriekcHoro nokasarenss TKW CBY-arTeHroaTopa Kak CpeaHEB3BEIICHHON
(cpenneapudMeTHYECKOM) BETMYMHBI YaCTHBIX IMOKa3aTesield ¢ BBEICHUEM BECOBBIX KOA(D(OHUIIMEHTOB
HanOoJee MpOCT, HAIVISACH, YA0OEH /Il MEXaHU3AIlUU U KOMITBIOTEPU3AIMHA PACUETHBIX PabOT, MOATOMY
IIUPOKO PACIpOCTpPaHEH B PAJAMOIICKTPOHHOM MPOMBIIICHHOCTH TIPU CEPUHHOM H3TOTOBJICHUH H3-
MEpHUTEJIeH MOBBIIEHHOW noniomaeMoi MmomHocTy Thna «M3-106» nu «M3-108». IIpu 3ToM npenesnbl
KOMIUIEKCHOTO ITOKa3aTelisl, KaK U JIJIsl YaCTHBIX IOKa3arelsield, KOTOpble OH 00001aeT (0 <Ky < 1),
onrHakoBel. YpoBeHb TKU onpenensercs Kak OTHOIIEHHUE JOCTUTHYTOTO MOKA3aTeNsl TEXHOJIOTUYHOCTH
Ky K 3HaUEHHIO 630BOT0 MJIM HOPMATUBHOTO TToKasaress K, 3a1annoro B rexunyeckoM 3ananuu (T3),
1 JIOJKCH YIIOBJIETBOPATH ClEAyroniemMy yciaoButo (1):

K
K, == >1,02. (1)
K
6
[Topsiiok onpeneneHust ypoBHSI TEXHOJIOTHYHOCTH Ky KoHCTpyKumu uznenus — CBY-arrentoaropa
HaIIAHO PacCMarpuBaeTcs B Ta0n. 3 u 4, npu 3aJjaHuHu KECTKUX ycnoBui K; = 0,7.

Tadnuua 3. UcxonHbie JaHHbIe pacyéTa mokasareseil TeXHOJIOTHYHOCTH
KOHCTPYKIIMM aTTEeHIaTopa

3Ha4yeHMe mapame-

Ne HaumeHoBanue napamerpa Obosnasienne Tpa AJisl BAaTTMETpPA
n/n napaMerpa
M3-106 | M3-108
KomuecTBo MUKpOCXEM M MUKPOCOOPOK B U3/IEITUN H,. 0 0
2 Konmuectso OPD, BKitouast MOAYIIM U MUKPOMOYIH Hypy 282 190

KonnuecTBo onepanuii MOHTaxa, KOTOPbIE MOKHO OCY-
3 | LeCTBUTh MEXaHU3UPOBAHHBIM WJIM aBTOMAaTU3HPOBaH- H, om 1 6
HBIM CII0COOOM

4 KonnuecTBo onepanuii onpenenéHHoro Tuna H, 3 7

KonnuecTBO HaBECHBIX 3JIEMEHTOB, IOATOTOBKA KO-
TOPBIX K MOHTAKy MOXKET OCYIIECTBIIATHCS MEXaHU-
5 3MPOBAaHHBIM HJIM aBTOMaTU3UPOBAHHBIM CIIOCOOOM, H onr 15 164
BKJIFOYasl JJIEMEHTHI, He TpeOyIollie MOATOTOBKH (perte,

pa3bEMbl, TAaTPOHBI U T.I1.)

6 KonnuecTBo TUIIOpa3MepoB MeYaTHBIX IJ1aT H . 2
7 KonnuectBo Tunopaszmepos 9P3 H, ps 11 4
8 OO0111e€ KOIMUYECTBO MIEYATHBIX IUIAT B U3JEIUNA H 109 59

KonnuectBo onepaiiuii KOHTPOJIA U HACTPOMKHU, KOTO-
9 pBIE MOYKHO OCYILIECTBUTh MEXaHU3UPOBAHHBIM WU H 2 57
aBTOMAaTH3UPOBAHHBIM CIIOCOOOM

10 KonudecTBo TUMOBBIX TEXHOJIOTHUYECKUX MPOIECCOB Q.. 5 46

11 OO011ee KOMMYECTBO TEXHOJOTHUECKUX MPOIECCOB Q, 60 50

3HaueHus 0a30BbIX KOMIUIEKCHBIX MOKa3aTeell IKCITyaTalliOHHON TEXHOJIOTUYHOCTH KOHCTPYKIIUU
CBY-arTeHroaTopa OnpeAeIstoTcs U3 CICYIOMMNX YCIOBUM:
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Tabauna 4. CocTaB 10NOTHUTEIBHBIX MOKa3aTeJeil TeXHOJTOTHYHOCTH KOHCTPYKIUH

aTTeHaTopa AJs BarTMeTpoB THHa «M3-106» u «M3-108»

ITopsinkxoBbrit Ne

OO0o3HaueHKE TOKa3aTes,

pacuéTHas popMmysia U BeIUIHHA

Becooii koaddu-
ueHT (QyHKIus,

PaHXUPOBAHHOU Yactasli JUIs BaTTMETpa HOpMUpYIOILas Be-
MIOCJIEI0BATENb- (OTHOCHUTENBHBIN) COBYIO 3HaYMMOCTb
HOCTH MoKasareib MoKa3aTens)
. T M3-106 M3-108 i
i=1s b =—o
P i
H
Koa¢dduument ncnomns- Ky o = ——— 24—
1 30BaHUS MUKPOCXEM H,.—Hjpy 1,0
1 MHUKPOCOOPOK 0 0
H
Koadpunment aBroma- K, omm M. MOHIM
2 THU3ALIMU U MEXaHU3AIIUU H, 1,0
MOHTa)Ka 13 6/7
Koapdunment mexanu- L= H,, 000
M.nooe
3 3alMy U aBTOMATH3AIHH Hops 0.75
MOJITOTOBKH HABECHBIX
37€MEHTOB  MOHTaXka 15/282 164/190
Koaddunment aproma- ki, .. Hy i
4 THU3ALMU U MEXaHU3aIl[UU H, 0,5
KOHTPOJISL U HACTPOUKH 273 57/7
Koaddunuent nosro- R Hyopy
5 PAEMOCTH MUKPOCXEM U Hspy 0,3125
MHKpOCOOpOK 271/282 186/190
H
Koaddument noropsie- Knoamnn =1= I}n -
6 n.n 0,1875
MOCTH TI€YaTHBIX TUIAT
107/109 57/59
Koappunment npumene- k,,= Do
7 HHS TUMNOBBIX TEXHOJIO- 0, 0,109375
THYECKUX IIPOLIECCOB 5/60 46/50
s=7
S (oK)
K — =l
KoMrutekcHbIN TOKa3aTelb TKH s=7
TEXHOJIOTHYHOCTH KOHCTPYKITUU E ;
usnenus CBU-arrentoaropa i=l
1,2 164
S Ooz0,315 616 ~1,618
3,810 10
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VYpoBEHb TEXHOJIOTMYHOCTH K, = Krien
KOHCTPYKIIMH U3JETHS K
CBY-arrentoaropa
~ 02)3;5 ~ 0,450 < 1,020 w% ~2,311>2,0>1,020

1.K; =0,6...0,7 — 114 ctaguu pa3pabOTKX KOHCTPYKTOPCKOM JJOKYMEHTALMU HAa yPOBHE PEaIN3aLUK
B BU/JIE TEXHUUECKOI'O MPOEKTA;

2.K;=0,7...0,8 — 114 cTaguu pa3pabOTKu KOHCTPYKTOPCKOM JJOKYMEHTALUK HA YPOBHE pa3paboTKH
B KauecTBe pabouel JOKyMEHTAI1H.

YpOBEHB TEXHOJIOTHYHOCTH Ky CBU-arTeHtoaropa MOXKET OIPEAENSATHCS 110 OAHOMY HIIM HECKOJIBKUM
YAaCTHBIM U KOMILIEKCHBIM IT0Ka3aTeNsIM, IPUHATHIM B KauecTBe kputepues oleHku TKU B T3 Ha pa3pabot-
Ky U usrotosienue uznenust CBU-arrentoaropa. lonycrumsle npenenst 3Hauenuit K CBY-arrenioatopa
COOTBETCTBYIOT YCTaHOBIICHHBIM [ 0a30BbIX MOKasarenei K, cormacno paboram [7-9].

YpOBEHBb TEXHOJIIOTMYHOCTH Ky CBY-arTeHoaropa XapakTepu3yeT BO3MOKHOCTb [TPOU3BOACTBEHHBIX
MOIITHOCTEH PaTMO3TEKTPOHHBIX KOMIAHUNA M (PUPM K MOATOTOBKE M MPOMBIIIICHHOMY IPOU3BOICTBY
puOOpOB:

1. ecmu K, > 2,0 — HaOmoRaeTCst BBICOKHIL YPOBEHb TEXHOIOTHYHOCTH KOHCTPYKIHH aTTCHIOATOPA;

2.ecm 1,02 <K, <2,0 — obHapy)uBaeTCsl HU3KHH YPOBEHb TEXHOJIOIMYHOCTH KOHCTPYKIIMH aTTe-
HI0ATOopa;

3.ecmn 0 <K, <1,02 — KOHCTPYKIHS aTTCHIOATOPA HE TEXHOJIOTHYHA.

CocTaB 0a30BBIX IOKa3aTejael TEXHOJOTMYHOCTH KOHCTPYKLMH, UX ONTHUMAJIbHbIE 3HAUCHUS U
IIpe/ie/IbHbIE OTKJIOHEHUS ONPEEISIIOTCS A1 OMHOTUIHBIX u3aenuit CBU-arTeHoaTopoB yTBEepKAEH-
HbiMU oTpacieBbiMu ctannaptamu (OCT). Ilpu 3Tom onTuManbHble 3HaU€HUSI 0a30BBIX MMOKa3aTeseH

TKHU — K, optim YKA3bIBAIOTCA B T3 Ha pa3paboTKy U cepUiHOE IPOMBIIIJIEHHOE OCBOCHHUE U3JIEIUs
CBU-arTentoaropa.
I[Ipn xo>ppuumenrax k, .. ~0,333...<1,0uk,,, . ~0,053... <1,0 06pa3yercs IPOU3BOACTBEHHAS

HEOOXOIMMOCTh MPUMEHEHHS B €JMHUYHOM 1 MEJIKOCEPUITHOM rpou3BozicTBe CBU-aTrTeHI0aTOpOB BBICO-
KOH JIONTM TEXHOJIOTUYECKUX OTIEPALIUii C MCTIONF30BaHIEM PyYHOTO Tpy/a (TIOAr0TOBKa, OCHACTKA, COOpKa,
MOHTaX, PEMOHT, PETYJIMPOBKA U T.II.), JOXOJISAIIETO MOPOI B HEKOTOPBIX onepanusix 10 95...97 %. Crout
3aMETHTb, YTO HAOIIOAeTCs KpaifHe HU3KOE 3HAYCHNE TOBTOPSIEMOCTH CXOKUX U TPUMUTHBHBIX PYYHBIX
orepanuii B 00IIeM TEXHOIOTUIECKOM IPOLIECCE TPU U3TOTOBICHHH BOCTPEOYyEMbIX U3MEPUTEIICH ITOBBI-
[IEHHOW MOIITHOCTH PAaCCEMBaHUsI, IJIe MUPOKO MpuMeHsroTcs CBY-arTeHroaTops! MOMIONIaeMoro THITA
0 <Kppgm po =0,5 (50 %) < 1. DKCIePUMEHTAIBHO OGHAPYKEHA 3aKOHOMEPHOCTh — YEM BBIILE KJIACC
TOYHOCTH (MEHBIIIE MMOTPEITHOCTh pe3ynbratoB) CBY-arTeHI0aTOpoB, T€M BBIIIE CTETIEHb TPUMEHEHHS
TPYAOEMKHX M HU3KOIPOHU3BOAUTEIBHBIX PYYHBIX OTEpAIHid IPH MPOMBIIUIEHHOM MTPOU3BOJCTBE MPH-

OOpOB, B COOTBETCTBUH ¢ paboTamu [7-9].

Tak xak K R 0,450 < 1,020, To cootHomieHue (1) He BBIOIHACTCS, CIEIOBATEIIBHO, ONBITHAS KOH-
cTpykuus cripoektrupoBaHHoro CBU-arrentoaropa [6 ] He y10BII€TBOPSET TPEOOBAHUSM TEXHOJIOTHUYHOCTH
IIPU CEpUMHOM MPOU3BOICTBE BaTTMETPOB «M3-106%». KoHCcTpyKIIMs ncciaemyemMoro odpasiia arTeHoaropa
HE TEXHOJOrn4Ha!
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Hanporus, Tak kak K R 2,311>2,0>1,020, To u3BecTHOE CoOoTHOIIEHUE (1) yKe BBIMOIHSIETCS,
a 3HAYMUT, OTBITHASI KOHCTPYKIUs paccuutannoro CBY-arteHtoaropa [5-9] mOIHOCTBIO YIOBIETBOPSIET
BCEM TPEOOBAHUSAM TEXHOJOTUYHOCTHU MPU CEPUHHOM IPOU3BOCTBE BarTMeTpoB «M3-108» Ha 3aBogax
paarousMepuTenbHON nHaycTpun Poccuun. B 1anHOM cilyyae BBISBIEH BBICOKHI YPOBEHb TEXHOJIOTHY-
HOCTH MCKOMOW KOHCTPYKIIMM aTTEHI0ATopa.

TpeOoBanus K TEXHOIOTUYHOCTH KOHCTpYKIKu CBY-arTeH0aTopa BKIIOYAIOT CIETY IO KOMITUIEKC
paboT Mo CHUKEHUIO TPYAOEMKOCTH B C€0ECTOMMOCTH €T0 U3TOTOBIICHHS 1 MOHTaKa Ha IPOU3BOJICTBEH-
HOM 00BeKkTe [8]:

1. [ToBeimenue cepuitHoctn CBU-aTTeHI0aTOpa M €10 COCTAaBHBIX YaCTEH MPU N3rOTOBICHUN (00paboT-
Ka, COOpKa, UCTIBITaHMUS ) TIOCPEICTBOM CTaHAAPTU3ALNH, YHU(PHUKALINU U 00€CTIeYeHUSI KOHCTPYKTUBHOTO
nono0us (B HacTosiliee BpeMs HaOIoAaeTCsl JUIIb EAMHUYHOE UM MEJIKOCEPUMHOE POU3BOJICTBO).

2. OrpaHuyeHNue HOMEHKJIATypbl COCTABHBIX YACTEHl KOHCTPYKTHUBHBIX JIEMEHTOB M MPUMEHSEMBIX
MmarepuanoB B CBU-arreHtoarope.

3. BHenpenue BbICOKOITPOU3BOIUTENBHBIX U MAJIOOTXOHBIX TEXHOJIOTUYECKUX PEIICHUH, OCHOBAaHHBIX
Ha TUMH3AIMH [IPOLIECCOB U IPYTUX MPOrPECCUBHBIX (POPMAxX X OpraHU3aIUH.

4. IlpumeHeHre BBICOKOIIPOU3BOAUTEIbHBIX CTAHJIAPTHBIX CPEJICTB TEXHOJOTMYECKOIO OCHAILIEHUS,
o0ecreurBaoIuX ONTUMAJIbHBIN YPOBEHb MEXaHU3ALUK U aBTOMATHU3aLIUH.

5. Ilpumenenue B pa3pabarbiBaeMoil koHCTpykuuu CBU-arTeHoaTopa OCBOEHHBIX B IIPOU3BOICTBE
KOHCTPYKTHUBHBIX PEIICHUI, COOTBETCTBYIOIIMX COBPEMEHHBIM TPEOOBAHUSM.

6. Mcnionb30BaHNE KOHCTPYKTOPCKO-TEXHOJIOTUYECKUX PELLIEHUH, TO3BOJISIOIIUX CHU3UTh 3aTpaThl HA
o0ecreueHue 10CTyIa K COCTaBHbIM YacTsIM U TpaHcnoptupoBath CBYU-arTeHtoaTop B coOOpaHHOM BHIE
WM B BUJIC 3aKOHUYEHHBIX COCTABHBIX YaCTEH, HE TPEOYIOIUX MPH MOHTaXe HAa 00bEKTEe pa300pKU MIIN
orieparuii o nmoAroHke (omnepaiuii o nmoarouke y3nos CBY-arreHioaropa, ¢ moClieayomuM UCTIBITAaHUEM
ero B cTpykrype CBU-TpakTa usmepurenei MoBbIILIEHHOW MOIIHOCTH pacCEesHUS MOTHOCThIO N30exkarh
Moka He yfaaércs).

[Tpu pemennn ocHoBHO# 3a1aum oneHKH TKM CBY-arreHroaropa He0OXOIMMO yUUTHIBATH, U4TO JTF000€E
U3JeNNE JOKHO paccMaTpuBaThCs Kak 0ObEKT MPOEKTUPOBAHMsI, TPOU3BOCTBA U AKCIUTyaTauuu [8].

IIpu paccmorpennn CBY-arreHioatopa kak 00beKTa IPOEKTUPOBAaHUS HEOOXOIMMO y4acTBOBATh B pa3-
paboTKe KOHCTPYKIIMHU Ha BCEX CTAAUAX MPOSKTUPOBAHMUS, OTUETIMBO MPEICTABIISS CIEUUPUKY KaXKI0H
CTaJUM.

Ecnu CBY-arteHtoarop paccMaTprBaeTcsi Kak 00bEKT MPOU3BOCTBA, HY’KHO YUUTHIBATH: BUIBI U M€-
TOZBI TIOJTyYEHHSI 3aTOTOBKH, 00paOOTKH, COOPKH, KOHTPOJISI U UCTIBITAHUI; BO3MOXKHOCTH aBTOMATH3AIHN
Y MEXaHHW3allUU, YCIOBUS MaTEPUAILHOTO 00ECIIeYeHHs TPOU3BOICTBRA [8].

[Ipu ouenke TexnonornyHoctu CBY-arTeHI0aTOpa, SABISIONIETOCS 0O0BEKTOM AKCILTyaTallly, aHaAJIH-
3upyIoT: ynooctBo CBY-arTeHroaropa K ymnpaBlIeHHIO U KOHTPOJIO paboToCIOCOOHOCTH, COKpAICHNE
TPYAOEMKOCTH TPOPHIAKTHUECKUX paboT, y1o0CTBO M COKpAIICHHE PEMOHTHBIX pabot, obecneueHme
TpeOOBaHUM TEXHUKHU 0€30MaCHOCTH, TPAHCIIOPTAOETHLHOCTS [8].

Ha ocHOBaHUM BBIIEU3IOKEHHBIX (PAKTOB CIEAYET, 4TO B KOHCTpyKumMu CBU-arTeHI0aTopa NMEIOTCs
CYLIECTBEHHbIE HETOCTATKH, KOTOPBIX MO-BUAMMOMY MOYKHO M30€XKaTh J1a)Ke MPU UMEIOLIUXCS 00beK-
TUBHBIX CJIOKHOCTSIX pa3paboTku cornacoBaHHbIX CBY-aTTeHr0aTopoB MOBBIIIEHHONW MOLTHOCTH pac-
CEUBaHUS.

Konctpykuus pacuutannoro CBU-arrentoaropa ooHapysxuiia psig HenocTaTkos [1-4]:

1. Hanmmuwme sxpanupyromeit ¢ponbru no Beed amuae CBY-Tpakra u mop miaraMmu.
2. bonblioe KoMUYeCcTBO YAENbHBIX TOBEPXHOCTHBIX CONPOTUBIIEHUIN PE3UCTOPOB.
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3. 3ajaHne HOMUHAJIBHBIX 3HAYCHUI COTIPOTHBIICHUI PE3UCTOPOB B MakeTax A, ...A, C TOYHOCTHIO [0
COThIX foJieit [Om].

4. ecTkue nomycku Ha JOMyCTUMbIN pa30poc conpoTUBIIeHUH pe3ucTopoB (£ 1...3 %).

5. 3HayuTeNbHAs TEIIOBAst HATPYKEHHOCTh pe3ucTopoB R,...R, ) Ha marax.

[TepeuncnenHbIe HEAOCTATKH IPUBOIAT K OBBIIICHUIO TPYIOEMKOCTH, CEOECTOMMOCTH U3TOTOBIICHUS
U cHIKeHuto HaaéxHoctu CBY-arreHtoaropa.

Kpowme Toro, Haimume MHOTOYMCIICHHBIX ITasTHBIX COSMHEHHUH TIEPEMbIYKaMH U IIPUTIOSIMU C Pa3TMYHBI-
MU TeMIIEpaTypaMH IIJIaBICHUS, UCIIOIb30BaHUE (POJIBIH C IByXCTOPOHHUM MOKPBHITHEM OJIOBO — BUCMYT
(Sn — Bi) HE HCKTIOYAIOT BOBMOKHOCTH BBITTOJIHEHHS OT/ICTbHBIX COCTMHEHHH C MTOBBIIIICHHBIM KOHTAKT-
HBIM TEIIOBBIM CONPOTUBIICHWEM. B 3TOM ciydae mpu BBHICOKHX YPOBHSIX JJIEKTPUYECKON U TETUIOBOM
Harpy3KH, XapaKTepHBIX JJI1 aTTCHI0ATopa, BO3MOXKHO OTCJIaMBaHUE MOKPHITHSA Sn — Bi 1 nanpHelmee
YXYIIICHUE JIEKTPOMEXaHUUECKOTO KOHTAKTa, IPUBOJIAIIESE K JIOMOJHUTEILHOMY HarpeBy TEIUIOBBIIC-
JIAKOIIETO 3IeMENTa. B m1epBy10 ouepesib, 370 KacaeTcsi OKOHEYHOM YacTh aTTeHi0aTopa (pe3suctopsl R . ..
R,(), iarel A,... A KOTOPOTO NPUIIAMBAIOTCS K OCHOBAHUIO Y€PE3 MPOKIAJAKY U3 (DOJIBIU, UTPAKOLLY IO
POJIb SKPAHUPYIOIIETO CIIOS.

B paccunTaHHON KOHCTPYKIIMM HET 0COOO0W HEOOXOJUMOCTH YCTaHABIWBATh SKPAHUPYIOIIUH CIIOU
(osbru HEMOCPENCTBEHHO MO IATAMH A,.... A | o, IOCTATOYHO €€ NPUMAATH K OCHOBAHMIO BOJIM3U JAHHBIX
J1aT. DKCIepUMEHTANIbHAS POBEPKA BapraHTa CMOICIUPOBAHHON KOHCTPYKIMH «M3-108» , B kKoTOpOI
IWIaThl A,... A, HENOCPEICTBEHHO NPUNIANBAJIUCH K OCHOBAHHIO, [IOKa3aJ1a XOPOIIy 0 paboToCrocoOHOCTh
arTeHroaropa npu yposusax Py, = 2,0 [kBr] u xparkopemenno ( t <30 [mun.] ) mpu Py, = 2,5 [kB1], a
tarke B CBU-pexume. B nocnennem cityyae He HaOMI0AANOCh YXYIUICHHUS] YaCTOTHBIX XapaKTEPUCTUK
u KCB,,.

BbiBOAbI

1. Ilpennoxensl 9 myHKTOB TpeOOBaHUM MO HAAEKHOCTU K KOHCTPYKUUHU npoektupyemoro CBY-
aTTEeHI0ATOpa Ha CTaJUH KOHCTPYKTOPCKO-TEXHOJIOTUYECKON pa3pabOTKH.

2. [IpenyioxeH aHaJIn3 U pacy€T OCHOBHBIX MOKa3aTesed HaAEKHOCTH 711 BHOBb CIIPOEKTUPOBAHHOM
koHcTpykuuu CBY-arrenioaropa (tabdn. 1) mo 6e30TKa3HOCTH, JOJITOBEYHOCTH U PEMOHTOIPUTO/I-
HOCTH.

3. IlpennokeH aHanmM3 W pacuéT MmokazaTeneil TexHoJorndyHocTu KoHcTpykunu CBU-arrenroatopa
(Tabm. 2), Mo CIeaYIONINM OIIEHOYHBIM KPUTEPHUSIM: TPYIOEMKOCTH, MATEPUATIOEMKOCTH, YHEPTOEMKOCTH
U TEXHOJIOTUYECKON ce0eCTOMMOCTH.

4. UccnenoBan MeToA onpeaesieHus koMruiekcHoro nokasarenss TKY npuMeHuTenbHO K cpaBHUBae-
MBIM KOHCTPYKIUSIM 0a30BOro, yCTapeBIlIero oopasia U BHOBb CIPOEKTUPOBAHHOTO HOBEHILIEro THIA
CBU-arreHtoaropa.

5. PaccmarpuBaeTcst CpaBHUTENbHBIN aHAIN3 HAAEKHOCTH U TEXHOJIOTHYHOCTU KOHCTpyKuuu CBY-
aTTEHI0ATOpa Ha MPUMEPE CEpUIHO BBITYCKAEMBIX aTTEHI0ATOPOB, UCIIOIB3YEMbIX B BATTMETPAX ycCTa-
pesuiero tuna «M3-106» u HoBeitmero Tumna «M3-108».

6. B xone npuBEAEHHOTO CPABHUTEIBHOTO aHajlM3a OCHOBHBIX TEXHMYECKHX Xapakrepuctuk CBY-
aTTEHI0ATOPOB CTaJl OYEBUIHBIM (aKT, YTO B Auara3one yactot 10 2 [['T11] mpu HOMUHAIBEHON MOIIIHO-
CTH paccerBaHUs paguocuryaia 1o 2 [kBt], Haubosee onTuMaabHBIM C TOYKU 3PEHUS COTTIACOBAHUS 10
Bxoy 1 Beixofy pu R, =R = 50 [Om], cunTaercs monens cnipoektupoBanHoro CBU-arrenroaropa
tuna «M3-106», y kotoporo, B cpeanem, KCB; = 1,05...1,07 n nepaBnomeprocts o AUX B npenenax
+ 0,5 [ab].
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Structural reliability. The theory and practice

L) /0
Grigoriev S.N.

ANALYSIS OF RELIABILITY AND ADAPTABILITY
OF MICROWAVE ATTENUATOR

The paper considers the analysis of reliability and adaptability of a microwave attenuator as exemplified by
commercially available attenuators used in modern powerful wattmeters of absorbed type.

Keywords: microwave attenuator, wattmeter, reliability, failure-free operation, durability, maintainability,
adaptability, labor intensity, material consumption, energy consumption, technological cost.

1. Introduction

At present it turns out that in Russia high-power matched resistor microwave attenuators that are still
in operation have became outdated, do not meet the requirements of the consumer market and customer
representatives for dual-use products, and mass production of new samples are not very cheap, or not
available at all. It is worth noting that the equipment of foreign production has a cost that cannot be
afforded by the majority of domestic consumers. In this context, the most urgent task is to create a fun-
damentally new device that does not have in its composition costly microwave components but has a
sufficiently broad range of functional features suitable for solving a large range of engineering problems.
And, what is very important, the engineered device should be automated and have the smallest inaccuracy
of measurements [1-4].

Design and technological implementation of fundamentals proposed in the paper is needed to create a
broad scaled base for scientific justification of a number of technical innovations for a radical renovation
and modernization of radio metering equipment of the microwave range powerful wattmeters of absorbed
power of the M3-106 type, in accordance with the norms and standards adopted in international practice
and theory of modern metrology (ISO 9001, ISO 9001, GOST RV 15.002), as well as in accordance
with increasing demand of more powerful, reliable, modern radio devices and microwave devices in the
global market [1-4].

Powerful wattmeters of absorbed type such as M3-106 were developed in 1982, and indeed, in the
days of the former Soviet Union presented a promising Microwave Radio measuring Equipment of dual
purpose. At present, these devices are obsolete models that do not meet modern requirements of met-
rological science in the field of microwave measurement technique, and represent samples that require
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emergency retrofit and immediate modernization in the direction of improving their essential technical
and performance characteristics [1-4].

In commercially available wattmeters M3-106 and M3-108, the key elements of absorbing incoming
power are microwave attenuators [1-4] characterized by sufficiently high performance.

Let us consider the basic technical criteria for selecting the model of projected matched resistor micro-
wave attenuator with high power dissipation using the example of the structure designed for the measuring
instrument of absorbed power M3-106 and M3-108:

1) Load Resistance — R, = 50 [Om] (R, =R, = 50 [Om]);

2) Maximum microwave power dissipation (absorption) — P
such as M3-106 and P

vax microwave — 1»0 [KW] for a wattmeter
=2 [kW] for a wattmeter such as M3-108;

Max microwave

3) The nominal value of attenuation — o, = 40 [dB];

4) Unevenness of amplitude-frequency characteristic in the frequency range of 50 [Hz] ... 1.2 [GHz]
— A, .= * 1,2 [dB] for a wattmeter such as M3-106 and 50 [Hz] ... 2.0 [GHz] - A, =+ 0,5 [dB] for a

wattmeter such as M3-108;

5) The value of KCB,;, < 1,15 for a wattmeter such as M3-106 and KCB;,, < 1,05 for a wattmeter
such as M3-108.

Among the above mentioned optimal criteria, the maximal complication to implement them is repre-
sented by the values of maximum power dissipation and unevenness of amplitude-frequency characteristic
over a wide frequency range — from 50 [Hz] and to 1.2 ... 2.0 [GHZz].

In the development of microwave attenuators of increased power it is necessary to satisfy a set of mutu-
ally conflicting requirements. In the analyzed structure, the requirement to provide a high power limit is
reduced to the increase of the dimensions of the attenuator at the expense of the increase of the amount
of the absorbing resistor elements operated in the standard dielectric substrates. The accompanying in-
crease of solder joints using copper (Cu) foil not only leads to difficulty in obtaining acceptable values
of KCB, and unevenness of amplitude-frequency characteristic in a predetermined frequency range but
also to reduction of reliability. [5]

In terms of power and thermal characteristics of microwave attenuation [1-5], its construction can be
divided into two parts:

1. The input thin film resistor structures made in the form of packets and connected sequentially have
total resistance Ry, =~ 43,91 [ohm]. In case of the input and output impedance of attenuator R, =R _ =50
[ohm], for the given resistive structures the most part of the power supplied to the input (approximately
80%) will dissipate.

The released thermal energy in these structures, in the form of Joule losses is drawn aside mainly at
the expense of the mechanism of thermal conductivity and heat transfer through the side faces of packets
to the base frame, which has diametric through holes for forced air cooling using a pair of high-powered
fans. The design of microwave attenuator is provided by minimal thermal resistance between the side

faces of the resistor boards and the walls of the wave guide.
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It is interesting to note that the body itself is aligned with the heat-removing radiator implemented out
of aluminum alloy B — 95, in the form of through holes on each side (in a microwave attenuator watt-
meter of the type M3-106 as a standard profile). Packets with resistive thin-film structures connected in
series circuit represent the central vein of energy, in the form of a strip line of suspended type fastened
in the middle, inside a rectangular waveguide whose walls and radiator frame are mounted on “common
wire — earth”.

It must be recognized that here microwave power dissipation in the form of feebly marked, multiple
re-radiation of heat waves of infrared range (no more than 5%) presents in a much less degree.

2. The output resistive structure (structure of a voltage divider), which dissipates up to 19% of the
power supplied, is realized on the individual (aluminum — 98% Al,O,) substrates soldered to the base of
attenuator radiator frame. The mounting plane is oriented at the right angle to the microwaves spread,
thereby introducing minimal additional mismatch on the end part of the attenuator. At the same time,
the mounting area of substrates is somewhat held away from the base area cooled by fan, causing their
temperature regime to be more energy consumed and strained.

In order to ensure the specified maximum power of attenuator, the end portion is realized in the form
of two symmetrically shaped resistive structures connected in parallel.

2. Reliability analysis of a microwave attenuator design

The analysis of the considered microwave attenuator for M3-106 wattmeter showed that its design is
not the best one as to the reliability criteria given below in Table 1 compared with the proposed structure
of microwave attenuator for M3-108 wattmeter, according to the studies [1-9].

Requirements for the reliability of a microwave attenuator design are the following:

1. Simplifying the design and reducing the number of resistive circuit boards to minimum without
worsening output characteristics through the use of rational circuit design.

2. Verification of design by the analysis of reliability at all stages of CAD.
3. The most possible extension of the tolerance for the parameters of microwave resistors.

4. The maximum possible facilitation of operation modes of microwave-film resistors at the expense
of lowering operating parameters compared to the nominally calculated ones.

5. Reducing T [°C] of resistive boards in a microwave attenuator providing heat-removal and the

corresponding layout and good forced air-cooling (the possibility of forced liquid or oil cooling is not
excluded).

6. Elimination of vibration with the help of good damping.
7. Protection against impacts, moisture, corrosion, external radiation and electromagnetic fields.
8. Setting reliability requirements for resistor boards’ components.

9. Specification of test conditions and methods of running-in of produced microwave attenuators.
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Table 1. Initial data for calculation of the basic criteria and reliability indices

of the attenuator design for wattmeter such as M3-106 and M3-108

3 E&-1
A 5.0 1A
g 1) = g ||
= (_E o~
. — —~
5 | Particular (relative) | Type of Index notation, Measurement unit S 23
@ 2 index wattmeter Design formula & e §
2 2 2R E
5 8 039 g
53 £% 2
o O o o
Hour % =& E
N; >15000 100
M3-106
Reliability Nea >12000 80
Mean (basic) time to —
failure of devices N > 20000 100
M3-108 _
Npeal >18000 90 Lo
0<ky=—=<1,0 100
N N,
1 |Reliability mean factor
of devices makes up: | M3-106 v =>0,8 80
M3-108 ky >0,9 90
Base probability of ab- P >0.95
sence of devices’ latent T | Bnonann ) =01 = 75
defects during calibra- > 0.80
tion interval equal to | M3-106 ,, =0, B 80
24 months with aver- 24 months =
age use factor 0,1is | ni3-108 P >0,92 2 years 9
defined
U ecrped |v=95% >10000 100
M3-106
Durability (Base l;:caylpc. 1=95% > 8000 80
y-percentile life of de-
o) vices) I pecype. |y=95% >12000 100 1,0
M3-108
N .| —95% >11000 90
Confidence probability v=0,95 95
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_ I —950
0< k = pecypce | v=95% S 1,0 100
e pecypc.o ‘y:‘)S%
Averaged factor of
y-percentile life of de- —
vices makes up: M3-106 kl",,ecypc 20,8 80
M3-108 ke 20,9 90
1,0
0< rczzywc6.6 ‘y:95% S 25 ’ ’
Bas§ g—percent‘ile life- _ T et | y=95% 25 years 100
time of devices. kl“my.,m =
rmyolc6.6 ‘y:95%
Averaged factor of g- —
percentile lifetime of | M3-106 krmym >0,48 12 years 48
devices makes up:
M3-108 kr., 20,80 20 years 80
Norm ac-
COI'diIlg to 1—‘coxp.omanﬁ v=95% Zlo years 100
require-
ments
speciﬁca— 1—‘coxp.Heomanﬁ v=95% 25 years 100
tion
C-percentile storage- I o oman. | y=95% >8 years 80
ability time of devices | N3-106
rcoxp.Heomanﬁ v=95% >3 years 60
1—‘coxp.oman, Y=95% >9 ycars 100 1,0
M3-108
Fcoxpﬁeomanﬁ v=95% >4 years 90
0< l; . 1—‘coxp.neomcm v=95% <1 100
Fcoxp.ﬂeaman o -
Averaged factor of 1—‘cwcp.neomanﬁ ‘y:95%
storageability time of
devices for not heated | WVi3-106 k. >0,6 60
storehouses B
M3-108 | hkr . 208 80
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- 1_‘cox oman | y=95%
O<kp  =—cowomai=% - 100
Averaged factor of L oxpoman.6 | y=95%
storageability time
of devices for heated | N3-106 ];r >0,8 30
storehouses makes up: o
M3-108 | k209 90
. . 0< rmymc6.6 ‘y:95% S 25 ’
Base g-percentile life-
time of devices. A L cavoes |y=o5% 25 years 100
r‘my.»c5 o
rczlyo/c6.6 ‘y:95%
Averaged factor of g- =
- >
percentile lifetime of | M3-106 | Fr  =0.48 12years | 48
devices makes up: —
M3-108 k.. 20,80 20 years 80
Topecs <120 min | 100
150
<
...180
- [min]= 125
) 7
M3-106 2.5.. 150
3,0
Base mean time to re- [hours]
pair of devices
90
<
—(...120
_ [min]=""| 75
) 7
M3-108 oce LS. 100
2,0
[hours]
0< k- :_T‘gigl,o 100
e 6occ.O0
Averaged factor of
mean time to repair of a 125...
) M3-106 | k= <(1,25...1,50
devices makes up: Tooce ( ) 150
M3-108 l?fm <(0,75...1,00) 715().(.).

1,0
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K633QM'6 Yqualilics&guamnlcc =95% 80 . 85
=0,80...0,85
M3-106
KReal
Maintainability (Base 63300 | quiiessguarnee =970 30...40
interchange factor by =0,30...0,40
standard items or uni-
fied assemblies of de- K .
V]CGS) 633am.6 Yqualities&guarantee =95% 90 .. .95
=0,90...0,95
M3-108
Real
633am Yqua]ities&guarantee:95% 80 85
3 = 0,80...0,85 1’0
Beforehand known
quality level and guar- B
antees Of items and Yqualities&guarantee - 0’95 95
units
0 < <k>K — 633am Yqualilies&guaral1lee =95% S 1’ O 100
Averaged factor of in- T K 53006 | Y e =95%
terchange by standard
items or unified assem- 37.5...
) ) M3-106 k ~0,375...0,471 ’
blies of devices < >K 47,1
M3-108 <k>1<m, ~0,889...0,895 82’995

The number of component resistor boards based on the heat-removing dielectric substrates is understood
as the adaptability of microwave attenuator where there is a possibility of process technology with the
most rapid and cost-effective introduction of microwave attenuator in series production, when the launch
of the finished product comes with the minimum cost, high reliability and efficiency. In this case, while
evaluating the degree of design adaptability in terms of its reliability, it is necessary to proceed from the
level of production technology, the degree of modernization and required accuracy class of manufac-
turing according to inaccuracy given in the requirements specifications for the product, and machining
equipment, according to the international (ISO 9001), or to the Russian type of quality and standards
(RD.4110.02 OST4.0018-93-95). It is also necessary to take into account the level of total automation
and mechanization of the most time-consuming operations during mass production of component resistor
circuit boards package and sections in the design of a microwave attenuator heavily used, for example,
in measuring instruments of high power dissipation M3-106 and M3-108.

The main task of working out the design for adaptability consists in increasing labor productivity at
optimum cost savings of labor, equipment, materials and time to design, pre-production, production,
maintenance and repair, while insuring other quality indicators of the product under accepted conditions
of its production and operation [5-9].
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3. The analysis of the adaptability of a microwave attenuator

The analysis of the considered microwave attenuator for the M3-106 wattmeter, in view of its design
features at the production, maintenance and repair, showed that its design is not the best one as to the
criteria of adaptability given below in Tables 2 ... 4, compared with the design of proposed microwave
attenuator for the M3-108 wattmeter, according to the studies [1-9].

In case of quantitative assessment of adaptability indices of the design of 1 item of microwave attenu-
ator (IDA), the relative indices are the most common and useful for comparative evaluation. In this case
the values of relative particular indices are taken within the limits 0 < k; <1, and increase of the value of
the index Kk, corresponds to the higher degree of IDA.

It should be noted that the particular indices define only one attribute (criterion) of adaptability. Unlike
particular indices, complex indices define not the individual signs of adaptability, but a certain group of
characteristics (criteria) of IDA.

Table 2. Analysis of a microwave attenuator design according
to the criteria of adaptability

Microwave attenuator, %
o/n Adaptability criteria of devices, items, units, etc
M3-106 M3-108
Labor intensity — the amount of labor spent on one piece
1 . 70...75
of item
Material consumption — the amount of material resources
2 ) 74...80
needed to create and use 1 item 100
Energy consumption — the amount of fuel and energy
3 . 82...85
resources needed for 1 item
Technological cost — the cost of resource expressions
4 i 80...85
for 1 item

The method for defining the complex index of ADI of microwave attenuator as a weighted average
(arithmetic mean) value of particular indices with the introduction of weighting factors is the most simple,
obvious, easy to mechanization and computerization of computational work, therefore it is widespread
in the electronic industry in serial manufacturing of measuring instruments of increased absorbed power
of M3-106 and M3-108. In this case, the limits of the complex index, as well as for particular indices,
which it generalizes, are the same (0 < K ,;,; <1). The ADI level is defined as the ratio of the achieved
adaptability index K, ;, to the value of base or normative index K given in preliminary specifications
(PS), and it must satisfy the following condition (1):

K, = Krrn >1,02. ()
K6

The procedure for determining the level of adaptability Ky of the item design (microwave attenuator)
is clearly considered in Tables 3 and 4, at setting rigid conditions.
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Table 3. Source data for calculation of adaptability indices of microwave attenuator design

Ord Param- | Parameter value for
reet Parameter designation eter wattmeter
number
symbol | M3-106 | M3-108
1 The number of microcircuits and micro assemblies in the item |  H_ 0 0
5 The number of radio cqmponents, including modules and u 32 190
micro modules k3
3 The number of mounting operations that can be performed 1 6
by mechanized or automated process M.MOHT
4 The number of operations of a certain type H, 3 7
The number of individually attached components, prepara-
5 tion of which for mounting can be carried out by power- u 15 164
operated or automated means, including the elements that M.moar
do not require preparation (relays, connectors, sockets, etc.)
6 The number of dimension types of printed circuit boards H . 2
7 The number of dimension types of radio component s H. 55 11 4
8 The total number of printed circuit boards in the item H_ 109 59
The number of operations control and tuning, which can be
9 . i H 2 57
carried out by mechanized or automated means M.KH
10 The number of standard processes 5 46
11 The total number of processes Q, 60 50

The values of the basic complex indices of maintenance workability of microwave attenuator design
are determined from the following conditions:

Table 4. Composition of additional indices of attenuator design adaptability for wattmeter
such as M3-106 and M3-108

Weighting
Onde fon normal-
number Index designation, design formula and the | .. .
of ranked icul lative) ind value for wattmeter izing index
Particular (relative) index weighting
sequence .
i significance
i=1s i
¢ ==
M3-106 M3-108 2
o oo e
Use factor of microcircuits uenve " pp gy
1 . . Mc OP3
and micro assemblies
0 0
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HM./WOHWI
) Coefficient of automation and Katononm = H, 1.0
mechanization of mounting ’
1/3 6/7
Coefficient of mechanization i H,, 000
and automation of prepara- anode = "y
3 tion of individually attached o 0,75
components and mounting 15/282 164/190
Coefficient of automation and ko, = M
4 mechanization of control and H, 0,5
djust t
adjustimen 2/3 57/7
. o H
Coecfficient of repeatability kypomopy = 1 ——2222
5 of microcircuit and micro H 5py 0,3125
bli
ASSEIBIES 271/282 186/190
k —1— H m.n.n
6 Coefﬁglent of repeatabﬂlty noem.n.n H,, 0.1875
of printed circuit boards
107/109 57/59
o A
7 Application factor Q) 0.109375
of standard processes
5/60 46/50
s=7
Z ((I)z ’ kz' )
Koigy = IZIS:7
Complex index of item design Zd)i
(microwave attenuator) adaptability i=1
m1’200z0,315 m6’164z1,618
3,810 3,810
K — Kk
Y ¢
The adaptability level of item design o
(microwave attenuator)
~ 063;5 ~ 0,450 <1,020 | =~ 1’028 ~2,311>2,0>1,020

1. K; =0,6...0,7— for the stage of development of design documentation for the implementation level,
in the form of technical project;

2.K;=0,7...0,8 — for the stage of development of design documentation for the level of development
as a work paper.
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The level of adaptability Ky of microwave attenuator can be determined by one or more particular and
complex indices taken as evaluation criteria ADI in PS (specifications) for the development and manufac-
ture of a microwave attenuator. The acceptable limits of Ky values for microwave attenuator correspond
to the set base indices K, according to the studies [7-9].

The level of adaptability Ky of microwave attenuator defines the capability of production capacities of
radio electronic companies and firms to the preparation and industrial production of equipment:

1.If K, > 2,0, there is a high level of attenuator design adaptability;

2. If1,02< K y < 2,0, the low level of attenuator design adaptability is detected;

3.If0 <K, <1,02, the attenuator design is not practically feasible.

The composition of the basic indices of design adaptability, their optimal values and limit deviations
are defined for the same types of items — microwave attenuators approved by industrial standards (OST).
In this case, the optimal values of basic indices ADI - K optim € specified in PS for the development
and mass commercial implementation of an item — microwave attenuator.

With the coefficients &, ... ~0,333...<1,0and k,,,,,. =~ 0,053... <1,0 there is a production need
for microwave attenuators’ application in a single and small-scale production, with high proportion of
manufacturing operations, using manual labor (preparation, tool set, assemblage, mounting, repair, ad-
justment, etc.), sometimes reaching up to 95 ... 97% in some operations. It is worth noting that there is
an extremely low value of recurrence of similar and primitive manual operations in the general process
at manufacture of needed measuring instruments of high power dissipation, where microwave attenua-
tors of absorbed type 0 <k, ,, = 0,5 (50 %) <1 are widely used. The following regularity has been
experimentally detected — the higher the accuracy class of microwave attenuators (less inaccuracy in the
results) is, the more increasing is the degree of labor-intensive and low-end manual processes for the
industrial production of devices [7-9].

Since K y R 0,450 < 1,020, then the relation (1) is not fulfilled, therefore, the pilot design of microwave
attenuator [6] does not meet the requirements of adaptability in series production of M3-106 wattmeters.
The design of the investigated sample of attenuator is not practically feasible!

On the contrary, since K )~ 2,311>2,0>1,020, then the known relation (1) is already fulfilled, and
therefore, the pilot design of microwave attenuator [5-9] fully meets all the requirements of adaptability
during series production of M3-108 wattmeters at factories of the radio industry in Russia. In this case,
the high level of adaptability of desired attenuator design is revealed.

The requirements for the design adaptability of microwave attenuator include the following extending
range of activities to reduce the labor content and cost of manufacturing and installation on the manu-
facturing entity [8]:

1. Increasing series of microwave attenuator and its components in the manufacture (processing, as-
semblage, testing) by standardization, unification and ensuring design similarity (currently there is only
a single or small-scale production).

2. Restricting the range of constituents of structural elements and materials used in the microwave
attenuator.

3. The introduction of high-performance and low-waste technology solutions based on typing of proc-
esses and other advanced forms of their organization.

4. Application of high-performance standard technological equipment to ensure the best level of
mechanization and automation.
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5. Application in developed design of microwave attenuator introduced in the production of design
solutions that meet modern requirements.

6. The use of design and technological solutions allowing to reduce the cost of providing access to
constituents and transport microwave attenuator in assembled form or in the form of finished constitu-
ents that do not require during the installation at the site disassembling or adjustment operations (fitting
operations of microwave attenuator units with follow-up its test in the structure of the microwave path
of measuring instruments of high power dissipation, to avoid completely at present is not possible).

When solving the main task of evaluating ADI (microwave attenuator), it is necessary to take into ac-
count that any product is to be regarded as objects of design, production and operation [§].

When considering the microwave attenuator as a design object, it is necessary to be involved in the
development of the design at all stages of development, to be clearly aware of the specific character of
each stage of the design.

If the microwave attenuator is regarded as an object of production, it is necessary to take into account:
types and methods of obtaining work pieces, types and methods of processing, types and methods of as-
semblage, control and testing, the possibilities of automation and mechanization, conditions of material
security of production [8].

When assessing the adaptability of microwave attenuator, which is the object of field application, the
following is analyzed: the convenience of microwave attenuator for control and check up of operability,
reduction of labor intensity of preventive maintenance, convenience and reduction of repair, insuring of
safety requirements, transportability [8].

Based on the above facts, it follows that the design of microwave attenuator has significant shortcom-
ings, which apparently can be avoided even at available objective difficulties of developing harmonized
microwave attenuators of increased power dissipation.

The design of calculated microwave attenuator has revealed a number of shortcomings [1-4]:
1. Presence of shielding foil along the entire length of microwave path and under the boards.
2. A large number of specific surface resistivity of resistors.

3. Setting the nominal values of resistors in packs Al ... A6 with two decimal places [ohm].
4. Tight-tolerance fit for permissible spread of resistors (= 1 ... 3%).

5. A significant thermal loading of resistors R7 ... R10 on the boards.

The listed shortcomings result in increase of labor intensity, cost of manufacturing and reduction the
reliability of a microwave attenuator.

Furthermore, the presence of numerous soldered joints and with bridges and solder alloys with differ-
ent melting points, the use of a double sided coated foil tin — bismuth (Sn — Bi) does not exclude the
possibility of carrying out the individual connections with an increased contact thermal resistance. In this
case, high levels of electrical and thermal load typical for the attenuator, the Sm — Bi coating peeling is
possible, and further deterioration of electromechanical contacts, resulting in further heating of the heat
dissipating element. First of all, it concerns the end portion of the attenuator (resistors R, ... R, ), boards
A, ... A, which are soldered to the base through a pad of foil, which acts as a shield layer.

In the calculated construction, there is no need to install a layer of shielding foil directly under the
boards A7... A, it is enough to solder it to the base nearby of these boards. Experimental verification of
the simulated version of the design, M3-108, in which the boards A7 ...A |, directly soldered to the base,
showed good performance of the attenuator for levels Py = 2,0 [kW] and for short-time (t < 30 [min.])
at Py = 2,5 [kW] and in microwave mode. In the latter case the deterioration of frequency characteristics
and KCB; was not observed.
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4. Conclusions

1. 9 points of reliability requirements are offered for the construction of the projected microwave at-
tenuator at the stage of design and technological development.

2. The analysis and calculation of the main reliability indices of for the newly designed structure of
microwave attenuator (Table 1) is proposed according to the following evaluation criteria of reliability:
reliability, durability and maintainability.

3. The analysis and calculation of microwave attenuator design adaptability (Table 2) is proposed
according to the following evaluation criteria: labor content, material consumption, energy content and
technological cost.

4. A method for determining the complex index of ADI is investigated, with respect to the compared
designs of basic outdated sample and re-designed the newest type of microwave attenuator.

5. The paper considered a comparative analysis of the reliability and microwave attenuator design
adaptability on example of commercially available attenuators used in wattmeters of outdated type M3-
106 and the newest type of M3-106.

6. During the comparative analysis of the basic characteristics of microwave attenuators it became ob-
vious that in the frequency range up to 2 [GHz] at rated dissipation power of radio signal up to 2 [kW],
the most optimal model, in terms of conformance as to input and output when R, =R __ =50 [Ohml], is
assumed to be the designed microwave attenuator M3-106, which on the average has KCB; = 1,05...1,07
and unevenness of amplitude-frequency characteristic spans + 0,5 [dB].
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KpsineB A.B., CemeHoB C.C.

KBOMPOCY O KAHECTBE U HAOEXKHOCTU 3KCMNEPTHbIX
OLEHOK NPU ONPEOENEHUN TEXHNYECKOI'O YPOBHHA
CJ10XXKHbIX CUCTEM

B naHHOV cTaTthe rnokasaHa akTyaslbHOCTb WCIOJIb30BaHUS MeToAa SKCMePTHbIX OLEHOK rpu co3aaHuu
CJIOXHbIX TexHndecknx cuctem (CTC), n, B CBA3U C 9TUM, PACCMOTPEHbI BOMPOCHI OLEHKN HEeobXoANMOIro
qycsia aKCrnepToB Mpu NMPOBEAeHUN IKCMEPTHbIX OLIEHOK, MX KOMMEeTEeHTHOCTU, NPuBEeAeHb! AaHHbIe O MU-
HUMaJIbHO AO0MYCTUMOM pPas3mMepe 3KCepTHOV rpyrnrbl U MeToANYEeCKUi Noaxon no OrnpeaesieHu0 YPOBHS
BO3MOXHbIX OLLIMOOK 9KCEepTOB /15 MOJIy4eHMs OLIeHKM rpyrrbl 9KCrepToB, B TOM Y1C/e Ha OCHOBE 3HaHui
00 oLeHKkax aKcrnepTa B MPOLLJIOM, & TaKXXe BO3MOXHOCTb arpPerupoBaHHOro y4eta MHeHWI OTAe/IbHbIX 9KC-
rnepToB, MPUBIEYEHHBbIX K OLIEHKEe 0 OTAe/bHbIM rpobsiemMam NCCen0BaHUs.

KnioyeBbie cnioBa: C/I0XHbIE TEXHUYECKNE CUCTEMbI, METOL 3KCNEPTHbIX OLI@HOK, TOYHOCTb 3KCHEepPTHOM
OLIEHKU, KOMMETEHTHOCTb, Y1CJI0 3KCNEePTOB B COCTABEe rpyrifbl, BECOBOW KO3MOULUNEHT, Ancrnepcus rno-
rPeLIHOCTel OLIEHOK 3KCrNepToB.

AKTya.ﬂbHOCTb MeToAa 3KCNMEepPTHbIX OLEeHOK

MeTozbl SKCIIEPTHBIX OLIEHOK, OCHOBAHHBIC HAa 3HAHUSX CIIEMAIMCTOB i HAKOTUIEHHOM MU OITBITE TIPH
MIPOBEICHUN HAyYHO-HUCCIIEA0BATEILCKUX U ONTBITHO-KOHCTPYKTOPCKUX paboT, U3y4eHnH HH(opMaliu 1o
HAyYHO-TEXHUYECKOM JINTEPATYPE, NEPUOAUYECKOM MTeYaTH U MATEHTHOW JOKYMEHTALMU B KOHKPETHOM
00JIacTH B COYETaHUHM C COBPEMEHHBIMH MaTeMaTHUYeCKUMH METOAaMU OO0paOOTKU 3HAHMU, SIBIISIOTCS
BKHBIM HHCTPYMEHTOM OTIpeIeNICHHsI OOIINX TeHICHIINH pa3BUTHS, TAPAMETPOB M TEXHMYECKOTO YPOBHS
cnoxHbIx Texunueckux cuctem (CTC) [1,2].

Kak mpaBuiio, MeToj i SKCEPTHBIX OLIEHOK MCIOJIB3YETCs MPH MCCIIEAOBAaHUHA OOBEKTOB U MpolIeM,
aHaJN3 Pa3BUTUS KOTOPHIX JMOO MOJHOCTHIO, TUOO YaCTHYHO HE MojAaeTcss (popMaau3aluu, T.e. s
KOTOPBIX TPYIHO pa3paboTarh ageKBaTHYIO Mojeinb. [Ipomenypa mpoBeaeHUs] METOAOB 3KCIIEPTHON
OLIEHKH JJOCTATOYHO MOAPOOHO OMHCaHa B HAYYHO-TEXHUYECKOH JIUTEpaType, HanpuMmep, B MOHOTpadun
[1] ¢ paccMoTpeHrEM BOIIPOCOB (POPMUPOBAHHSI IKCTIEPTHBIX TPYII, KOMIIETEHTHOCTH SKCIIEPTOB, POpM
paboTHI ¢ FKcrepTamMu, GOPMUPOBAHUEM aHKET M TAOIHUI] SKCTICPTHBIX OIICHOK, a TAK)XKE aHalln3a u 00-
pabOTKM HKCTIEPTHOM OIIEHKH, B TOM YHCJIE C YIETOM COIIACOBAHHOCTH MHEHHMH OT/AEIBHBIX IKCIIEPTOB.
OcHOBHBIMU (DaKTOpPaMHU IMPH MPOBEACHUN HKCTIIEPTHBIX OLIEHOK, OMPEICISIONIMMU HAJAEKHOCTh U TOY-
HOCTB OLIEHKH, SIBIISTFOTCS TTOI00P IKCTIEPTOB M UX KOMITETEHTHOCTb.
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TOYHOCTb OLLEHKU U 4YUCIIO JKcnepToeB

Omnpenenutbs HEOOXOAUMBINM YUCIEHHBIN COCTAaB SKCHEPTHOIN Ipymnbl ouyeHb BakHO. [Ipu Hemocra-
TOYHOM YHCJI€ SKCIIEPTOB PE3YNbTAaThl UX AEATEIbHOCTH HEe OyAyT HaJeKHbl. MHOTOUHCIIEHHYIO IPYIITY
KBaJM(PHUIUPOBAHHBIX HKCIIEPTOB TPYIAHO CHOPMHUPOBATH U OPraHU30BaTh €€ padoTy.

Pa3paboran Metos onienku TexHu4eckoro ypoBHs CTC ¢ yuacTueM 3KCIepTOB, OCHOBHBIE TTOJIOKEHUS
KOTOPOTO pUBEACHHI B padote [3-5]. B nanHOM citydae pu orienke Texuuueckoro ypoBHs CTC sxcniepTsl
OOBIYHO MPUBJIEKAIOTCS A1 (GOPMHUPOBAHMS TIOKA3aTENeH U ONPEEICHUs BECOMOCTH (BaKHOCTH) OIle-
HOYHBIX MOKAa3aTesei, paHrOB UCCIeyeMbIX 00BEKTOB. BaKHBIM 00CTOATETHLCTBOM JJISL UCCIIEAOBATEINS
SBIISIETCS 000CHOBAHHBIN MOA00P IKCIIEPTOB.

DopMHUpPOBaHKE IKCIIEPTHHIX PAOOUUX TPYIII SABISETCS OTBETCTBEHHBIM 3TAIIOM B IPOIIEAYPE IKCIIEPT-
HOU o1leHKHU. B ciydae HeoOXoaumocTu TpeOyeTcs: MpeayCMOTPETh BBIICICHHE MOATPYIIN YKCIEPTOB,
3aHUMAIOIUXCS KaKOM-TO0 OTAETBHOM 0071aCThIO M KOIMYECTBO AKCIIEPTOB B TPYIIIIE.

Bp100p TpyIIn 3KCIEpTOB MPOU3BOIUTCS B CIICAYIOIICH TOCICI0BATEILHOCTH:

1. CocTaBinsieTcsl CIIUCOK BOMPOCOB, M0 KOTOPBIM HEOOXOAUMO MOTYYUTh MHECHHE IKCIICPTOB.

2. CocTaBisieTCst CIMCOK 3KCIIEPTOB, KOTOPBIC B COBOKYITHOCTH MOTYT JIaTh OTBETHI [0 BCEMY MHOXE-
CTBY BOIIPOCOB.

3. CIIUCOK BOMPOCOB PACCHUIAETCS KaXKIOMY SKCIIEPTY C TEM, UTOOBI BBIICHUTh, CMOXKET UJTH HE CMOXKET
OH KOMIIETEHTHO Y4acTBOBATh B PACCMOTPEHHH JAHHOTO BOMPOCA MPH IKCIICPTHU3E.

4. OnpeAenstoTcs 3aTpaThl BPDEMEHU U CPEIICTB, HEOOXOAMMBIX JIJIS TOJyUEHHs] OTBETAa HA KaXKIbIN
BOIPOC, IPU MUHUMYME 3aTpaT BPEMEHHU U CPEJICTB Ha TPOBEICHHUE OMPOCa.

3KCHepT AOJDKCH YOOBJICTBOPATH CIICAYIOIIHUM Tpe60BaHI/I§IMZ

— OLICHKU 3KCIICpTa JOJIKHBI OBITh CTAOUJILHBIMM B TCUCHUE MMPOBCACHHUA SKCIICPTU3BI;

— OKCIICPT OOJIKCH OBITh KOMIICTCHTHBIM B JIaHHOM obnactu 3HaHHI>1, T.C. ABJISITbCA ITPU3HAHHBIM CIIC-
MUAJIMCTOM II0 BOIIPpOCAaM CO3JaHUs HOBOH MNPOAYKIHWH JaHHOT'O BUJa IPHU OLICHKC TCXHUYCCKOI'O YPOBHA
CTC.

Kenamenvno npuejiexkams K y4acmuro 6 9KCNEPMmMHbIX OYEeHKAX mAaKux 3Kcnepmoes, OYyeHKU KOmopbovlx
ycmozilmeo OomJju4aromcst ont UCMUHHBIX 6 CMOPOHRY YMEHbULEHUA UTU YEEITUYEHUS, M. €. owubKa Hocum cu-
cmemMamu4eckuil xapakmep. B sTtoMm CJIyda€ MOXXHO BBIABJIATH CMCIICHHUEC U ACJIATh HA HCTO MOIIPAaBKH.

B GuHOMUHaNBHON MOZIETTH BEIOOPA OIICHUBAHUE XaPAKTEPUCTUKU MPOUCXOAUT TEM TOUHEE, UeM 00b-
eM BbIOOpKH OoJbie. CYUTaeTCs, YTO MUHUMAIBHBIN U3 0OBIYHO MCTIONB3YIOMUXCSI 00BEMOB BEIOOPKHU
B MapKETUHTOBbIX uccienoBanusx coctapisieT 100 enunui [6]. IlockonabKy CTOMMOCTD MCCIIEOBaHUS
pacTeT Kak nTuHeiHas QyHKIHUS 00beMa BBIOOPKH, @ TOUHOCTH MOBBIIIAETCS KaK KBaAPATHBIN KOPEHb U3
3TOro 00beMa, TO BEpXHsisl TpaHUIla 00beMa BEIOOPKH BBIOMPACTCS TAKKE C YYETOM SKOHOMUUECKUX CO-
oOpakeHu .

Yucno 3KCIepTOB JOMKHO OBITH TOCTATOYHO OONBIINM, YTOOBI OT/IEIbHBIE MHEHUS HE UMEIU
HempaBoMepHO Oolbioe 3HaueHne. OAHAKO MPHU PE3KOM YBEIUUECHUU YHCIIA IKCHepnmo8 B TPyIIe
CHMKAETCSl YPOBEHb UX KOMIIETEHTHOCTHU, YTO MOXET CYIIECTBEHHO CHU3UTh TOYHOCTb KCIEPT-
HBIX OIICHOK.

Js1 pacueTa YUCIAEHHOCTH IPYIIIIbI SKCIEPTOB MOKHO BOCIIOJIb30BATHCS U3BECTHBIM COOTHOILIEHHUEM,
KOTOPOE HCIIONIB3YETCs TPU BBIUKUCICHUH MOTPEIIHOCTH HaOmoneHui [7]
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. 2/.2
N—tp/sl

rae N — 4nucio OKCIICPTOB B I'PYIIIIC,

€,=¢ /S — OpEeaACIIbHO AOMMYyCTUMAasd OTHOCUTCIIbHAA OIInOKa BKCHepTHOﬁ OLICHKU,

S— CPCAHCKBAAPATHUICCKOC OTKIIOHCHUC PACIIPEACIICHUA OLCHOK KakoM-110o BCJIMYHUHEI,

tp_ K03(1)(1)I/II_II/IGHT CTLIOI[eHTa, onpeﬂenﬂ}omnﬁ HUPUHY JOBCPUTCIBHOI'O MHTCPBAJIda U 3aBUCHUMOCTDb
OT BCJIMYMUHLBI BEPOSATHOCTHU OLICHKU P (tp - Ta6yJ'II/IpOBaHHaH BCJ'II/I‘-II/IHa).

B 3aBucHMMOCTH OT 3aJaHHOM MOrpCIHOCTH 3KCHepTHOI>'I OICHKH 1 BBI6paHHOI>'I BCJIMYMHBI BEPOATHOCTHU
MOXET OBITh ornpeacjicHa MUHUMAJIbHO BO3MOXKHAA YAUCJICHHOCTD 3KCIICPTOB B I'PYIIIIC N (Ta6J'II/II_[a 1)

Tabonuuna 1. MUHMMAJIbHO JONMYCTHMOE YHCJI0 IKCIEPTOB B rpylie

BepostHocTh onienku P
“1 0,99 0,95 0,90 0,85 0,80 0,75 0,70 0,65
0,5 26 15 11 8 7 5 4 4
0,3 74 43 31 23 19 15 12 10

OMIUPUYECKUM ITyTEM YCTAHOBIIEHO, YTO SKCIEPTHI B KouuecTBe 13-15 uenoBek MoryT paccmarpu-
BaThCsl KaK J0CTATOYHO MPEACTaBUTENbHAS Tpyna s nposeaeHus skcneptussl CTC.

[ToaTBepxkaEHUEM 3TOTO SABISAETCS 3aBUCUMOCTh TOYHOCTH M HAJIE)KHOCTHU PE3YJBTAaTOB OLICHKH CPOKa
HACTYTUICHHS COOBITHS C YUCIIOM JKCIIepTOB B rpyrmie N (puc. 1).

48 /lf/
07 /(

06 ﬁ

45 —
04

wl L

02

KO3ppuyuenm Kapperayuy 2

1 J 5 7 g /" 13
Yucno snchepmob ¥

Puc. 1. CBsI3p TOUHOCTH ¥ Ha/IE)KHOCTH PE3YIBTATOB OLEHKN CPOKA HACTYTIIICHHSI COOBITHS
C YHCIIOM 3KCIIEPTOB B Tpyrme N

OnpepenexHne JoONyCTUMbIX pa3MepOB 3KCNEepPTHOW rpynnbl

B cBsi3u ¢ OTMEUEHHBIM BBIIIIE, PACCMOTPUM MPUMED, TpUBEACHHBIN B padote [1]. ITycTh mo HeKoTO-
pomy oOcyxaaemomy Borpocy umeetcs 100 cnermanucTtoB. B ¢Bs3u ¢ TpyAHOCTSIMU OpraHU3aI[MOHHOTO
XapakTepa Mbl MO)keM c(hOpMUpOBaTh rpymy sxkcneptoB 10 50 yenosek. [ mpocToTsl pacuera 6yaem
CUUTATh HKCIEPTOM TAKOTO CIELIMAIUCTA, CTaK pabOThI KOTOPOTo MO JaHHO npobieme He meHee 10 ser.
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Torna ucxoaHas 3ama4a GopMyaupyeTCs TaK: HEOOXOAUMO onpeneanuThb SO-PoLeHTHY0 BRIOOPKY 13 100
CIICLIMAJIMCTOB C YMCJIOM SKCIIEPTOB CO cTaxeM He MeHee 10 JieT ¢ BepoATHOCThI0, paBHOM 0,9545.

[Ipenmnonoxxum, 10 COEUAIUCTOB cO cTakeM 10 JIeT ¥ BbIIE U3 HEKOTOPHIX allPUOPH 3a/IaHHBIX
runore3 paBHa 0,6 u Mmenbie 10 et — coorBeTcTBeHHO 0,4. O1mmbka penpe3eHTaTUBHOCTH MOXKET ObITh
BBIUHCJICHA B COOTBETCTBUU ¢ Teopemoi bepHymnu no ¢popmyse

M=t
§ n

rae Mg — omnOKa penpe3eHTaTUBHOCTH;

¢t — TOBEPUTEIIbHBINA KOAP(DUIIUECHT;

7 — JIOJIS DJIEMEHTOB BHIOOPKH C HAJIMYKMEM 3a/IaHHOTO MpU3HaKa (B HameM npumepe » = 0,6);

g — I 3JIEMEHTOB C OTCYTCTBHEM 3a/1aHHOTO pu3HakKa (g = 0,4). [Ipu 3amannoi BepostHoctu P =0,9545
K03 dULIUEHT ¢ = 2.

Torna
M =2 /0,6-0,4‘
& 50

Takum 006pazom, B HICXOHOM KOJUIEKTHBE CIIEIIUAINCTOB JIOJISl SKCIIEPTOB CO cTakeM He meHee 10 net
coctaBurt 0,6 = 0,138 wu Oyzmet HaxoauThCs B ipenenax ot 46,2 no 73,8%.

B npaktrke nporHo3upoBaHusi CTPEMSAITCS K MUHUMAJIbHO BO3MOXXHOMY YHCITy 9KCIIEPTOB B TPYIIIIE.
YMeHbIIeHHEe Yncia SKCIIEPTOB HUXKE OMPEAENIEHHOro Mpe/esia paBHOCUILHO YMEHBIICHHIO TOYHOCTH
BBIOOPKU. B Takoii cuTyanny BO3HUKAET 3a/1a4a YCTAHOBJICHUS YHCIEHHOCTH SKCIIEPTHOM TPYIIBI IPU
3aJ1aBa€MbIX 3HAYEHUAX YMEHBIICHHUS TOYHOCTH BbIOOpKH. [IycTh 3a1aHO yMeHbIIeHre BbIOOpKHU Ha 10%
B peApIayIeM npumepe, uto cocrapisieT 0,0138 ot paccunTaHHOM OMMOKH perpe3eHTaTUBHOCTH. Torma
MoJTydeHHas1 OIMOKa COCTaBUT Ag =+ (0,138 +0,0138)=+0,1518.

UucneHHOCTh BBIOOPKHU BBIUKCISIETCS 110 hopMyIie

ng=Frg)/ A2g= (4-0,6-0,4)/0,0225 = 36 skcHepTOB.

Taxum 06pazom, B rpyririe u3 100 crieruaanucToB ¢ BEposATHOCTHI0 P = 0,9545, 36 cienuamcToB MOTYT
MIPUBJIEKAThCS B KAUECTBE SKCIIEPTOB. B pesynbrare nccienoBaHuil o onpeieeHnto YUCIEeHHOTO COCTaBa
AKCIIEPTHOM T'PYIIIIBI, MPUBEIEHHBIX B MOHOTpaduu [8], momydena 3aBucuMocts 3 /o = f (k) (B — Bapua-
1usl, oL — IMKUPUHA JOBEPUTEIHLHOTO UHTEPBAJIa, kK — YUCIIO SKCIIEPTOB) AJIsl BHIOPAHHOM JTOBEPUTEILHOM
BEPOSITHOCTH p (puc. 2).

Jomyctum, uto TpedyeTcs chopMUPOBATH TPYIIITY SKCIIEPTOB /IS OIEHKH TeXHU4YecKkoro ypoBHs CTC,
MIPUYEM JKeJIaTeIbHO, YTOOBI JOBEPUTEIbHBIN HHTEPBAJI SKCIIEPTHOM OLICHKH HEMETPUUYECKOTO KPUTEPHS
cocTasJsil ¢ BepossTHOCThIO 0,8 He 6omee = 10% ot cpennero ee 3HaueHus1. Ha 0cHOBaHMM TIpEIbITYIIIETO
OTIBITA U3BECTHO, YTO HaMEYaeMble K BKIIFOUEHHUIO B TPYIITY CIEIUATUCTHI B 33/1a4ax MOJO0OHOT0 poja
OIICHUBAJIN BEJIUYHHY [3 HE BbIle 3HaueHus 0,25.

Takum 00pa3oM, B kauecTBe BXOAHBIX AaHHBIX umeeM: o = 0,1; B =0,25, t.e. B /oo =2,5; p =0,8. Jlns
9TUX MUCXOAHBIX JaHHBIX U3 rpaduka (puc. 2) HaxoquM: k = 12.
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Puc. 2. I'padux 1u1s onpeesieHust 9uciia SKCIIEPTOB k B 3aBUCUMOCTH OT COOTHOIIEHHS f3 /o

Takum O6p&30M, MBI IIPUXOJHUM K BBIBOAY, YTO OINTUMAJIbHBIM PCIICHUCM 6y,ZleT OopraHusanus
3KCHCpTHOI>1 T'pynIbl B COCTAaBe 10-12 4gen. B JaHHOM cCJiydyac npceariojaraji, 4To BCC 3KCIICPThI
3HAKOMBI C IOCTaBJICHHOM HpO6JICMOI>'I N TOTOBBI OTBECTUTH HAa BCC MMOCTABJICHHBIC BOIIPOCHI. OI[HaKO
HOpOﬁ IIpu OUOCHKEC TCXHUYCCKOI'0 YPOBHHA CTC nepea 3KkCrepTaMu CTaBiATCA BOIPOCHI HACTOJIBKO
Pa3HOIINIaHOBOTO XapaKTepa (HaHpI/IMep, TCXHUYCCKUC, DKCITYAaTaIUOHHBIC, SKOHOMUNYCCKHUEC U Hp.),
4TO TPYAHO ObIBacT HANTH crnenuajaucTra, CII0COOHOTO KOMIIETCHTHO pa361/1paTbc;1 10 BCCMY CIICKTPY
BOIIPOCOB. B takux ClIydasaXx B COCTaB BKCHepTHOﬁ TPYIIIBI HApAAy CO CIICUAJINCTAMU IO BCEM BO-
npocam (OFpaHI/I‘{eHHOC I{I/IC.]'IO), BKJIIOYAKOTCA CIICTIHUAJINCTLI B y3K0ﬁ O6J'IaCTI/I, CIoCOOHBIC OTBETUTH
TOJIBKO Ha OTACJIIbHBIC BOIIPOCHI. B utore (I)OpMI/IpyeTCSI IMMOJIHOLICHHAA TPYIIIla 3KCIICPTOB. HO, CIpa-
murBacTCA, 6yz[eT JIMU JOCTOBCpPHA OLICHKA IMOJYUCHHASA HAHHBIM 3KCICPTHBIM KOJLIICKTHBOM? Benp
B IaHHOM CJIy4ac CBOMCTBa 9KCIIEPTa HC paCpPOCTPAaHCHBI Ha BCIHO COBOKYIIHOCTH ITOCTABJICHHBIX
nepen skCcrnepraMmum BOIIpoOCOB.

KomMmneTeHTHOCTb 3KCNEepTOB

He mMeHee BaxHBIM BOIIPOCOM, Y€M OMPE/ICIICHIHE MUHUMAJIBHOTO 00beMa YKCIICPTHOM IPYIITIBI, SIBIISCTCS
OIICHKa KOMIIETEHTHOCTH JKCIepTOB. OUEBUIHO, YTO B 3aBUCHMOCTH OT XapaKTepa U BHIA TPOIYKIIUU
BEJIMYMHA KOAPPHUIIMEHTAa KOMIETEHTHOCTH Y OJHOTO U TOTO K€ IKCIEPTa MOXKET MEHSATHCS U MPUHH-
MaTh 3HA4YEHUs OT HyJs (TIOJIHOCTHEO HEKOMIIETCHTEH) /10 €MHHUIBI (HAMBBICIICE 3HAYCHHE BECOBOTO
K03 HULIUCHTA).

Cremyer OTMETHTD, YTO B HACTOSIIEE BPeMsI OObEKTUBHBIE CITIOCOOBI OIICHKH 3KCIIEPTOB MPAKTUYCCKH
TPYAHOPEATU3yEeMbl U B OCHOBHOM HCIIOJIB3YIOTCS IOCTATOYHO CyObEKTUBHBIC CIIOCOOBI — CAMOOIICHKA,
B3aMMOOIICHKA U OLICHKA Ha OCHOBAHMH JIOKYyMEHTOB O KBaJH(HKAIINH.

B nepBoM npuOIMKeHNH MOXHO OIEHUTh KaueCTBO IKCIIEPTa, MCIOJB3Ysl (OpPMaI30BaHHBIN MMOJI-
XOJl K OIleHKe ero npodeccnonanpHoli koMieTeHTHOCTH [7]. [IpodeccrnoHalibHy 0 KOMIETEHTHOCTb,
BO-TIEPBLIX, ONPEAEIAIOT YPOBHEM Hay4HOH KBanupukauuu skcrepra K, KOTOpblid NpUOIM3UTEIEHO
MOYKHO OILIEHHTH 10 Ta0I. 2.

Bo-BTOpBIX, KOMIIETEHTHOCTD JKCIIEPTA OMPEICIIAETCS CTPYKTYPO apryMEHTOB, MOCITYXHBIIUX MYy
OCHOBaHMEM JUIsl OLUEHKH (KO3(Q(MUIMEHT K,), M CTENEHBIO €I0 3HAKOMCTBA C MCCIIEIYEMBIM BOIIPOCOM
(k03¢ punment K).

Kos(dpunment apryMeHTHPOBAHHOCTH K, MOXHO TIOJTyYHTh, B YACTHOCTH, ITyTEM CYMMHUPOBAHHUSI CO-
OTBETCTBYIOIIIUX YACIIOBBIX 3HaYCHUI B Ta0uIe (Tabi. 3), OTMEUCHHBIX B TIOPSIIKE CAMOOIIEHKU CAMUM
IKCIEPTOM (CITMCOK HCTOYHUKOB apryMEHTAIIMH IPUBOIUTCS B AaHKETE).
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Tabimna 2. IIpumMepHbIii yPOBeHb HAYYHOH KBAJTH(HUKANMH IKCIEPTa

3nayenus ko> duumnenrta kpanupukaun K,

JOIKHOCTD 0e3 y4eHOHU | KaHIUJaT | JIOKTOpP | WICH-KOPPECIIOHIEHT,
CTETICHU HayK HayK aKaJIeMHUK
Crapumii Hay4HbI COTPYIHUK 0,15 0,225 0,30 0,50
HauanpHuk nabopatopuu, pyKOBOAUTETH 0.20 0.30 0,40 0.60
TPYIIIIBI, TOIEHT

Hauanpuuk otaena, 3aMeCTI/£TeJIL Ha‘IaJUIB- 0.25 0.375 0.50 0.75
HUKa OT/elIa, 3aBEAYIONNH Kadeapoit

PykoBoauTens KOMILIEKCa, 3aMECTUTEND 0.30 0.60 0.60 0.90

PYKOBOJIMTEIISI KOMIUIEKCA
JupexTop, 3aMEeCTUTEIb TUPEKTOPA, 0.40 0.60 0.80 1,00

HAyYHBIA PYKOBOIMTENb MIPOOIEMbI

Tabauma 3. Onenka aprymMeHTanuM MHEHHS JKCIepTa

CreneHb BIMSHUS HCTOYHUKA
Hcrounnku apryMeHTauu
BBICOKas CpemHsIst HH3Kast
[Ipon3BOACTBEHHBIN OMBIT 0,40 0,30 0,20
[IpoBeneHHBIN TEOPETUUECKUIN aHATIU3 0,20 0,15 0,10
VYuer TeHIeHIUI, BRIIBICHHBIX HAa MOCICIHUX KOH- 0.10 0.10 0.05
(hepeHIHIX U CUMITO3UyMax
O06001eHne paboT OTEYECTBEHHBIX aBTOPOB 0,10 0,05 0,05
O0600meHne padboT 3apyOe)KHBIX aBTOPOB 0,05 0,05 0,05
JIn4aHOE 3HAKOMCTBO C COCTOSIHUEM JIET 32 pyOeKom 0,05 0,05 0,05
Nutyunus 0,05 0,05 0,05
Kosdpuument aprymenrannn K 1,00 0,80 0,50

Crnenyer 3aMETUTb, YTO YMCIIOBBIC OILICHKU B Ta0J. 3 JOCTATOYHO MPUOIU3UTEIBHBI, HO BaXKHO IMOJ-
YEPKHYTh, YTO CyMMapHbIH KO3(Q(GHUIMEHT apryMEHTHPOBAHHOCTH K, HE JIOJKEH TIPEBBIIIATE €IMHHUIIBL
CreneHp BIMAHUS HA MHEHUE DKCIIEPTA BCEX NMEPEYHCIIEHHBIX MCTOYHUKOB apryMeHTanuu (K, = 1 — BbI-
cokas, K, = 0,8 — cpennss, K, = 0,5 — HU3KasA) ONPEAEIAETCS, KaK yHKE OTMEYAIOCH, CAMUM IKCIIEPTOM.

AHAJIOTUYHO OLIEHUBAETCS CTETIEHb 3HAKOMCTBA IKCTIEPTa ¢ MPOOIeMOoi. B aHKeTe sKcIepT MpocTaBIsieT
6a camooneHkH (Hanpumep, ot 1 1o 10), mpruem MmakcumansHoMy 6asuty (10) COOTBETCTBYET 3HAKOMCTBO
Ha YPOBHE aBTOPCTBA (COABTOPCTBA) B pa3pabOTKE KOHKPETHBIX MOIXOA0B K PEHICHHUIO MTPOOIEMbI, MUHU-
MaibHOMY Oarty (0) — MoJTHOE OTCYTCTBHE 3HAKOMCTBA C TIPOOIeMOid. 3aTeM MPOU3BOUTCS HOPMHUPOBKA
OaJUIbHOM OLEHKH, T.€. YMHOKeHHEM Ha 0,1 koaddumenT K, 3aKkmodaercs B auanaszon ot 0 1o 1.

KomrmnekcHbIN oka3aTesib KOMIETEHTHOCTH i-T0O SKCIIEPTa MOXKHO BBIYUCIIUTH TIO (hopmyrie

K,=(K+K,+K )/3.

Benunuuna K, nexut B npeaenax ot 0,05 no 1,0.
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Kaxk npaBuiio, ko duimeHT npodeccuoHaIbHON KOMIIETCHTHOCTH SKCIIEPTa YYUTHIBACTCS B BUIE MHO-
YKUTEJS IPU COOTBETCTBYIOIICH OIEHKE, T.€. KaK ObI CITY)KUT KOA(DPHUITMEHTOM 3HAYMMOCTH (BECOMOCTH)
MHEHHS JAHHOTO JKCIepTa (Hampumep, pH OIICHKE 3HAYCHUH BECOBOM (PyHKIIMH B MaTpUIAX YPOBHEH
MOTPEOUTEITLCKUX CBOWCTB M YACIBHBIX 3aTPaT).

B pabGore [8] creneHb KOMIIETEHTHOCTH XapaKTepu3yeT KO3(PPHUIIMEHT aBTOPHUTETA, MOJ KOTOPHIM
MOHUMAIOT YHCIIO, TOKA3bIBAIOIIEE, C KAKUM BECOM CJIEyeT BKJIIOYATh B CTATUCTHUECKYIO 00pabOTKy
KOJIMYECTBEHHbIE OLIEHKU JaHHOTO sKcnepTa. KoaddunmenT aBropurera BopakaeTcsi B HOPMUPOBAHHOU
dbopme, IpU AITOM MaKCUMaJIbHOMY aBTOPUTETY MPHUIHMCHIBAETCS KOAPQUIMEHT L = 1, a MeHee KomIie-
TEHTHBIE SKCIIEPTHI UMEIOT L £ 1, HEKOMIETEHTHBINA SKCIEPT TOHKEH MOIyduTh 1 = 0.

J11s1 BbIOOpA palimoHaibHOTO criocoba onpeaeneHus ko3hGUIueHToB aBTOPUTETA SKCIIEPTOB O PE3YIIb-
TaraM CaMOM AKCIIEPTU3bI B paboTe [8] mpemoxkeH moaxos mo GopMUPOBaHUIO 3TOTO KodhdHIreHTa.

1. KoadummeHT aBroputeTa A0/KEH Jexarh B npeaenax 0 — 1.

2. KoaddumueHT aBroputeTa 10/KEH OBITh MOHOTOHHOM (DYHKIIMEH Pa3HOCTH MEKy MHIUBUIYaTbHON
U CpeJHEeN OLEHKON MCCIEAYEMOr0 KPUTEPUS CUCTEMBI.

3. IIpu onrHAKOBOM pa3HOCTH MEXK Ty MHANBUAYATIBLHOM M CPEHEH OIICHKON KO3 PHUITUEHT aBTOPUTETA
JIOJKEH OBITh TEM MEHbIIIE, YeM MEHbIIIE JUCTIePCUsl YCPEAHEHHOTO 3HAYCHUSI KPUTEPHSL.

4. Ilpu coBnaJcHUU WHIWBHIYATbHOW M yCPETHEHHON OIEHKH KOA(DPHUIIMEHT aBTOPUTETA JOKEH
oOpaiuarecs B 1, T. €. IpUHUMaTh CBOE HAauOOJbIIEe 3HAUCHUE.

5. KoaddunmeHnt aBropurera JomKeH ONPEAesaThCs ¢ UCIIOIb30BaHMEM SKCIIEPTHBIX OLIEHOK HCClie-
JlyeMOT'0 KpUTEpHs 171l BCEX KOHKYPHUPYIOIIMX CUCTEM B JaHHOMU 3ajaue BbIOOpa.

OcobeHHOCTH MONOKEeHHS 3 U 5 moApOOHO MpeAcTaBiIeHbI B padore [8].

Hamu pa3paboran noaxo, KOTOpbIil mpeasiaraet uCnoiab30BaTh HH(GOpMAINIO 00 YPOBHSIX BO3MOXKHBIX
OIIMOOK IKCIIEPTOB M YUYUTHIBATH €€ MPHU IMOTYUSHUU CBOTHOM OIICHKHU I'PYIIIIBI OKCTIEpTOB [9]. YTOoOuHEHME
CPEIHero 3Ha4eHHUsI C KCTI0JIb30BaHUEM JOMOTHUTENbHBIX CBEACHUMN, 3aJI0KEHHBIX B aHAJIU3UPYEMOI BbI-
OOpKe JaHHBIX, MOYKHO BBITTOJIHUTH Ha 0cHOBE cxeMbl batieca [ 10]. ITogxon baiteca mmpoko ncnosnb3yeTcs
KaK MHCTPYMEHT T€OPHUH BEPOATHOCTH B Pa3IUYHbIX oOnactsax. [[ys monydeHus KOHCOIUIUPOBAHHOM
OILICHKH TPYMIIbI SKCIEPTOB MPEIaracTcsi METOA, YUUTHIBAIOUINI «PACCTOSHUS OLIEHOK SKCIEPTOB 10
arperupoBaHHON OLIEHKH, HA OCHOBE KOTOPBIX OLIEHKAaM IKCIIEPTOB MPUIMCHIBAIOTCS Pa3IMYHbIEC Beca.

Taxum oOpazom, JJIsl n KPUTEPUEB M IKCIIEPTOB UMEEM 7 X1 OLIEHOK, KOTOPbIE MOYKHO MPEACTaBUTh
B BUJIE MATPHIIbL:

1
X .. X

X=| (1)

rue xﬁ.’) — BEC KPUTEPUS j 10 MHEHHUIO JKCTIEPTA .

3areM IpOU3BOAUTCA pacyeT cpeHeapupMEeTHUECKUX 3HAYCHHUM OIICHOK ISl KayKJJOTO KPUTEPHUS:

p— 1 m —_— 1 m . 1 m . —_— [
4 4 4
D= =330 = =13, = D = ), 2)
mi— m = m -
e x\Y — cpenHsis OLeHKa [0 KPUTEPHIO /.

J
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JlanbHeliliee yTOUHEHUE MOJTYYEHHBIX 3HAU€HUN BECOBBIX KO3()(PUIIMEHTOB 3HAYMMOCTH KPUTEPUEB
OCHOBAHO Ha y4eTe pa3HOT0 yPOBHS MOTPEIIHOCTEH B OLIEHKAX Y Pa3IMUHBIX 3KCIIEPTOB, KOTOPhIE OYyIyT
YUHUTBIBAThCA MIPHU pacueTe KOHCOMUANPOBAHHBIX OIEHOK.

Brenewm cityvaitHyro BEIMYHMHY, YbH pPEaTU3aIMH PaBHBI OTKJIOHCHHSIM 3HAaYCHUH 3HAYMMOCTH KPHTE-
PHEB 3KCTIIEPTOB OT UCTUHHOTO 3HaYCHHS. Ba)KHO OTMETHUTB, YTO B TAHHOM CITy4ae B KA4YECTBE HCTHHHOTO
3HAYEHUS B3ATO cpeaHeapru(pMETHIECKOE 3HAYCHHUE IKCTICPTHBIX OIEHOK.

Torpa juist KaXKJI0ro SKCIEepTa UMEEM OLICHKY AUCIIEPCUU BBEICHHOW CITy4allHON BEJIMYUHBI:

o =—n1 ) =y (3)
p>

3areM MOJACYUTHIBAEM BECOBOM KOI(PPHUIIMEHT /ISl KaXKI0TO IKCIIEpTa:

- 1 I
W _
w _G(i)z/ D 02 )

i=1 O

BaxxHo 0TMETUTH, YTO B JAHHOM ClIy4ae MPUHUMAETCS MPEANOJIOKEHUE O CTOXaCTUYECKOM HE3aBUCH-
MOCTH OLIEHOK IKCIIEPTOB. DTO MPEAMNOI0KEHNE OCHOBAHO HAa TOM, YTO SKCIIEPTaM HE COOOILAOT OIICHKH,
BBICTABJICHHBIE WX KOJUJIETaMH, 4TO 00ecIieunBaeT HEe3aBUCUMOCTh OLEHOK JKCIIEPTOB KaK CIIy4alHbIX
BEJIMUMH.

[Tocne nmonmydeHnust BecoB (4) MOJCUUTHIBAIOTCS YTOUYHEHHBIE OLICHKH 3HAYUMOCTH KPUTEPHEB Kak
CpEIHEB3BEILICHHBIE OLICHKH C YY€TOM Pa3HOTO YPOBHS MOTPEIIHOCTEH OI[EHOK SKCIIEPTOB:

—_— m
> .
x§. ) = Zwi xg.l). (5)
i=1

B pesynbrare ams kaxaoro kpurepusi j Oyaer HailIeHO x§B ) KOTOPOE COOTBETCTBYET KOHCOIMAMPOBAH-

HOM OLIEHKE BCEX DKCIIEPTOB C YUETOM HHIMBUyaIbHBIX OTPEIIHOCTEH SKCIIEPTOB. ITO 3HAUYCHUE SIBIISI-
€TCsl CPEAHEB3BEIICHHBIM 3HAUEHUEM OLIEHOK HKCIIEPTOB C yUETOM UX SKCIEPTHON KOMIIETEHTHOCTH.

Enie onHo# HaeXHOM CXEMOM ONpeAesIeHHs] KOMITETEHIIMM KaX10T0 SKCIIEePTa, BEIPAKEHHOT'O B OIpeie-
JIEHUW BECOB UX OIICHOK, SIBJIICTCS OICHKA TUCIIEPCUI MOTPEIIHOCTEH OLIEHOK KCIIEPTOB B MPOIIJIOM.
Dra cxema MpUMEHHMa, €CJTM U3BECTHA MaTPHIIA ITPEIIIECTBYOIIMX OIICHOK YKCTIIEPTOB M PeaIN30BaHHbIE
3HAYEHUS TPOTHO3UPYEMON XapaKTEPUCTUKHU, KOTOPHIE MOYKHO MPEICTABUTh B BUE MATPHUIIBI

Xips Xigseos Xips 1

Xots Xogsoots X5, 1a,s
21> 422 2m> 722 | 6)

.oy seeyg  eeey  eeey ceey

X yts Xyasees Xy Yy

rae Xij — YHMCIIOBOE 3HAYEHUE OLCHKH J-TO SKCIIEPTA IIPH i-OM IIPOBEJIEHHUH OLIEHOK B IIPOIILIOM, Y; — pea-
JM30BaHHOE 3HAYE€HUE OLICHUBAEMOIl XapaKTEPUCTHKHU.
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Ha ocHOBE N3BE€CTHBIX 3HAYCHU 3JIEMEHTOB MaTpulbl (6) MOXHO OLICHUTH KOBAPHUALIMOHHYIO MAaTpHULly
OTHOCHUTCIIBHBIX II0T pCMHOCTeﬁ OLICHOK 2KCIIEPTOB, UCTIOJIb3Yd (pOpMYJ'ILI

1 Xy X'
cov( X, X, =—=) | =5 1| [ 21,0 =1,..,m. (7
I S I 7

B uwactHocTH, 1pH i = i’ popmyna (7) 1aeT AUCHEPCUN OTHOCUTENIBHBIX MOTPEIIHOCTEH OL[EHOK JKC-
IIEPTOB.

Torna onTumalpHas UTOroBasi OLIEHKA OLIEHUBAEMOM XapaKTEPUCTUKN COBOKYITHOCTBIO U3 M 3KCIIEPTOB
3aJ1a€TCsl PABEHCTBOM

 (k5'TY)
Xopt = m,

rae K}(l — 00parHas MaTpuLa K KOBAPUALMOHHON Marpule K OTHOCUTENBHBIX MOTPELIHOCTEN OLEHOK
skeneptoB ((i, 1) — snemenT 510l MaTpuibl paBeH kopapuamuu (7)), 1 =(1,1,...,1)T —m — mepHbIii BekTOD,
X=(X,.. X m)T — BEKTOP OObEIUHIEMBIX OLEHOK IKCIIEPTOB.

Jlucnepcusi OTHOCUTENFHOM MOTPEIIHOCTH ONTUMATBHOMN OLIEHKH (8) 3aaeTCsl paBEeHCTBOM

®)

2 _ 1
o™ (X,p) —(K}(lT.T)‘ )

OnTUMalbHOCTH OLIEHKH (8) 03HAYaeT, YTO TUCTIEPCUS OTHOCUTEIHHON MOTPEIIHOCTH OLIEHKH JIF000T0
U3 M 3KCIEePTOB OoJble guctepcuu (9).

Taxum 06pazoM, IpeIoKEHHBIE BBIIIE CXeMbl 00beTMHEHUS OIIEHOK HECKOJIbKHUX YKCIIEPTOB, 00Iaaast
ONTUMAIBFHBIMU CBOMCTBAMHU, 0OPAa3HO TOBOPS, “BBDKUMAIOT’ BCIO MH(OPMALIUIO U3 OIICHOK OTJEIbHBIX
SKCIIEPTOB U JAI0T CBOAHYIO 00BbEIMHUTEILHYIO OLIEHKY ¢ HAMMEHBIIEH IOIPEMHOCTRIO .

[Tpu onenke Texuuueckoro ypoHs CTC mepen skcriepTaMu CTaBsATCS BOMPOCHI PA3HOILIAHOBOTO Xa-
pakTepa (HampuMep, OLCHUTh 3HAYMMOCTh OIEHOYHBIX IMOKa3aTeNe TaKNX KaK, «TEXHUYECKUI», «TeX-
HOJIOTUYECKUI», «IKCILTYyaTAlUOHHBII, «IKOHOMHUYECKUI» U TP.), U MTOITOMY OBIBAET TPYAHO HANTH
CHEIHNANCTa, CHOCOOHOTO KOMIIETEHTHO pa3Ouparhes MO BCeMy CIEKTPY BOMPOCOB. B Takux ciydasx
B COCTaB AKCIEPTHOM rPyIIBl HEOOXOIMMO BKJIIOUATh HAPALY CO CHEIMAINCTAMU HIHPOKOTO Ipodus,
BBICOKOKBAJTM(UIIMPOBAHHBIX CIIEIIHAIMCTOB B y3KUX 001acTAX. YUCIIO TAKUX CHIEIIMAIMCTOB 3aBUCHUT OT
uX MpodecCHOHaTBLHOTO YPOBHS U PEIIAETCs, B YACTHOCTH, C TOMOIIIBbIO paBeHCTBa (9).

Jlist arperupoBaHys MHEHUH SKCIIEPTOB MPUHUMAETCS CPEIHETeOMETPUUYECKOE, BBIUUCISEMOE 0
CJIeIyIOLIEMY COOTHOIIEHHUIO [11]

A

_ 1 2 n
a; =Ra;a;...a;, (10)

rac a; — arpCrupoBaHHas OLICHKA 3JICMCHTA, IMPUHAAJICKAIast i-u CTPOKC I/Ij-My CTOJ'I6I_[y MaTpuIbl

MapHbIX CpaBHeHHﬁ; n — YUCJIO0 MAaTpull IMapHbIX CpaBHeHHﬁ, Kaxxaass U3 KOTOPBIX COCTaBJICHA OAHHUM
9KCIICPTOM.

1* ITpu 06beMHEHNH OLIEHOK HECKOJIBKHMX SKCTIEPTOB YaCTO OPMEHTUPYIOTCS HA yTBEPIKIEHHE, YTO KOJTHIECTBO SKCIIEPTOB
JIOJDKHO OBITh JOCTAaTOYHO O0nbIIuM. [IprBeICHHBIE BBIIIE CXEMBI ITOKA3bIBAIOT, YTO YaCTO JOCTATOYHO OLIEHKH JIUIIb OJHOTO
BBICOKOKBATH()UIIMPOBAHHOTO KCIIEPTA, YTOOBI OTPEITHOCTD OLICHKH ObliIa HIDKE MPUEMIIEMOTO YPOBHS
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Jlornunoctb kputepus (10) cTaHOBUTCS OYEBHUIHOM, €CITH 1Ba PAaBHOLIEHHBIX SKCIIEPTA YKa3bIBAIOT IIPU
CpPaBHEHUU OOBEKTOB COOTBETCTBEHHO OLIEHKU @ U [/a, 4TO MPU BBIUKCICHUH arperupOBaHHON OLEHKU
JlaeT eMHUILY ¥ CBUIETEIbCTBYET 00 SKBUBAJICHTHOCTH CPAaBHUBAEMBIX OOBEKTOB.

BbiBOAbI

Ha ocHoBe nmpoBeZieHHBIX aHAIUTUYECKUX UCCIENOBAHUMN 1O MpolsieMe OLEHKHU TOYHOCTH U HAJeXK-
HOCTH 3KCIIEPTHBIX OLICHOK IMPH OolleHKe TexHuueckoro ypoBusa CTC:

1. [Ipennoxen nmopsaI0k GOpMUPOBAHUS TPYIIIILI SKCIIEPTOB U TPEOOBAHUS K SKCIIEPTaM.

2. OmnpeneneH ¢ A0CTaTOYHOM AJisl MPAKTHUECKUX PAcueTOB COCTaB SKCIIEPTHOM TPYIIIbI C YHUCIOM
JKCIIEpPTOB, paBHBIM He MeHee 10-12 npu noepurensHOM BepositHocTH 0,8.

3. PaccMoTpeHbl MOAXOABI ¥ MPEUIOKEHbBI BAPUAHTHI OIIPEAeIeHNs KOAPPUIIMEeHTa KOMIETEHTHOCTH
AKCIEpPTa, KOTOPBIM YUUTHIBAET (DaKTOpbl HAy4YHOH KBalu(UKaLlMU, apryMEHTallud MHEHUS SKCIIepTa U
€r0 3HaKOMCTBO C OIIEHUBAEMOM MPOOIEMOii.

4. IlpennoxkeH METONUYECKUI MOAXO K OLEHKE BO3MOXKHBIX OLIMOOK IKCHEPTOB MPH MOIYyYEHUU
CBOJIHOM OLICHKH I'PYIIIBI KCIIEPTOB.
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Functional reliability. The theory and practice

Kryanev A.V., Semenov S.S.

ON THE ISSUE OF QUALITY AND RELIABILITY OF EXPERT
JUDGMENTS IN DETERMINING THE ENGINEERING LEVEL
OF COMPLEX SYSTEMS

This paper has shown the topicality of using a method of expert judgments for developing complex tech-
nical systems (CTS). And in reference with this, the paper has considered the issues of judgments of a
required number of experts in conducting peer reviews, their expert knowledge, data on the minimum size
of an expert group and methodical approach to determine the level of possible errors of experts to provide
Jjudgment of an expert group, including expert assessments on the basis of past knowledge, as well as
the possibility of an aggregate consideration of opinions of individual experts involved in the assessment
of a case study.

Keywords: complex technical systems, method of expert judgments, accuracy of an expert judgment,
expert knowledge, number of experts as part of a group, weight factor, dispersion of expert judgment
errors.

The topicality of expert judgment method

Expert judgment methods based on the expertise and experiences in carrying out research and
development (R&D), study of information on scientific and technical literature, periodicals and pat-
ents in a specific area combined with modern mathematical methods of knowledge are an important
tool for determining general progress trends, parameters, and technical level of complex technical
systems (CTS) [1,2].

Generally, the method of expert judgments is used in the study of entities and problems, the analy-
sis of which is either fully or partially cannot be formalized, i.e. where it is difficult to develop an
adequate model. A procedure for conducting expert judgment methods is comprehensively enough
described in scientific literature, for example in [1], with the consideration of the issues related to
forming expert groups, expert knowledge, forms of work with experts, and the formation of ques-
tionnaires and tables of expert examinations, and analysis and expert judgments’ processing, also
with coordination of opinions of individual experts taken into account. The determinative factors
in conducting expert judgments defining the judgment reliability and its accuracy is the selection
of experts and their expertise.
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Judgment accuracy and the number of experts

It is very important to define the appropriate numerical composition of an expert team. With an insuf-
ficient number of experts, the results of their work will not be reliable. A large team of qualified experts
is difficult to form and organize its work.

The method of CTS technical level assessment has been developed with participation of experts, the
main provisions of which are given in [3-5]. In this case, for the assessment of CTS technical level, experts
are usually involved to generate indicators and to define the weight (importance) of estimated figures and
ranks of objects under study. An important factor for a researcher is reasonable selection of experts.

To form an expert working team is the important stage in the process of expert judgment, and it is
necessary, in case of need to allocate sub-teams of experts in a particular area, and the number of experts
in the team.

Selection of expert working teams is carried out in the following succession:

1. A list of questions that need an expert opinion is prepared.

2. A list of experts who together can provide answers for the whole set of questions is formed.

3. A list of questions is sent to each expert, in order to find out whether he can or cannot competently
participate in the examination of the question under consideration.

4. Next, it is necessary to determine spending of time and resources that could give an answer for each
question, with a minimum of time and resources to carry out the survey.

The expert must meet the following requirements:

- expert judgments should be stable over time during the time of examination;

- the expert should be qualified in a given field of knowledge, i.e. he should be a respected authority in
field of the development of new products of this type when evaluating the technical level of CTS.

It is advisable to involve in expert judgments such experts, whose judgments consistently differ from
true assessments by downward bias or upward bias, i.e. the error is of systematic nature. In this case, you
can identify a bias and make corrections for it.

In the binomial model of choice, the larger is the sample size, the more accurate is the estimation of
a characteristic. It is believed that a minimum of sample sizes commonly used in marketing research
makes up 100. [6] As the cost of research grows as the linear function of a sample size, and the accuracy
increases as the square root of this size, then the upper limit of the sample size is also selected based on
economic considerations.

The number of experts should be large enough, so that individual opinions should not be unduly sig-
nificant. However, the sudden increase in the number in the group reduces their level of competence,
which can significantly reduce the accuracy of expert judgment.

For the calculation of the number of experts, a well known ratio can be used, which is applied to cal-
culate the error of observations [7]

N=t7%/¢/?
P

where N is the number of experts in the team,

g, = ¢ /S 1s the relative error margin of expert judgment,

S is a root-mean-square deviation of the distribution of assessments ratings of any quantity,

t 1is Student’s coefficient, which determines the width of the confidence interval and the dependence on
the probability estimates P (tp is a tabulated value).
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The minimum acceptable number of experts in the team N (Table 1) can be determined depending on

the specified accuracy of expert judgment and selected probability estimates.

Table 1. The minimum acceptable number of experts in the team

Probability estimates P

€

! 0,99 0,95 0,90 0,85 0,80 0,75 0,70 0,65
0,5 26 15 11 8 7 5 4 4
0,3 74 43 31 23 19 15 12 10

It is empirically established that the number of experts of 13-15 persons can be considered as a suf-
ficiently representative group for examination of CTS.

Proof of this is the dependence of the accuracy and reliability of the assessment of the event occurrence
term with a number of experts in the team N (Fig. 1).
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Fig. 1. Relationship of accuracy and reliability of results’ assessment of the event occurrence term
with a number of experts in the team N

Definition of an acceptable quantity of an expert team

In connection with mentioned above, it is of interest to give an example presented in [1]. Suppose that
there are 100 professionals on the matter under discussion. Due to the organizational difficulties, we can
create a team of experts consisting of 50 persons. For simplicity of calculation, we assume that an expert
is such a professional, who has experience on the subject of at least 10 years. Then the original problem
is formulated as follows: it is necessary to determine the 50-percent sample of 100 professionals with a
number of experts with experience of at least 10 years with the probability of 0.9545.

Suppose that the proportion of professionals with experience of 10 years and more, from some a priori
specified hypotheses is equal to 0.6 and professionals with experience less than 10 years respectively is
equal to 0.4. Representativeness error can be calculated in accordance with the theorem of Bernoulli by
the following formula

M=t |
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where M _ is the error of representativeness;
t is the confidence factor;
r is the portion of sample units with the presence of the given criterion (in this example r = 0,6);
g is the portion of sample units with no given criterion (g = 0,4). At the specified probability P =0.9545,
coefficient = 2.
Then

0,6:0,4

g 50

Thus, in the original team of professionals the part of experts with experience not less than 10 years is
0,6 = 0,138, or it will be within the limits from 46.2 to 73.8%.

Practice of prediction tends to the minimally possible number of experts in the team. Reducing the
number of experts lower than a certain limit is equivalent to decrease the accuracy of a sample. In such
a situation, the problem of establishing the quantity number of an expert team with defined values of
decreasing the accuracy of a sample arises. Let a sample reduction of 10% in the previous example be
given, which makes up 0.0138 of the calculated error of representativeness. Then the resulting error will
make up A == (0,138 +0,0138) =+ 0,1518.

The sample size is calculated by the formula

ng=Frg)/ A2g= (4-0,6-0,4)/0,0225 = 36 experts.

Thus, in a team of 100 professionals there are 36 experts with probability P = 0.9545. As a result of
studies to determine the quantity of an expert team, given in [8], the dependence of B /o = f (k) (B is
variation, o is the width of confidence interval, k is the number of experts) for the selected confidence
probability p (Fig. 2) has been obtained.
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Fig. 2. The diagram for determining the quantity of experts k& in terms of the ratio 8 /o

Suppose that we want to create a team of experts to evaluate the technical level of CTS, and it is de-
sirable that the confidence interval of expert judgment of a non-metric criterion with the probability 0.8
was no more than + 10% of its average value. Based on previous experience, it is known that those to
be included into the team of professionals in problems of this kind gave the value of B, which does not
exceed 0.25.
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Thus, as input data we have: a = 0,1; = 0,25, i.e. B /o = 2,5; p = 1. For these initial data, from the
graph (Fig. 2) we find £ = 12.

Thus, we conclude that the best solution will be to organize an expert team consisting of 10-12 persons.
In this case, it is assumed that all the experts are familiar with the assigned problem and ready to answer
all raised questions. However, sometimes when assessing the technical level of CTS, questions raised
for experts have a so varied nature (e.g., technical, operational, economic, etc.), that it is difficult to find
a professional, who is able to deal adequately with the total spectrum of issues. In such cases, the expert
team should involve along with experts on all issues (limited number) experts in a narrow field who can
only answer certain questions. As a result, a full team of experts is formed. But the question arises whether
the assessment obtained by the given expert staff is reliable? Indeed, in this case, the expert quality does
not apply to the entire set of questions posed to experts.

Competence of experts

Assessment of experts’ competence is not less important than the determination of the minimum
quantity of an expert team. Obviously, depending on the nature and type of products the coefficient of
competence of the same expert may vary from zero (completely incompetent) to one (the highest value
of the weighting factor).

It should be noted that at present the objective methods of assessment of experts are difficult to real-
ize practically, and sufficiently subjective methods such as self-appraisal, mutual appraisal and appraisal
based on documents of qualification are mainly used.

In the first approximation, we can evaluate the quality of an expert, using a formal approach to the as-
sessment of his professional competence. [7] First, professional competence is determined by the level
of academic qualifications of an expert K which can be appraised approximately from Table 2.

Secondly, the competence of an expert is determined by the structure of arguments, which served as
the basis for appraisal of his reasoning factor (factor K,), and the degree of his knowledge of a problem
under study (factor K).

Factor of argumentation K, can be obtained, in particular, by adding the appropriate numerical values
in the table (Table 3) marked by an expert as self-appraisal procedure (the list of sources of reasoning is
given in the questionnaire).

Table 2. Approximate level of scientific qualifications of an expert

Qualification factor values K¢

Position Without Doctor of |Corresponding member,
PhD i . -
a degree engineering Academician
Senior researcher 0,15 0,225 0,30 0,50
Head of Labpratory, team leader, 0.20 0.30 0.40 0.60
associate professor
Head of department, Deputy head
of department, head of a chair 0,25 0,375 0,50 0,75
Head of a complex, Deputy head 0.30 0.60 0.60 0.90
of a complex
Director, Deputy director, Problem 0,40 0.60 0.80 1,00

research manager
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Table 3. Appraisal of expert opinion reasoning

) The degree of source influence

Sources of reasoning -
high average low
Field experience 0,40 0,30 0,20
Conducted theoretical analysis 0,20 0,15 0,10
Accounting trends identified at recent conferences 0.10 0.10 0,05

and workshops

Generalization of the works of local authors 0,10 0,05 0,05
Generalization of the works of foreign authors 0,05 0,05 0,05
Personal knowledge of the state of affairs abroad 0,05 0,05 0,05
Intuition 0,05 0,05 0,05
Reasoning factor K, 1,00 0,80 0,50

It should be noted that the numerical judgments in Table 3 are approximate, but it is important to em-
phasize that the total reasoning factor K, should not exceed 1. The degree of influence on an expert opinion
of all the listed sources of reasoning (K, = 1 —high, K, = 0.8 —average, K, = 0.5 —low) is determined, as
already noted, by an expert himself.

The degree of expert knowledge of a problem is appraised similarly. In the questionnaire, an expert fills
in score of self-appraisal (e.g., from 1 to 10), and the maximum score (10) corresponds to the knowledge
at the level of authorship (co-author) in development of specific approaches to the problem solution, and
the minimum score (0) is a complete lack of problem knowledge. Next, the normalization of the scoring
is carried out, i.e. by multiplication by 0.1 the factor K, is brought within the range from 0 to 1.

Versatility indicator of competency of the i-th expert can be calculated under the following formula

K,=(K.+K,*K )/3.

The value K;is in the range from 0.05 to 1.0.

Typically, the factor of professional competence of an expert is taken into account as a multiplier in
appropriate assessment, i.e. as it serves as a factor of importance (weight) of a given expert opinion (for
example, in assessing values of the weight function in the matrices of levels of consumer properties and
total costs).

In [8] the degree of competence defines the credibility factor, which means the number that shows what
weight should be included into the statistical analysis of the quantitative evaluation of a given expert. The
credibility factor is expressed in normalized form, and factor coefficient p = 1 is attributed to maximum
credibility, and less competent experts have p £ 1, incompetent expert should get u = 0.

In order to select a reasonable method for determining the credibility factors of experts according to
the results of the expertise itself, the study [8] offers the approach to the formation of this factor.

1. The credibility factor should be in the range 0-1.

2. The credibility factor should be a monotonic function of the difference between the individual and
the average assessment of the system criteria under study.

3. For the same difference between the individual and the average assessment the credibility factor
shall be the smaller, the smaller is the variance of the averaged value of criterion.
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4. At the concurrency of the individual and the averaged assessment the credibility factor should turn
into 1, that is, possess its maximum value.

5. The credibility factor should be determined using expert judgments of criterion under study for all
the competing systems in a given problem of choice.

Peculiarities of propositions 3 and 5 are presented in detail in study [8].

We have developed an approach that offers to use the information about the levels of potential errors
of experts and takes into account this information in obtaining an aggregate assessment of an expert team
[9]. Refinement of the average value with additional information embedded in the analyzed sample of
data can be done based on the Bayesian scheme [10]. The Bayesian approach is widely used as a tool of
the theory of probability in various fields. To get a consolidated judgment of an expert team, the method
is offered that takes into account the “distances” of experts’ judgments to the aggregate one based on
which the experts are assigned different weights.

Thus, for n criteria and m experts we have m x n judgments, which can be represented as a matrix:

X Xy
X=|... ... .| (1)
xp' X,

where xﬁ-" ) is the weight of the criterion j according to the opinion of the expert i.
Then we calculate the arithmetical mean of judgment values for each criterion

j— 1 m - 1 m X 1 m . —_— [
4 A A
x4 :—Zx(’) z—[le(’),...,—Zx,S’)] = (xl( ),...,x,(Z ), (2)
mi- M= mi—
where xﬁ-A) is the average value by criterion ;.

Further refinement of the obtained values of weight factors of criteria significance are based on con-
sideration of different level of errors in judgments of different experts, which will be considered in the
calculation of the consolidated judgments.

We shall introduce the random variable whose realizations are equal to deviations of the significance
of experts’ criteria from the true value. It is important to note that in this case, arithmetical mean value
of experts’ judgments is taken as true value.

Then, for every expert we have the estimate of variance of the introduced random variable:

) 1 & .
G(’)Z:—n lz(xj.’)—xj.A))z. 3)
—145

Then we shall calculate the weight factor for each expert:

: 1 LN |
@ _
w = —o2 / E o 4)

i=1 O
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It is important to note that in this case we take the assumption of stochastic independence of
experts’ judgments. This assumption is based on the fact that experts do not report scores given
to their colleagues, which provides independent experts’ judgments as random variables.

After obtaining weight factors (4) it is necessary to calculate the refined judgments of crite-
ria significance as weighted averages taking into account different levels of expert judgments’
errors:

_— m
x}B) = Zwi xﬁ-’). (5)
i=1

As a result, for each criterion j the value xE.B ) will be found, which corresponds to the consolidated
judgments of all experts in view of individual errors of experts. This value is the weighted average value
of experts’ judgments based on their expert competence.

Another reliable scheme for determining the competence of each expert expressed in the definition
of weights of their judgments is the estimation of errors variance of experts’ judgments in the past. This
scheme is applicable if the matrix of experts’ judgments is known, and implemented values of the pre-
dicted characteristic are also known and they can be represented as a matrix

Xll’ Xl2"' X Yl’

* 1m>
Xops Xpgsevs Xops 1o,

2m> , (6)

ceey seeg  eeey  eeey ceey

XNlﬁXN29"'9XNm’YN’

where X is the numerical value of the judgment of the j-th expert in the i-th judgment carried out in the
past, Y, is the implemented value of the characteristic under judgment.

Based on the known values of the matrix elements (6), it is possible to estimate a covariance matrix of
relative errors of experts’ judgments, using the following formula

1

X,
cov(X,, X, ") = N Zl]cvzl .

el
Y,

in'
Y,

—1},i,i':1,...,m. (7)

In particular, for i = i’ the formula (7) gives variances of relative errors of experts’ judgments.
Then the optimal final assessment of the characteristic under experts’ judgments with the aggregate of
m experts is given by the following equality

v (k5'1.X)

" kT ®

>

>
—|

where K}(1 is the inverse of the covariance matrix Ky of the relative errors of experts’ judgments
((1,1 ) is an element of this matrix is equal to the covariance (7)), 1=(1,1,...,1)T —m s the N-dimensional
vector, X = (X,,...,X m)T is the vector of consolidated experts’ judgments.
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The variance of the relative error of the optimal estimate (8) is given by the following equality

%. 9)

2 _
° (XOPt)_(K;( 1.1)

Optimality of estimate (8) indicates that the variance of relative error of judgment of any of m experts
is more than the variance (9).

Thus, the proposed scheme of consolidating judgments of several experts, having optimal properties,
figuratively speaking, “squeeze” all the information from judgments of individual experts and provide a
summary unifying judgment with the least error!.

In assessing the technical level of CTS, diverse questions are raised for experts (for example, to as-
sess the significance of estimated figures such as “technical”, “technological”, “operating”, “economic”,
etc.), and therefore it is difficult to find an expert who is able to understand competently all issues. In
such cases, the expert team should include along with a broad specialists, highly qualified professionals
in narrow fields. The number of such professionals is determined by their level of professionalism and
solved with help of equality (9).

The geometric mean value is taken for aggregation of expert opinions calculated by the following

equation [11]

A_ 1 2 n
a; =Xaya;..a;, (10)

where al;.l is the aggregate judgment of the elements belonging to the i-th row and j-th column of the
matrix of pairwise comparisons; 7 is the number of matrix of pairwise comparisons, each of which is
drawn up by one expert.

The consistency of criterion (10) becomes apparent when two equivalent experts indicate @ and //a
respectively when comparing objects, and in calculating the aggregate judgment it gives 1 and testifies

to the equivalence of compared objects.

Conclusions

Based on the carried out analytical studies on the problem of assessing the accuracy and reliability of
experts’ judgments in the evaluation of technical level of CTS:

1. The procedure for the formation of an expert team and the requirements to experts has been of-
fered.

2. As sufficient for practical calculations, composition of an expert team with a number of expert equal
to not less than 10-12 persons at the confidence level of 0.8 has been defined.

3. The approaches and alternatives to determine the competence factor of an expert, which takes into
account factors of scientific skills, reasoning of expert opinion and knowledge of the estimated problem
have been considered.

4. The methodical approach to the evaluation of possible errors of experts in obtaining consolidated
judgment of experts has been offered.

' When combining assessments of several experts it is often orientated by the statement that the number of experts should
be large enough. The above presented schemes show that it is often sufficient to have the judgment of only one highly quali-
fied expert, in order that the estimation error should be below the acceptable level.
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dyHKUMOHaNbHaA HagAEeXHOCTb. Teopusa U NpakTuKa

MapoH A.A.

METOO NOCTPOEHUSA AJITOPUTMOB NMOUCKA
HEUCNPABHOCTEN B CUCTEMAX )XEJIESHOAOPOXXHOMU
ABTOMATUKU

lMpennoxeH MeToa rNOCTPOEHUS ONTUMAaJIbHBIX ajirOPUTMOB MOMCKa HEeUCNPaBHOCTE A1 CUCTEM, MoTepu
OT 0TKa30B KOTOPbIX HapacTalT 3KCMOHEHLNAIbHO C YBEe/IMYeHNEeM BPEeMEHW BOCCTaHOB/IeHUs. Takas cu-
Tyauusi xapaktepHa A1 CUCTEM XeJs1e3HOLOPOXHOVM aBTOMAaTUKM.

KniouyeBble cnosa: aJiropnuTtM rioncka Hel/lCI'lpaBHOCTerI, cncTemMsbl )KGHGSHO,QOPO)KHOIZ aBTomMatuvikuv, rio-
Tepun OT OTKa308B.

1. BBepeHue

Texunueckoe 00CTY)KMBAaHHE CUCTEM JKEJIE3HOIOPO)KHOW aBTOMATHKU BKIIIOYACT B ce0sl ONEpaTUBHOE
BOCCTaHOBJIEHHE NP 0TKa3ax. O0s13aTeIbHBIM 3TAIIOM IIPOLIECCa ONIEPATUBHOTO BOCCTAHOBIICHHS SBIISIETCS
MOMCK HEUCIIPABHOCTH, JUIUTEIHHOCTH KOTOPOT'O BO MHOTOM OTIPEIEIISIET Pa3Mep MOTeph OT 0TKa3a. Bpems
TIOWCKA U BIUSHUE «UEIIOBEYECKOTO (haKTOPa» MOYKHO CYIIECTBEHHO CHU3UTH, IPUMEHSIS JUTS BAXKHEHIITNX
CHCTEM 3apaHee pPa3pabOoTaHHBIC ONTUMAIILHBIC aJITOPUTMBI MIOMCKA HEUCIIPABHOCTEH, KOTOPhIe 00BIYHO
oopMIISIFOTCS B BUJIE MHCTPYKIWIA. VI3BeCTHBIC B HACTOSIIIIEE BPEMSI METOIBI IIOCTPOCHHS TAKUX aJITOPUT-
MOB IIPEIIOIAratoT, YTO KPUTEPUEM ONITUMATBLHOCTH SIBJISIETCS CPEAHEE BpeMsi ITOMCKa HeucrpaBHOCTH [ 1].
Bwmecre ¢ Tem, /it MHOTUX OTBETCTBEHHBIX CUCTEM aBTOMATHUKHU ITOTEPH IMPHU OTKA3€ HE CBSI3aHbI TMHEWHO CO
BPEMEHEM MX BOCCTAHOBIICHHS, @ HAPACTAIOT 3HAYUTEIHHO ObICTpee. Tak, Mpu 0TKa3e CUCTEMBI aBTOOJIOKH-
POBKH Ha y4aCTKE C MHTCHCUBHBIM JIBKECHHEM TOE3/I0B CYMMapHOE BpeMsi 3aJIEP>KKH TT0€3/10B BO3pacTaeT
AKCMOHEHIIMAIBHO C YBEIMUEHUEM BPEMEHHU BOoCCTaHOBIEeHUs [2]. B manHOM paboTe BriepBbie MPEIIOKEH
METOJI MOCTPOEHUS ONITUMAJIFHOTO AJITOPUTMA MTOMCKA HEUCIIPABHOCTEH JIJISl TAKUX CUCTEM.

2. NMNocTaHoBKa 3apa4m U MeTop, peLueHus

He ymenb1ast 0OOLIHOCTH pe3yiIbTaToB, Il IPOCTOTHI M3JI0KEHUS CHOPMYIUPYEM 33/1a9y CIISTYIOIUIM
obpazom. Cuctema, sBISIONIasACcS 00bEKTOM MOMCKA HEUCTIPAaBHOCTEH, MpecTaBiIeHa (yHKIMOHATBHON
MOJIETIBIO U3 N OJ0KOB, ¢ HOMepamu oT 1 10 n. OauH U3 OJIOKOB ABISETCS BBIXOAHBIM. EMy npucBoex
nomep n. ITposepka I1¥ curnana na suixoze 6moka k (k = 1, 2,...,n) UMeeT NONOKUTENLHBIN Pe3yIbTaT
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T*,, TOIJa ¥ TOIBKO TOIZA, KOIa OH MCIPAaBEH M MCIIPABHBI BCe OJIOKM eMy IpeamecTByromue. B npo-
THBHOM CIty4ae npoBepka I1¥ Gysier nMeTh OTpHLaTebHbII Pesy/IbTaT T, 03HAYAIOLINH, 4TO THGO GI0K
k HemcrpaBeH, MO0 HEHCIPABEH OXMH M3 GIOKOB eMy MpeiuecTByomtiii. IIposepka I BbimonHeHa.
ITomyueH oTpuLaTeabHBINA PE3YJIBTAT, O3HAYAIOLINI OTKa3 CUCTEMBI BBUy HEUCIIPABHOCTU OJHOTO U3
61okoB. BepositHocTh HencnpaBHOCTH Gi10Ka i paBHa p,. Bpemst nposepku I1¥ pasuo t,. ITouck Hewc-
IIPaBHOCTHU OyJIET OCYLIECTBIATHCA 10 pa3pab0TaHHOMY YCIIOBHOMY aITOPUTMY A, B KOTOPOM OYepeaHast
IIPOBEpPKa BBIOMpAETCs B 3aBUCUMOCTH OT pe3yJibTara mpeaslayiiei. B aTom anropurme kaxaomy 010Ky
1 COOTBETCTBYET CBOE BpEMsl IOMCKa €ro HeucnpaBHOCTH—T, (A). OHO paBHO CyMMe BPEMEH IIPOBEPOK,
KOTOpBIE MPUAETCS AJIS 3TOTO BBIIIOJHUTH B COOTBETCTBUU € anroputmoM A. Ilorepu ot npocros cucte-
MBI CBSI3aHbI DKCIIOHEHLIMAJIBHO CO BPEMEHEM €€ BOCCTAaHOBJIEHUS. byneM cuuTarb, 4TO BpeMsl 3aMEHBI
HEHCIIPaBHOIo 0JI0Ka HAMHOTO MEHbILIE BPEMEHH IOMCKa HEUCIIpaBHOCTHU. Torna MOXHO 3alKcaTh, YTO
NOTEpHU IpU OTKa3e OJI0Ka 1 ¥ MPUHATOM aJroOpUTME MOMCKA HEUCIPaBHOCTEN A OyIyT paBHBI

L,(A) = exp(r*T; (A)),

7€ I — YUCI0BOM KO3(1)(I)I/II_[I/ICHT, BCJIMYMHA KOTOPOTO AJIst CUCTEM aBTO6J'IOKI/IpOBKI/I 3aBHUCUT OT UHTCHCHB-
HOCTHU ABHUKXCHUA MOC3M0B HA YUACTKEC.

Cpennue notepu oT oTkaza cucteMsl — L(A) mpu 3aJaHHOM aJIrOpuTMe A MPeICTaBIAIOT COO0H CyMMy
10 i, 0T 1 10 n, mMpou3sBeeHUi BEPOATHOCTEH P, Ha L,(A).
TpelGyeTcst MOCTPOUTH aIropuT™M A” , IPH KOTOPOM CPETHHE MOTEPU OT OTKA3a CUCTEMbI MUHAMAJIbHBI.

Ve npu n = 10-20 KOJIMYECTBO PA3NUYHBIX AJTOPUTMOB ITOMCKA HEUCIIPABHOCTEN, KOTOPHIE MOXKHO
MOCTPOUTH JIaXke Il paccMaTpUBaeMOM MPOCTeiIell TONoJ0oruu cucTeMsl, orpomHo. Haiitu cpenun
HUX ONTHUMAJIbHBINA AJITOPUTM METO/IOM IOJIHOTO Iiepedopa MpakTHYeCcKu HEBO3MOXKHO. Huke npesyia-
raeTcsi MeToJi, KOTOPbIil M03BOJIIET IPEO10JIETh Oaphep Pa3MEPHOCTH U PEAIbHO MOCTPOUTH HCKOMBIN
aJTOPUTM.

Bynem paccmarpuBath NOMCK HEMCIPABHOCTEH KaK MPOLECC YIPABICHUS ABI)KEHUEM cucTeMbl. E&
HaJI0 IEPEBECTU U3 HAYaJIbHOT'O COCTOSIHUS, KOTJIa BOBMOKHBIMU SIBJISIIOTCS BCE N HEUCIIPABHOCTEMH, B
OJTHO M3 KOHEUHBIX COCTOSIHUM, KOIJ1a HEUCTIPABHbBIN OJIOK TOYHO ompeaenéH. Unciio TakuX KOHEUHBIX
COCTOSIHMM n. Bce mpouune cocTosiHUs MpoMexxyTouHble. KaxkioMy cOCTOSIHUIO COOTBETCTBYET He-
KOTOPOE MOJIMHOXKECTBO OJIOKOB CUCTEMBI, C TOUHOCTBIO /10 KOTOPHIX B XOZI€ BBHIIIOJIHEHUS IPOBEPOK
JIOKaJIU30BaH HEHCHpaBHBIM O10K. Hampumep, eciu uist cUCTEMBbI, IPEACTaBICHHON Ha pUCYHKe 1,
BBITIOJHUTEL MPoBepKy I1!, TO mpu €& oTpuuaTENLHOM pe3yibTaTe cucTeMa NEPENIET B COCTOSHUE
S(2,3,4). Kaxaomy COCTOSIHUIO COOTBETCTBYET OMpPEAIEHHOE KOTUYECTBO OJIOKOB CUCTEMHI ||S||, ¢
TOYHOCTBIO JI0 KOTOPBIX B XOJI€ BBIITOJIHEHHS IPOBEPOK JIOKAIM30BaH HEUCIPaBHbIN O10K. B nanb-
HeHlIIeM 3Ty BeIU4YuHy OyleM Ha3blBaTh YPOBHEM JIOKaln3aluu HeucnpaBHocTH. Tak pis S(2,3,4)
umeeM ||S|| = 3. KaxxnoMy HEKOHEYHOMY COCTOSIHMIO S COOTBETCTBYET ONpeAeIEHHOE MHOXKECTBO
nposepok I1(S), koTopbsle MOXKHO BBIIOIHUTH [ JajdbHEHIIeH ToKanu3alul HEMCIIPaBHOCTHU. Tak
s S(2,3,4) oro nposepku 12 u I13. B pe3ynbrare BBINONHEHHS B COCTOSHUU S mposepku 11X, Bxo-
namei B I1(S), cucrema nepedn€r B cocroanue S(n*,), eciau OyaeT MOIydeH pe3ylbTar m*, , UK
S(n*,) , npu pesymprare T~

ABTOpPOM JJ0Ka3aHO, YTO MUHMMAJIbHbIE CPETHUE IOTEPH OT OTKa3a CUCTEMbI MO’KHO HAlTH C TOMOLIbIO
PEKYPPEHTHOTO COOTHOIIECHUS

L" (S) =min L (S,IT¥) = min {exp(r*t,)*[ L" (S(7*,)) +L" (S(n* )1} (1)
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MunumyM B cootHomenuu (1) 6epércs mo Beem nposepkam 11X, Bxonsmeii B TI(S). Pacuérsr nommxk-
HbI OBITH MPOBEJICHBI TOCIIEA0BATEIBHO JJIS BCEX BO3MOXKHBIX COCTOSHUM S, HAYMHAA C T€X, Y KOTOPbIX
|IS]| = 2, n 3axkaHuMBast Ha4YaJIbHBIM COCTOsIHUEM, Tae ||S|| = n. [Ipu 3TOM 111 KOHEYHBIX COCTOSHUM, Yy

p— * p—
KoTOphIX ||S|[=1 cnenyer cuntars, uto L™ (S) = p..

MeTtoa mocTpoeHus: ONTUMAIBHOTO aNTOPUTMa OYJIET COCTOATDH U3 CIEIYIOIINX ITAIMOB.

1) 1511 Bcex BO3MOXKHBIX COCTOSIHUM S, HAYMHAS C T€X, Y KOTOPBIX YPOBEHbB JIOKAIU3aU1 HEUCIIPAaBHOCTU
paBeH ABYM, U 3aKaHYMBasi KOHEYHBIM COCTOSTHUEM, BBIYUCIIHUTD C TOMOIIBLI0 COOTHOMIIEHUS (1) Benmnanny
L*(S). 3nauenue, HalileHHOE LISl KOHEYHOTO COCTOSHMS, TIPEACTABIAET COO0M MUHMMAIILHBIE IIOTEPH OT
OTKa3a CUCTEMBL. 3alOMHHUTH 3TH 3HAYEHHsI U HOMepa IPOBEPOK K, IpK KOTOPBIX OHM MOTyYEHEL.

2) IlocnenoBarenbHO, HAUMHAS C HAYAIBHOTO COCTOSIHUS, BBITIOJIHUTS clieyronue neictus. [Iposepky,
3a()MKCUPOBAHHYIO Ha IIEPBOM 3TaIe, IPUHATH B KaU€CTBE MEPBON MPOBEPKHU HCKOMOTO ONTUMAILHOTO
aJIrOpuTMa IoMcKa HeucnpaBHocTel. ONpenenuTb COCTOSHNUS, BOSHUKAIOIINE IPU €€ OTPULIATEIBHOM U
IIOJIOKUTENIBHOM pe3yibrarax. [IpoBepky, HaliIeHHbBIE HAa IEPBOM JTalle JUIsl 3TUX COCTOSHUMN, IPUHATH
B KaQUECTBE CIEAYIOLUX IIPU COOTBETCTBYIOIIEM PE3YJIbTaTe Ipeablay1ei posepku. [Iponomkars npo-
IeCC 10 TeX IOp, NOKa He OyIyT JOCTUTHYTHI BCE KOHEUHBbIE COCTOsIHUA. B pesynbrare OyneT noinydeH
VICKOMBIH anroputm A",

JIns miumroctpauyu npuBeaEM NPOCTOU IPUMED.

Ha pucynke | npuBeneHa cuctema u3 4eThIpE€X ONOKOB. BeposATHOCTH HeMCHpaBHOCTEN 3amucaHbl
Haj OJIOKaMH, a JUIMTENIbHOCTU MIPOBEPOK B MUHYTAX YKa3aHbI HaJl COOTBETCTBYIOLIMMH UM BBIXOAAMU
6nokoB. Koagpunuent r=0,25. B Tabnuue 1 npuBeneHb! BO3MOXKHBIE COCTOSIHUS, COOTBETCTBYIOIINE UM
snadenus L (S) u Homepa npoepok k. TToSCHUM BBEIYMCIMTENBHYIO CXEMY NIEPBOTO Tara Ha IPUMEPE
cocrostnus S(2,3,4). Tlocne BbInonHeHKs npoBepku [12 cuctema nepeiinér uim B cocrosuue S(3,4) nm
B KoHeuHoe coctosaue S(2). Coorerctienno L (S,I17) = exp(0,25%8)*(0,25 + 1,12) = 10,13.

Jlst mposepkw I1° momyunm L (S,IT3) = 13,69. ITockonsky L (S,I17) < L(S,IT), To B cootBeTcTBuH ¢ (1)
npunumaeM L™ (S) =13,69 u Beioupaem nposepky I12. 3anoMunaem 5Ty 3Ha4eHus B Tadmuie 1. [oscHum
IpOLEAYPY BTOPOro 3Tana. PaccMoTpum HavanbHOe coctosHue. COOTBETCTBYIONIYIO €My TIpoBepKy I1°
NPUHUMAEM B KauecTBe NepBoil nmpoBepku. [IpoBepku, Hali/ileHHbIE Ha TepBOM Tarie a1t cocrosauuit S(1,3)
u S(2,4), npuHUMaeM B KaueCTBE CJITYIOIIUX 32 HEW PU OTPULIATEIEHOM U MOJIOKUTEIBHOM pe3y/bTarax.
OnTUMabHBIN aITOPUTM IOCTPOEH U PUBEICH Ha PUCYHKE 1 B BUJE ABOMYHOIO JiepeBa. BepimHsl co-
OTBETCTBYIOT IPOBEPKAM, IyT'H UX PE3yJbTaTaM, a JUCThbsl HEUCIIPABHOCTAM. EMy COOTBETCTBYIOT MUHMU-
MasbHble cpennue notepu L(A™) = 46,01. 3ameTnM, uto 3ameHuB B (1) MEHUMYM Ha MaKCHMYM, MOYKHO
HalTH MaKCUMaJIbHbIE TIOTEPU U COOTBETCTBYIOIIMHM UM HAUXYAIMHA anroputM. /s naHHOro npumepa

max L(A) = 172,92()).

0,5 0,25 0,15
10 8
—>» 1 » 2 » 4
0.1
6
3

Puc. 1. IIpumep: cuctema u anropuTM MOUCKa HEUCTIPABHOCTEH
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Ta6anna 1. Ilpumep: pacuérsl

N S k S(m*,) S(n*)) L (S,I1¥) L*(S) k*

1,2 1 1 2 9,14 9,14 1

) 1,3 1 1 3 7,31 7,31 1

2,4 2 2 4 2,96 2,96 2

3.4 3 3 4 1,12 1,12 3

3 2,3,4 2 2 > 10.13 10,13 2
3 3 2,4 13,69
1 1 2,3,4 129,45

4 1,2,3.4 2 1,2 3.4 75,79 46,01 3
3 1,3 2.4 46,01

3. 3akJ/io4yeHue

BrniepBbie npeanoxeH MEeTo[ MOCTPOSHHS ONTUMANBHBIX aJTOPUTMOB MOMCKAa HEUCTIPABHOCTEH st
CUCTEM, IIPHU OTKa3aX KOTOPHIX MMOTEPH HAPACTAIOT IKCIIOHEHIIHMAILHO C YBEIMYEHUEM BPEMEHHU BOCCTa-
HOBIIeHUs. Takast cuTyalusi XapakTepHa JJisi CUCTEM KeJIe3HOOPOKHOM aBToMaTuKu. JlJis peanuzanuu
MeToZa pa3paboTaHo CrelHalbHOe MporpaMMHOe obecrieueHne. Pe3ynbsraT MoKeT HaliTH MPUMEHEHHE
Y JIJIsl TUAarHOCTUKY OTBETCTBEHHBIX MTPOEKTOB [3].
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Functional reliability. The theory and practice

Maron A.lI.

THE METHOD OF ALGORITHMS’ CONSTRUCTION FOR
FAULT FINDING IN RAILWAY AUTOMATION SYSTEMS

The paper offers the method of optimal algorithms construction for fault finding in systems where losses
from failures grow exponentially with recovery time increasing. Such a situation is typical for railway auto-
mation systems.

Keywords: fault finding algorithms, railway automation systems, loss due to failures.

1. Introduction

Maintenance of railway automation systems includes efficient recovery in case of their failures. The
mandatory step in the process of efficient recovery is fault finding, the duration of which to a large extent
determines the size of losses due to a failure. Search time and the influence of the “human factor” can
be significantly reduced by applying beforehand developed optimal algorithms of fault finding for criti-
cal systems, which are usually drawn up in the form of instructions. The currently known methods for
constructing such algorithms assume that the optimality criterion is the average time of fault finding [1].
At the same time, in many critical automation systems the losses due to a failure are not linearly related
to the recovery time, but grow much more rapidly. Thus, in case of an automatic block system failure on
a railway section with heavy traffic the total time delay of trains increases exponentially with increasing
recovery time. [2] In this paper, for the first time the method of constructing an optimal fault finding
algorithm for such systems.

2. Statement of the problem and the solution method

Without diminishing the generality of the results, for the sake of description simplicity we formulate the
problem as follows. The system, which is the subject of fault finding, is presented as a functional model of
n blocks, numbered from 1 to n. One of the blocks is the output. The number 7 is assigned to it. Check of
PX, the signal at the output of the block & (k= 1, 2..., n) has a positive result n*,, only if it is in good order
and all the blocks prior to it are operational. Otherwise, the check of PX will have a negative result ™
which means that either the block £ is faulty, or one of the blocks prior to it is out of order. The check of
P"is performed. The result is a negative result, indicating failure of the system due to a malfunction of one
of the blocks. The probability of a block 7 fault condition is equal to p, Check time of Pk is equal to ¢ K-
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Fault finding will be carried out according to the developed conditional algorithm A, where the next check
is selected depending on the result of the previous one. In this algorithm, its own time of fault finding T, (A)
corresponds to each block i. It is equal to the sum of the checks, which will have to be performed in accord-
ance to the algorithm A. Losses due to system downtime are connected exponentially with time of system re-
covery. We shall assume that the time to replace the faulty unit is much less of the time to find fault. Then we
can write that the loss due to a failure of the block 7 in adopted algorithm A for fault finding will be equal to

Li(A) = exp(r*Ti (A)),

where r is the numerical factor the value of which for an automatic block system depends on the intensity
of train operation on a railway section.

Average losses due to the system failure L (A) for a given algorithm A is the i sum from 1 to n, of
products of probabilities p, by L, (A).

It is necessary to construct an algorithm A", where the average losses due to the system failure are
minimal.

Even at n = 10-20 the number of different search algorithms for fault findings that can be constructed
for a simple topology of the system under consideration is enormous. It is practically impossible to find
among them the optimal algorithm by exhaustive method. Below a method is suggested that allows us to
overcome the barrier of dimension and actually construct the required algorithm.

We shall consider fault findings as the process of system motion control. It should be transferred from
the initial state, when all n faults are possible, into one of the final states when the faulty block is precisely
defined. The number of such final states is n. All other states are intermediate ones. A subset of system
blocks corresponds to each state, up to which accuracy the faulty block is localized in the course of checks’
performance. For example, if for the system shown in figure 1, to perform the check P!, then at its negative
results, the system will transfer into a state S(2,3,4). A certain number of system blocks ||S|| corresponds
to each state, up to which accuracy the faulty block is localized in the course of checks’ performance. In
what follows, we shall name as the level of fault localization. So, for S(2,3,4), we have ||S|| = 3. A certain
number of checks P(S), which can be performed to further localize the fault, correspond to a non-final
state S. So, for S(2,3,4) P ? these are checks P? and P> As a result of check performance PX in a state S
included in P(S), the system will pass into a state S(n*)), if the result is ©*, or S(*)) if the result is.

The author has proved that the minimum average losses due to the system failure can be found using
the recurrence relation

L" (S) =min L (S,IT¥) = min {exp(r*t,)*[ L" (S(7*,)) +L" (S(n* )1} (1)

The minimum in (1) is taken over all checks P¥, included in P(S). Calculations should be carried out

consistently for all possible states S, starting with those, which has ||S|| = 2, and ending with the initial
state, where ||S|| = n. At the same time, we assume that L (S) = p, for the final states in which [[S|| = 1.

The method of constructing an optimal algorithm will consist of the following stages.

By using the relation (1) calculate the value of L*(S) for all possible states S, starting with those, in
which the level of fault localization is equal to 2, and ending with the final state, calculated The value
found for the final state are the minimal losses of system failure. Remember these values and numbers
of checks k*, in which they are obtained.
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Successively perform the following actions, starting from the initial state. The check fixed at the first
stage, take as a first check of the desired optimal algorithm for fault finding. Determine the states originated
at its negative and positive results. The checks found in the first stage for these states should be taken as
a result of the following checks at the corresponding result of the previous check. Continue the process
until all the final states are reached. As a result the desired algorithm A* will be obtained.

For illustration, we shall present a simple example.

Figure 1 illustrates a system of four blocks. The probabilities of failures recorded over the blocks,
and duration of checks in minutes are indicated over the corresponding to the check outputs of the
blocks. Factor r = 0.25. Table 1 shows the possible states, the corresponding values of L*(S) and numbers
of checks k *. Let us explain the computational scheme of the first stage using the example of the state
of S(2,3,4). After performing the check P? the system transfers into the state S(3,4) or into the final state
S(2). Accordingly L (S,P?) = exp(0,25*8)*(0,25 + 1,12) = 10,13.

For P3 checking we obtain L (S,IT?) = 13,69. Since L (S,I1?) < L(S,P%), then in accordance with (1) we
accept L*(S) = 13,69 and select the check P>.Then we memorize the values in Table 1. Let us explain
the procedure for the second stage. Let us consider the initial state. We adopt its corresponding check P?
as the first check. The checks found in the first stage for the states S(1,3) and S 2,4), we take as the next
checks, at the negative and positive results.

The optimal algorithm is designed and shown in Figure 1 in the form of a binary tree. Vertices correspond
to the checks, and arcs correspond to their results, and leaves to malfunctions. It corresponds to the minimum
average losses L (A" = 46.01. Note that replacing in (1) the minimum by the maximum, we can find the
maximum losses and the worst corresponding algorithm. For this example, max L (A) = 172.92 (!).

Fig. 1. Example: the system and the algorithm of fault finding

Table 1. An example of calculations

S]] S Kk S(r*,) S(n,) L(S,P¥) L*(S) Kk*

1.2 1 1 2 9.14 9.14 1

1.3 1 1 3 7.31 7.31 1

2 2.4 2 2 4 2.96 2.96 2

3.4 3 3 4 1.12 1.12 3

3 2,3,4 2 . 0 1013 10.13 2
3 3 2.4 13.69
1 1 23,4 129.45

4 1,2,3.4 2 1.2 3.4 75.79 46.01 3
3 1.3 2.4 46.01

116



THE METHOD OF ALGORITHMS’ CONSTRUCTION FOR FAULT FINDING IN RAILWAY AUTOMATION SYSTEMS

3. The conclusion

For the first time the method of constructing optimal algorithms of fault finding for systems, whose
failures lead to losses grow exponentially with increasing recovery time. Such a situation is typical for
railway automation systems. To apply the method, special software has been developed. The result can
also be used for diagnostic of responsible projects. [3]
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dyHKuMoHanbHasa 6e3onacHocTb. Teopus U NpakTuka

JlyknHnoBa O.B.

METOA KOHCTPYUPOBAHUSA BUSHEC-MNPOLLECCOB,
OBECMNEYUBAIOLWUX BE3SOMNACHOCTDb
MHOOPMALMOHHOWN CUCTEMbI, HA OCHOBE
MEXKATEFrOPUMHOIO NPEOCTABJIEHUSA NJIOCKOCTEM
3ALLUTbI MOAENEN OSE\RM

OnncaHa npoueaypa rnocTpoeHuss BU3HeC-npoLeccoB obecrnieyeHnss 6€30MacHOCTY PECYPCOB MHGBOPMaLM-
OHHOWVi CUCTEMbI, KOTOPAas SIBJISETCS CPeAoN QYHKLNOHUPOBAaHMNS aBTOMAaTU3NPOBaHHbIX OM3HEC-IMPOLIeCCOB
npeanpusTns n NpeacTas/ISeTcs B BUAE PephepeHCHON MOAEN OTKPbITOW Cpeasbl.

KnioyeBblie csioBa: KOMIIeKCHasi cucTemMa 3alluTbl, MHGOOPMaLMOHHas cuctema, mogesnbr OSE\RM,
OU3HeC-npoLecc, MexaHU3M 3alLUnThbI.

BeBepeHue

Ceromus pa3paboTka m000# cepbe3HOW WH(GOPMAIMOHHONW CHCTEMBI MPENoiaracT MUCIOJIb30Ba-
HUE OTPEICIIEHHON TeXHOIOTUH, HAYaJbHBIA 3TAIl KOTOPOH 3aKII0UAETCS B TOM, YTO MOJACTUPYIOTCS
OM3HEC-TPOIECCH MPEANPUATHS WIH HEKOTOPOH 001acTh AesITeNbHOCTH [ 1], moaiexaiye aBToMaTu-
3anuu. COBOKYIHOCTh TaKUX OM3HEC-TIPOIECCOB (DAKTHUECKH MPEACTABISAET MOJENb IESTEIBHOCTH
MPEANPUATHS, KOTOpasi B TallbHEUIIIEM peain3yeTcs B BUie MH()OPMAIIMOHHON CUCTEMBI. Takas MeTo-
JIOJIOTHUS TIO3BOJISIET:

1. Oco3HaTh U BBICTPOUTH UEPAPXUIO IIeIICH, KOTOPBIM JIOJIKHA YIOBICTBOPATH Oy/IyIIas CUCTEMA,;

2. ChopmupoBarh HaOOp TpeOOBAHUH K CHCTEME, IOCTATOUHBIN IS Pea3aliuy HY)KHOTO (DYyHKITHO-
HaJla CHCTEMBI;

3. «[Tourpars)» UMUTAITMOHHOW MOJEIBIO OYTYyIIMX OM3HEC-TIPOIIECCOB C IEIBI0 UX ONTUMU3AIINHN UITH
JYYIIEeTO CTPYKTYpUPOBaHUSs. [[J1s1 3TOT0 Ha CETOMAHSIIIHUEN IeHb CYIIECTBYET PsiJl HHCTPYMEHTOB, TAKUX
kak BPEL, CaseWeise u ap.

AHAJOTUYHBIN MOAXO0/ aBTOPBI MPUMEHUIIU K TIPOIIECCY MPOSKTUPOBAHUS KOMITJICKCHOW CUCTEMBI 3a-
el (KC3) qiis UC, T.e. 3a1a4a 3aKkimro4anach B TOM, 9TOOBI

a) CKOHCTPYHPOBATh OM3HEC-TIPOIIECCHI, 00eCIIeUunBaroIe 6€30MacHOCTh HH(POPMAITMOHHON CUCTEMBI
U peanusyemMble B Buje npuioxenuit KC3;

b) HaliTi crioco6 ux GpopmMan30BaTh.
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METOA KOHCTPYUPOBAHUS BUSHEC-MPOLLECCOB, OBECIMEYMBAIOLLX BE3OMNACHOCTb MHMOPMALIMOHHOM
CUCTEMbI, HA OCHOBE MEXXKATErTOPUAHOIO NMPEACTABJIEHUS NJIOCKOCTEN 3ALLMUTbI MOAEJNIEN OSE\RM

MocTaHoBKa 3apaun obecneyeHus 6esonacHocTu UC

ITocranoBka 3anaun obecneuenus: 6ezonacHocty MC, KoTtopas sBIsieTcsl peanu3alueidl COBOKYITHOCTH
OU3HEC-TIPOLIECCOB MPEANPUATHS, JOJDKHA BKIIIOYATh, 10 MHEHUIO aBTOPOB, cleAyromue Gaktopsl (puc.1):

1. UC, kak 0OBEKT 3alIUThI C OTHOM CTOPOHBI M KaK HH(OPMALIMOHHAS OM3HEC-MO/IEIIb TPEIIPUATHS C
apyroi. [Ipu 3ToM 3HaUnMOCTB U151 OM3HECa MH(DOPMAIIMOHHBIX TOTOKOB, 00padaTbiBaeMbIX (PyHKIIMAMU
Ou3Hec-npolecca MPEeANpUsATHs UK caMuX (DYHKIMN ONpenesiseT U ypOBEHb 3allUThI, U yIIepO, HaHO-
CHMBIi1 OM3HECY TpU €€ HapyLICHUH.

2. lenesas ¢pynkuus st KC3 gomkHa ObITh chOpMyIupoBaHa, Kak 00ecreyeHre OCHOBHBIX CBOMCTB
6e30nmacHOCTH K MH(POPMAIIMOHHBIM U BeIYMCIUTEIbHBIM pecypcam MC (O3), a uMeHHO: koHgudenyu-
anvhocms (K) — mOHUMaeTcs Kak OrpaHUYEHUe JOCTYIa K pecypcaM B IPoLecce XpaHeHust, 00padoTKu
WK Tiepesauu, yerocmuocmy (C) — onpeaenseTcss HeM3MEHHOCTBIO pecypca B Ipoliecce epeaayu win
XpaHeHHus1 (BO3MOKHOCTh MOAU(UKAIIH TOJIBKO YIIOJTHOMOUEHHBIMU JIMLIAMHU ), docmynHocmy (D) —BoO3-
MOXHOCTb HOJTY4EHHUS JIETUTUMHBIM IOJIb30BATEIISIM HEKOTOPOIl YCIIyTH B 3a/laHHBIN IIEpUOJ BPEMEHH.
WHoraa B 3TO HOAMHOXKECTBO BXOIUT TpeOOBaHUE HEOTKA3yEeMOCTH ICHCTBUM, TPOUCXOSAIINX B CHCTEME.
Jis oleHKH LeneBoi QyHKIMM BBOJATCS OJXHOMMEHHBIE KDUTEPHMH, TAKUE KaK BEKTOpP 0€30MacHOCTH
KS(C,D,K), vm {KS}={C,D,K,N}, tne N — TpeboBaHNE HEOTKa3yeMOCTHU EHCTBUH, U3MEPEHUE
KOTOPBIX MPOU3BOAUTCS € MOMOILBIO TUHTBUCTHUECKUX WM OaJUIBHBIX LK. DTH LIKaJIbl TO3BOJISIOT
U3MEPATH U 3a]1aBaTh YPOBEHb TPeOyeMoil 6e30MacHOCTH, a 3HAUYEHHsI YPOBHSI ONPEAEISAIOTCS 3HAUUMO-
CTBIO JIEMEHTOB OM3HEC-Tpolecca IPEANPHUITHS.

3. BaemHuMy Bo31eiCTBUSIMU, KOTOPBIE MOTYT HApYIIUTh LENEBYIO (DYHKIIHIO, SIBISIFOTCS TOTEHIMATbHO-
oracHble yrpo3bl. Takas yrpo3a XapakTepu3yeTcs BEpOSITHOCTBIO BOSHUKHOBEHUS, KOTOpasi ONPEAEISIeTCs
HaJIMYMEM HapyIIUTENS U BEPOSATHOCTHIO PEATU3ALMH YSI3BUMOCTH IPOrPaMMHO-AMIapaTHOro odecre-
YEHUSI.

4. 3amuTHBIE MEXaHU3MBI (MX) NPEACTABNIAIOT COOOH yNPABIAIOLINE NaPaMETPhI, 00ECIICUNBAIOINE
3aJjaHHbIN ypoBeHb nenesoit ¢pynkunun KS(C,D,K).

(; UHdopmaumoHHasn u
E K A
MexaHu- ¢ //v \\ P ATtaku
|— 1T v —
3Mbl E > C < (peanu-
I~ 4 m _—
n L— 3yemble
3anTbI ~ A Yy
H B T~ D |
A 10 yrposbl)
10 T
T cucrtema

Puc. 1. Cxema noctaHoBKH 3a1a4u o0ecrieuenust oezomacuoctu MIC

Janee Bo3HUKaeT 3a1a4a npeactaButh MC, kak 00bEKT 3alUThl B BUAE HEKOTOPOH MOAEIH, IPHYEM
MOJIeJIb JTOJKHA B TOJHON Mepe oTpaxkaTh (yHKUHOHATBbHOCTh MC M MO3BONATH JEKOMIIO3MPOBATH
OCHOBHBIE 11€JIH 110 (PyHKIIMOHAIBHBIM Tpynnam O3.

s npencrasnenus MC Obu1a Bcnonb3oBaHa pedepeHcHas MOJIeib cpeibl OTKpBIThIX cucteM OSE/
RM (Open System Environment/Reference Model), koTopast onuchIBaeT 3TaJIOHHYO (PyHKIIHOHAIBHOCTh
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aApPXUTEKTYPBl U CTPYKTYPbl MH(POPMALIMOHHON cHCTEMBI. JTa MOJieib pa3padorana rpymnmnoit POSIX u
omnucaHa B ctangapre [2,3].

Mogenb npencTaBisieT coOOi Ba KOMIIOHEHTA: MPHJIOKEHUS, KOTOPhIe, COOCTBEHHO U PEaNU3YIOT
byHKIMH, Kak OU3HEC-Tpoliecca MPEANPUsLTUs, TaK U OU3HEC-TpoIiecca 3aluThl, U maardopmy, ode-
CTHIEYUBAIOIIYI0 PYHKIIMOHUPOBAHUE MPUIIOKEHUN MTOCPEICTBOM CUCTEMHBIX CEPBHCOB, BHI3BIBAEMBIX C
nomotibio API-pyHkimii.

\I\O7 Appl
A
Bustec- KnuneHTsl
OKkpaHHble noruka 3anpochbl k
npuknagHbixX
opmbl (anropuntm B, dopmaThl
NPUNOXKEHMsT) NMPOTOKOSOB
4 4 A 4
A y A y Platform
BbicokoypoBH- MOUKNAAHON
Mpouecchbl eBas opraHu- P 2240
MW - . w
CUCTEMHO 3auus gaH MpesenTaum- &
npuknagHoro Hbix (BO, B3, OHHbIN § E
crosi XpaHunuiia) —1 | &
chopmaThi CeCCUOHHbIN I s
3| &
HwuskoypoBHe- 13|38
TpaHcnopTHbIN | 5 | ©
ow OKOHHBbIM Bas oprari- S| 5
i dan- | E
KOMaHAHbI Appo OC saums ( 2 s
= rioBasi cucre- CeTeBoli S| S
MHTepdenc | A
ma) chopmaThbl Al 0
~ v
OpanBepa, KOHTposnepsbl T
~ KananbHbIn
HW YcTporncTtBa CuctemHas Bce Buabl
BBOAa\ LunHa, annapaTtHomn
BblBOAA npoLieccop namsaTum
dusnyecknn

User T System T Information TCommunication
&L

NP

BHewwHAA cpepa

Puc. 2. Monens OSE\RM

[epennss 6a3zoBast mwockocTh <MC> npenHa3zHayeHa Ui CTPYKTypH3aud (QyHKIIMNA, OTHOCSIITUXCS
HETIOCPECTBEHHO K peanu3anuu camoil IC. OHa COAEep)KUT TPH YPOBHS U YETHIPE IPYMIbI (PYHKIIHO-
HAJIBHBIX KOMITOHCHTOB B KaXJIOM. DTH YPOBHH CJICIYIOIIHE:

* KOMITOHEHTBI CITy>KO U CEpPBUCOB MPOMEKYTOYHOTO ciiosi (MW);

* KOMITOHEHTBI OTIEPAIIMOHHBIX CHCTEM HJIH OTlepariioHHOro ciosi (OW);

* anmmapatHseIi cioit (HW).

@OyHKITMOHATBHBIEC TPYIIITBI KOMIIOHEHTOB B IAHHOW MOJIEIH COCTABJISIFOT:

* KOMITOHEHTBI, oOecreunBaroe naTepdeic ¢ noaszoparenem (User — «Uy);

* KOMITOHEHTBI, 00€CIIEUHBAIONIIE BCE HEOOXOIMMBIE MPOIECCHI B cucTeMe (System — «Sy»);

* KOMITOHEHTHI, 00€CIIeUYNBaOIINE OPTAHU3AIUIO, TIPEJCTABICHUE, JOCTYIl M XPaHCHUE JTaHHBIX
(Information — «I»);

* KOMIIOHEHTHI TeJIEKOMMYHUKAIIHOHHOHN Cpeibl, 00eCIIeYHBAaIONIIE B3aUMOCBS3b HH()OPMAIIHOHHBIX
cucteM (Communication — «Cy). JlaHHBIN yPOBEHB MPENCTABISET COO0M MOJIEITb B3aUMOCBSI3H OTKPBITBIX
cucteM (OSI/RM — Open System Interconnection/Reference Model).
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Kpome Toro, Mozenb TpexMepHa, OHa UMEET HECKOJIBKO TIOCKOCTEN. sl ucciaenoBaHuid paccMaTpu-
BaJIMCh 3 TJIOCKOCTH: mepennsst 6a3zoas <MC>, anMuHUCTpHpOBaHU <A> W 3alIuThl <3>, KOTOpPHIE
MOTYT OTpaXkaTh, KayKJasi B CBOEM KOHTEKCTe, (DyHKIIMOHAILHOCTH 0a30B0il miiockoctu. K coxanenuro,
3allUTHas IUIOCKOCTh B CTaHAApPTE [2] MpakTUYECKU HUKAK HE MIPOMKUCaHa, O3TOMY JajbHEHIee Mpe-
CTaBJICHHE TUIOCKOCTH 3aIllUThl BO3MOXKHO B 2-X aCMEKTax:

1. «Knetku» miaockocTu <3> UHTETPUPYIOT COBOKYMTHOCTH MEXaHU3MOB, O0ECIEUNBAIOIIUX 3aLIUTY
peanu3anyii COOTBETCTBYIOIIMX «KJIETOK» 0a30BOM MockocT <MC> — MeKKaTerOpuiHbINA acrekT (B
TepMuHax cranaapra [2]);

2. ITockonbky KC3 cama siBisieTcst HHOOPMAITMOHHONW CUCTEMOM, TO €€ (DyHKIIMOHAJIBLHOCTh, B CBOIO
o4epesib, TOXKE MOXKET OBbITh CTPYKTYpHUpPOBaHA B COOTBETCTBUM C 0a30BbIM mpejactapieHuem <HUC> ¢
MOIPABKOM Ha KOHTEKCT.

Pesynbrarhl, mpencraBieHHbIC B JAHHONW paboTe, OpUEHTHPOBAHBI HA ME)KKATETOPUIMHBIN acieKT. Toraa
3amava obecnieueHus 6e3omacHoctr A O3, npeacraBiaeHHOTO B BUae Monenn OSE/RM, 3akimtodaeTcst
B TOM, uT0OBI cBoiicTBa K, C, D BBINONHAIUCH 151 HHPOPMALIMOHHBIX U BBIYMCIUTENIBHBIX PECYPCOB
peanu3anuii KaxI0u «KiIeTku» Moxenu. [IpuueM peus uaet u o 6a30Boil mwockoctu <MC>, cTpyKTy-
pupyromeit pynkiuu MC, 1 0 TUIOCKOCTH aJIMUHUCTPUPOBAHUSA <A>, U 0 pecypcax caMOl CHCTEMBI
0€301acHOCTH, CKOMITIOHOBaHHBIX Ha MIOCKOCTH 3amuThl <3>. OueBuaHO, uTo e K, C, D pedepenc-
HBbIE, T.K. BO-TIEPBBIX, OHU MPUKIIABIBAIOTCA K pehepeHCHBIM (DyHKIIMOHAIBHBIM TPYIIIaM, a BO-BTOPbIX,
VIS peau3aiil pa3HbIX «KJIETOK» MOJEIN UX UHTepIpeTanus padinyHa. Ha puc.2 npuBeneH npumep
MHTEPIIPETAIMH YKAa3aHHBIX CBOMCTB JJISl «KIJIETOK» «DKpaHHbIEe (hopMbl npuiokeHus» u «lIponeccel
CUCTEMHO-TIPUKIIAHOTO CJIOS.

Okpannsie ghopmot
K: orpanndenue A0CTyIa K 3KpaHHBIM (DOpMaM HPUITOKCHHUS
- OTpaHWYEeHHBIN (HU3WUECKUi MOCTyn IHOOOTO TONB30BaTENsl K DKpPaHy KOMITbIOTEpa, Ha
KOTOPOM OTOOpakaroTcst GopMEI;
- OTpaHUYEHHBIN JOCTYI K PUIOKECHHIO B YACTU €TI0 SKPaHHBIX QOpM.
D: BO3MOXXHOCTH 0TOOpa3uTh (hOPMBI Ha IKpaHe AUCIUICS:
- pu3nUIecKas BO3MOKHOCTD,
- BO3MOXXHOCTb, IPOTHUBOCTOSIAS CTIaMy U BHPYCaM,
- OTCYTCTBHE OJIOKUPOBKH (DOPMBI.
C: crtocOOHOCTh COXPaHSTh SKpaHHbIe POPMBI B TOM BHJIE, B KAKOM OHHU OBLTH CO3/aHbI.
Ilpoueccol cucmemno-npurinaonozo cinon
K: orpanmueHue mocTyma co CTOPOHBI COOTBETCTBYHOIIUX API-GyHKIWMIA mnpuioxeHus K
mpoIeccaM CUCTEMHO-TIPUKIIATHOTO CIIOS;
D: BO3MOXHOCTH cucTeMHOMY mporieccy wiun API-QyHKIimum OW3HEC-TTOTHMKH OOpaTHTBCS K
CHCTEMHO-TIPHUKIIAJIHOMY ITPOLIECCY.
C: KOHTPOJIb [IEIIOCTHOCTH MPOIECCOB.

Puc. 3. [Ipumep uHTEpIpeTaAA IeTeii 6e30MaCHOCTH T Pa3HBIX «KIeTok» Momenn OSE\RM

CTpyKTypu3sauusa MexaHn3mMoB 3alUUThbl

Jlanee 3amaya 3aKiodanach B TOM, YTOOBI 3aIIUTHBIE MEXaHU3MbI MXx (KaK CyIIeCTBYIOIUE HA CErO/I-
HSIIHUN JIeHb, TAK U TOTEHIIMAIbHO-BO3MOXKHBIE) CTPYKTYPUPOBATh B COOTBETCTBHUH C LIETSIMU «KIIETOK) C
y4eToM uHTepIperanuu. Tem cambiM OyaieT obecreueHo TpeOOBaHUE MEKKATETOPUITHOTO MPEACTaBICHUS
IJIOCKOCTH <3>, EeKJIapupyeMoe CTaH1apToM [2]. AHanu3 Mx mo3BOJIMII ClI€JIaTh BBIBOJ O TOM, YTO BCE
MHO>KECTBO MEXaHU3MOB MOXKHO Pa3JeNUTh HA 3 TPYMIIbL:
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I'pynna 1. IeneBbie — obecneunBaromue 1nenesyto Gyakmuio {KS} = {C,D,K}. Dtu Mx nOmKHbBI
OBITh TOCTABJICHBI B COOTBETCTBHUE PEATH3AINAM «KIETOK» BCEX TPEX IIIOCKOCTEM, T.€. B Uaeaje Kaxaas
«KJIETKa» JOJDKHA OBITh «3aKphITa» MEXaHM3MaMHU YNPaBICHUS JOCTYIOM, KOHTPOJEM IIEJIOCTHOCTH,
o0ecrieyeHreM JI0CTYITHOCTH.

I'pynna 2. OGecnieunBaromnue, T.. T€, KOTOPHIE OCYIIECTBISIOT JTOTOTHUTEIbHBIC ACHCTBHS, HE00-
XOJMMBIE JIJIs @) OpraHu3aluy (PyHKIIMOHUPOBAHMSA LIEIEeBBIX Mx 1 0) OCYIIECTBICHHUS LIEIEBbIM MEXa-
HU3MOM CBOETO Ha3HAYEHHUS HAa TOM WM WHOM ypoBHe Oe3omacHocTH. Hampumep, uroObl 06ecrieunTsh
KOH(UICHIIMATIBHOCTD (paiiia JaHHBIX, U1 KOTOPOT'O YCTAHOBIICHBI T€ WIIM WHBIE IIpaBa JI0CTYTIa, CHCTEMa
0€30IacHOCTH JI0JKHA YOIHUTHCS, UYTO CYOBEKT, HAPHUMED, I0JIb30BaTelh, 00pAIIAIONIUIiCS K HEMY, 00-
JalaeT COOTBETCTBYIOMIMM MPaBoM. J{JIsi 3TOro HeOOXOAMMO 33aeiCTBOBATH, IPEXK/IE BCETO, MEXaHU3M
opranu3zaiun ceanca ¢ C, 4to0bl IpeaoCcTaBUTh BO3MOKHOCTb IOJIb30BATENI0 00PaTUTHCS K CUCTEME;
3aTeM MEXaHMU3Mbl UICHTH(PHUKALNY, Ay TeHTU(DHUKAIMN TT0JIb30BATEIS; TIOTOM — MEXAHNU3M YIPaBJICHUS
JOCTYTIOM K (paiiiry, KOTOPBI U COMOCTABUT MpaBa CyObeKTa U ¢aiina. A 4yToObl 0becnednTs KOH(pH-
JICHIIMATBHOCTh HA ONPEACICHHOM YpPOBHE, HAJ0 MCIIOJIb30BaTh aJITOPUTMBI IIU(PPOBAHUI MEXaHU3Ma
KPHUIITOMOIIACPKKH COOTBETCTBYIOIIECH CTOWKOCTH.

Takum o0Opazom, kaxxablii Mx u3 rpynmnsl 1 TpeOyeT moaaepKku 00ecreunBaromnX 3alUTHBIX MeXa-
HU3MOB. Tabmn. 1,2 1eMOHCTPUPYIOT MPUMEP B3aUMOCBS3H LIEJIEBBIX U 00€CIeunBaOMUX MX ¢ TOUKU
3peHus aeiictBuit a), 6). [lomoOHbIe TaOMUIIBI MOTYT OBITH CPOPMUPOBAHBI M COTIIACOBAHBI AKCIIEPTAMU
peABAPUTEIHHO.

Taoanma 1 coorBeTCTBUA 00eCIEYMBAIOIINX M IeJeBLIX MX
N0 KOHPUIEHINATbHOCTH\IIEJIOCTHOCTH

Opra- Wxent-s Josepen- [Kpunto-| [Ipusar- | Paznene- | YHuuTOXKe-
ObecneunB. Mx HU3aLus | TeHT}I, HBII Ka- [[IOAJep-| HOCThb | HUE JO- |HHE OCTaTou-
ceanca | Haj KKa | JAHHBIX | MEHa |HBIX JaHHBIX
Kpurepuit
Kon¢uaenunansHoCTh
(puaenn RN | A ot A+ + +
\IeJIOCTHOCTH JaHHbIX <C>
KondunenuumanbHOCTD \
(puncHn H\ [+] H[+] +\+ +\+ + + +
LEJIOCTHOCTh JaHHBIX <3>
Kon¢unenuuanbHocTh
(puncHn N | A ot A+ + +
\LIEeJIOCTHOCTh JaHHBIX <A>

Tabanna 2 cooTBeTcTBHSA 00eCneYMBAONIUX U HeJeBbIX MX M0 JOCTYNHOCTH

O6ecredns. Mx OEKa3oyc— O6cayxu- | Boccranosne- Otkar PesepBupo-
TOWYMBOCTh | Ba€MOCTh | HME AAHHBIX JTAHHBIX BaHHE
Kpurepuit
HoctynHocth nanubix <MC> + + +
JlocTynHOCTh JaHHBIX <3>
JocTynmHOCTh aHHBIX <A> + + + + +
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CrnenyeT 3aMeTUTh, 4TO KaxAbli Mx u3 rpynnbsl pedepeHCHBIN U MpeICTaBIseT co00i HnepapXuro
MEXaHHU3MOB-TIOJIKIACCOB, O0NIaJAIONIMX MHOTUMHU aTpuOyTamMH; X ACHCTBHE HANpaBlICHO Ha pa3HbIC
oobexTsl MC. [Ins nanpHeiel cTpykTypu3aiui HeoOX0quMO MPEICTaBUTh BHYTPEHHIOIO CTPYKTYPY
Mx B BHUJie HEKOTOpOW Moaenu. J{ist 3Toil 1enu ObUIM MCHOIb30BAHbI CEMAHTUYECKHUE MOJIENIH B BUJE
onronoruii. Ha puc. 3 mpencraBieHa OHTONOTHs OOIIETO MPEACTaBICHHS Kjacca MEXaHU3MOB 3alUThI
{MX} ¥ 5K3eMILIAp OAHOTO U3 IIeJIEBBIX MEXaHU3MOB — YIIPABICHUS TOCTYIIOM.

—» Pexum
> AB

I

Atr Onepauyum

|

Cyb6bekt

< ANroput™M  Brniouaet Meton >< Atr

T
Atr

CTONKOCTb

Obbekt

WcnonbsosaHne
) CoBoKynHasi CTOMKOCTbY,
Mopknace YPOBEHb KpUTEPUS!
WneHTtncbukatop

i

Puc. 3-a. OHTONOTHHM KJIacca 3alIUTHRIE MEXaHU3MBI {MX}

—»{ Pexum
MeTogab! Ynpaenenue
Anroputmbl BKIOYaeT T
(s oot s focon
Atr
> )
Mopknacc —
OBOKYyNHas CTOMKOCTb,
YPOBEHb KpUTEpPUS

WaeHtudukatop

MNepenaBaembim
110 BHELLH.KaHany
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Mpn
YCTaHOBNEHUM
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MNepenaBaembim
no BHyTp.KaHany

MNepenaBaembim
3a npegensl NIC

CoeaunHenuns

Mopknacc

BHe coeguHeHust

i

Puc. 3-6. OnTONOrNy MexaHu3Ma yrpaBJeHHUs JOCTYIIOM

Janbie uaest 3aKI04aeTcsi B TOM, YTOOBI COOTHECTH JIUCThSI TAKCOHOMMU IETIEBBIX MX C «KIETKaMM»
03, a mucThs o0ecreunBaromux Mx — COIOCTABUTH C LIEJIECBEIMU B COOTBETCTBUU ¢ Tabnuiamu 1,2. Peanu-
3alus YIPaBJSIOLIMX MEXaHU3MOB OCYILECTBIIIETCS B BUJIE ITPUIIOKEHUS CUCTEMBI 3aLUTHI. TeM caMbIM
BeIcTpauBaercs pedepencuas moaens KC3 mis UC. Crienyer 3aMeTUTh, 4TO 3TO — 001I1ast yHUBEpCaIbHAs
Mmozenb. OHaKo OHA AaeT MOHMMAHUE TOTO, KaK BbICTpanuBarh Ou3Hec-npoueccsl 3amuTsl MIC nexons u3
KOHKPETHBIX MOTpeOHOCTE!, MUKTyeMbIX peanu3anueil IC u nonutukamu 6€30MacHOCTH OpraHu3alyi.
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PedepeHcHoe onncaHne 6a30BOro nogMHoXecTBa
On3Hec-nNpoLEeccoB 3aLWnUTbI

B n1000i1 nHpOpMaLIMOHHON cucTeMe HaJl JaHHBIMU MPOU3BOJAATCS HECKOIBKO TUITUYHBIX OTe-
panuii: BBOA\BBIBOJ, XpaHeHUe, 00paboTKa, mepeaadya Ha Cb€MHBIE HOCHUTENH, Iepenada dyepes
JOKaJIbHYIO WM INI00aJIbHYI0 ceTh. IMEHHO Ha 3alIUTy 3TUX ONEpalLUii, IPekK]e BCEro U HalleJIeH
HallMOHAJIbHBIN CTaHAapT B obsacTu uHGopManuoHHoil 6e3onacHoctH [S]. IIpu 3TOM B KauecTBe
JAHHBIX PacCMaTPUBAIOTCS KaK MOJIb30BAaTEIbCKIE MACCHUBBI, aCCOLIMMPOBaHHbIE ¢ 0a30BOM ILIO-
ckocThio <MC>, Tak U JaHHBIE 1O aJIMUHUCTPUPOBAHUIO CUCTEMBI (MJIOCKOCTh <A>) u Oe3omnac-
HOCTH (IJIOCKOCTh <3>).

Bce st BUbI onepaum‘/'l PCaIU3yIOTCA CPEACTBAMU TEX MJIM MHBIX «KJICTOK» MOIACIN U UX MOXHO
MNpEaACTAaBUTH B BUAC MMOCICAOBATCIbHOCTHU IIEPEXO0B 1O KKIIECTKAM)).

1. Xpanenue oannwix mpeAmnonaraeT OpraHu3aInio (BHICOKOYPOBHEBYIO HIIM HU3KOYPOBHEBYIO) TAHHBIX,
MIPEICTABJICHHUE B BUE HEKOTOPOTO hopMaTa, XpaHEHHUE Ha JUCKE, OCYIIECTBIISCTCS JIJIs:

a. TI0JTb30BATEILCKUX MACCHBOB — XPaHEHUE OCYIIECTBISICTCS CPEACTBAMH «KJIETOK» CTOJIOIma
<UC><HW><] >,

b. cucteMHBIX DaHHBIX — <A><HW><] >,

C. JAHHBIX CUCTEMBI 0€30IacHOCTH — <3><HW><] >,

Crnenyer OTMETHTB, UTO BCE TPH THUITA JAHHBIX B PEAIbHOCTA MOTYT XPaHHUTHCS Ha OJHOM JUCKE.

2. Obpabomka 0anHblLX, OCYIIECTBISAETCS MOCPEACTBOM (PYHKITHOHHUPOBAHUS MPOIIECCOB, HHUITUUPO-
BaHHBIX IPUIOKEHUEM, HAIPHME:

a. Beruuciienus — onepanuu, Mpou3BOAUMBIC HAJl COIEPKUMBIM STYEeK ONepaTuBHON namstu. MHu-
[IAUPYETCS AITOPUTMOM TIPHIIOKEHUS — «KIleTkay <MC><Appl><S>, 3atem mponecc <UC><OW><S>
oOparmaeTcs K cofepxkumomy oneparuBHoi namatu <UC><HW><I>, B nporeccope oCymecTBIsIeTCs
apudmetuka Haj gaHHbIMH (<SUC><HW><S>) u pesynprar Bo3Bpalmiaercs B ONEpaTUBHYIO NaMsTh
<UC><HW><I>.

b. Moaudukanus — onepauuu, Ipou3BOAUMbIE HaJ[ YK€ CYyIIEeCTBYIOIINMU MOJISIMH 3anucu ¢aii-
noB, BJI.

3. BBom\BBIBO/ TaHHBIX: KOMMMPOBAHKE TAHHBIX M3 BXOIHOTO NOTOKA MK (aitna B staeiiku OI1 u momst
3aMUCH\U3 TYEEK U MOJIEH B BBIXOJHOW MOTOK WIIH (Pailyi, OCYIIEeCTBISIEMBIEC PUIIOKEHUEM.

4. Ilepeoaua 0anHblx (NPUKIAOHBIX, AOMUHUCTIPAMUBHBLX, O€30NACHOCIU), Pealu3yemdsi Yepe3 CbeMHble
nocumenu (kriemxu U, I cmpoxu HW). Takas oniepariyisi MOXXET IPOU3BOAUTHCS TI0 HHUIIMATHBE HETIOCPEI-
CTBEHHO IOJIb30BaTeJIs, TOr1a OHa ocyulecTBiusercs cpeactsamu OC, HarpuMep, KOMUPOBAHUE TaHHBIX
Ha JIUCKETYy WJIM BBIBOJ (haiiia Ha mpUHTEp. DTa MHULMALUS HauuHaeTcs B «kieTke» <UC><OW><U>,
Jajee 3aryckaercs npoiece B «kietke» <MC><OW><S>, xoropsiii oOparaeTcst K GpailioBoii cucreme
<NC><OW><I>, npouCXOaUT YTEHHE JAaHHBIX C )KecTKoro qucka <MC><HW><I> u Tam e 3anmuch Ha
JuckeTy win nepenada Ha npuHTep <MC><HW><U> 1o myHKTUpHOH CTpeKe.

Ecnu mons3oBarens OCYHIECTBICT TC XKCE ONCpalH, UCIIOJIb3Yys MPUIOKEHUC, TO MPOUCCC HAYMHA-

eTcs yepe3 hopmy npunoxeHus («kierkay <UC><Appl><U>), koTopas 3amycKaeT BETBb allTOpUTMa
<UC><Appl><S> u manee 1o cTpenakam.
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AHanoruuHo paboTaeT u enovka BBoja JaHHbIX. [Ipy 3TOM 1aHHBIE TaK)Ke MOTYT OBITh KaK I10JIb30Ba-
TEIbCKUMHU, TaK U CITy>KEOHBIMH, IIPOCTO TOTJ]a OHU OepyTCs U3 COOTBETCTBYIOIINX «KIIETOK) IIIOCKOCTEH

<A> unu <3>.

5. Ilepedaua OauHvix (MPUKIAOHBIX, AOMUHUCMPAMUBHBIX, OE30NACHOCMU), KOMOPAs NPOUCXOOUM
yepe3 JIOKANbHYIO Ul enewHiow cems (cmonbdey C). OCylmIeCTBISETCS TOCPEICTBOM YCTAHOBKU B3aH-
MOJICHCTBUS MEKIY Y3JIaMH CETH.

Onepaunﬂ COCTOHUT U3 HECKOJIBKUX JTAIlOB:

— IToaroroBka — MHULMALIMS B3aUMOACHCTBUS (COCIMHEHHMS), TPOUCXOAUT IO TPEOOBAHUIO IOJIB30-
BaTels, HO OCyIEecTBIAThCS MokeT cpeacTtBamMu OC («kietkay <MC><OW><U>) nubo mocpencTBoM
npukiagHoro npuioxeHus (SUC><Appl><U>).

— YcTaHOBKa yqajaeHHOro coequHenus ¢ BHemHe MC uiu no jgokajabHON CeTH, UHUIMUPYETCS Cpe-
cTBaMU «KIEeTKI» <UC><MW><S>,

— Iloakauka ganubix u3 b/ m1s nepegauu.
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Puc. 6. Hepeaaqa JaHHBIX Y€PEe3 JIOKAJIbHYIO WJIN rn06am>Hy10 CCTh

ViMeHHO moj1 onTMcaHHbIE OTIEpalliy Ha CETOAHAITHUIA IEHb 1 pa3padoTaHbl Mx, XOTS O4EBUIHO, YTO IPH
HAJMYUHU COOTBETCTBYIOLINX CPENICTB peaTH3alii MEXaHI3MOB pedepeHCHOe MpeicTaBiIeHne PyHKIINO-
HAJTBHOCTH TUIOCKOCTH <3> TaeT BO3MOXKHOCTh OA00paTh Mx 1o TF00YI0 ONepalnio, OCYIECTRISIEMYIO
B cucTeme. Pasymeercs, B cucTeMe MPOUCXOAT HE TOJIBKO YKa3aHHBIE ONEepallii, HO JOCTOUHCTBO B TOM,
4T0 pedepeHCHOE MpeCTaBIeHHE PYHKIIMOHAIBHOCTH MJIOCKOCTH <3> aeT BO3MOXKHOCTh MOa00parTh
Mx o mo0Y10 OIEpaLnio, OCYLIECTBISEMYIO B CUCTEME.

Crano ObITh, IMEHHO «KIJIETKW», 3a/ICHCTBOBAHHBIE B ONEPALIUU, M TOKHBI OBITh «3aKPBITHD) 3aIlUT-
HBIMU MEXaHU3MaMH, a IOCJIEIOBATEIbHOCTD «KJIETOK)», KOTOPBIM IIOCTaBJIEHBI B COOTBETCTBUE LIETIOUKHU
[EJIEBBIX U 00eCTIeUNBAIOIINX MEXaHU3MOB, U MPEACTABISAIOT c000ii OM3HEC-TpoIiecc 3auuThl. PucyH-
Ku 4-6 IeMOHCTPUPYIOT 6a30BOE OAMHOKECTBO OM3HEC-TIPOIIECCOB 3aIIUThI, TOCTPOCHHBIX Ha OCHOBE
TUTIUYHBIX ONepalliii Ha/l JAaHHBIMU, OMTMCAHHBIX BBIIIIE.

3aknouyeHue
B 3aknrodeHne moquepKHeM, YTo JKe TaeT IMpeICTaBlIeHne HHPOPMAIIMOHHON CHCTEMBI B BUJIE MOICIIH
OSE\RM nis IpoeKTUPOBAHUS CUCTEMBI 3aIUTHI:

1. Cucmemamu3zuposanuwiii KOMIUICKCHBIN B3I Ha MIC, kKak Ha OOBEKT 3alUThI.

2. TpexmepHOCTh MOJIEH TIO3BOJISET peacTaBuTh Bee rpanu MC — 6a30Byt1o0, aAMUHUCTPUPOBAHUS,
3alUTHYIO — B BUJI€ €MHON CHCTEMBI.

3. Cucmemamu3zuposarnoe npeocmagnetue gyukyuonanvnocmu MC moboii CIOKHOCTH, OT OTAETBHOTO
KOMITBEOTEPA JI0 TEPPUTOPUATIBHO-PACTIPEIETIEHHBIX CHCTEM, BKITIOUAs 3AIUTHYIO INIOCKOCTb, 10360/I€M CIAH-
oapmu306ams cucmemy 6e30nacHoCmu, T.e. CONOCTABUTD «KIJIETKaM» INTIOCKOCTH 3aILTHl MHOYKECTBA CTAHIAPTOB
WM CrielU(UKAIHN, perIaMEHTUPYIOLIHMX KaK IPOSKTUPOBAHUE CUCTEMBI 3aIlIUTHI, TAK M €€ SKCILTyaTalHIO.

4. Cneyuguyuposannas yHKYUOHAILHOCb Peanu3ayuu 3auUmHo20 KOMNOHeHmMa B BUJIE MEKKaTEro-
PHUITHBIX CEpBUCOB (MEXaHU3MOB), CTPYKTYpUPOBaHHBIX 110 OSE\RM, 0aem 8o3modcHocms npuobpecmu
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cucmeme besonacnocmu ceoticmea omxpvimocmu [3,4], a IMEHHO: pacIIMPsIEeMOCTH, MACIITAOUPYEMOCTH,
MOOMIJIBHOCTH NPUJIOKEHHUH, MOOMIIBHOCTH TOJIb30BaTENeH, HHTEPOINepadeIbHOCTH.

5. Nexommosuius 1eieil 6e30macHOCTH K_S(C,D,K) [0 «KJIETKaM» MOJEJIU NaeT BO3MOXKHOCTH
KOHCTPYHUPOBaTh pedepeHCHbIe OU3HEC-TIPOIECCHI 3aIIUThI, KOTOPBIE MO3BOISIOT MOJIy4YaTh 000CHO-
BaHHBbIE TpeOOBaHMS K MpHIOKeHUsIM B pamkax KC3 oTHOCHUTENbHO peanu3anuil «KIeTOK» — 00b-
exktoB UC.
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Functional safety. The theory and practice

Lukinova O. V.

BUSINESS PROCESS DESIGN METHOD INSURING
INFORMATION SYSTEM SECURITY BASED

ON INTERCATEGORICAL REPRESENTATION

OF PROTECTION PLANES IN OSE\RM MODELS

The paper describes the procedure for building business processes insuring the security of information
system resources, which is the environment of an enterprise’s automated business processes operation
and represented in the form of a reference model of an open environment.

Keywords: integrated system of protection, information system, the OSE\RM model, business process,
protection mechanism.

Introduction

Nowadays, the development of any more or less reliable information system involves the use of a par-
ticular technology, the initial phase of which consists in modeling of an enterprise’s business processes
or some area of its activity [ 1], which should be automated. The aggregate of such business processes is
actually a model of the company, which subsequently implemented in the form of an information system.
This methodology allows us:

1. To become aware of and build the hierarchy of objectives to be met by a future system;
2. To develop a set of system requirements, sufficient to implement the desired system functionality;

3. To “play” with a simulation model of future business processes with the purpose of their optimizing
or better structuring. To do this, today there are a number of tools, such as BPEL, CaseWeise etc.

The authors used a similar approach to the process of designing an integrated system of protection
(ISP) for IS, i.e. the task consisted in:

a) Designing business processes to ensure the security of information systems and implemented in the
form of ISP applications,

b) Finding a way to formalize these business processes.
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Problem formulation of IS protection

Problem formulation of IS protection, which is an implementation of the aggregate business processes,
should include, according to the authors, the following factors (Figure 1):

1. IS as an object of protection, on the one hand, and as an information business model, on the other
hand. At the same time, business relevance of data flows handled by an enterprise business process or of
the functions themselves determines the level of protection and damage to businesses inflicted in case
of protection violation.

2. The target function for ISP should be stated as ensuring basic properties of security of information
system data and computing resources, namely: confidentiality (K), integrity (C) and accessibility (D).
Confidentiality is understood as a restriction of access to resources in their storage, processing or transmis-
sion. Integrity is defined by immutability of the resource in the course of its transmission or storage (the
possibility of its modification only by authorized persons). Accessibility is the possibility of legitimate
users to receive a certain service in a given period. Sometimes this subset includes the nonrepudiation
requirement of actions occurring in the system. To evaluate the objective function, the criteria of the
same name are introduced, such as security vector KS(C,D,K), or {KS} ={C,D,K, N}, where N is the
nonrepudiation requirement of actions, which measurement is made by means of a linguistic or scoring
scale. These scales allow measuring and setting the level of security required, and the values of the level
are determined by components’ significance of an enterprise business process.

3. External impacts that can disrupt the target function are potentially dangerous threats. Such threats
are characterized by the probability of occurrence, which is defined by the presence of an intruder, and
by the probability of software and hardware vulnerability implementation.

4. Defense mechanisms (Mx) represent control parameters, insuring a predefined level of the target
function KS(C,D,K) .

Information

K
L — o 2 — Attacks
Dif€H§€ —~ C e = (implemented
mechanisms 2 S — threats)
=
A — >

Fig. 1. The layout of the problem formulation of insuring IS security

Next, the task arises of presenting IS as an object of protection in the form of a model, and at that the
model should fully reflect IS functionality and allow decomposing the main objectives by the functional
groups of protection objects.

To represent IS, we used the Open System Environment/Reference Model (OSE/RM), which describes
the reference functionality of the architecture and the structure of information system. This model has
been developed by the POSIX group and described in the standard [2, 3].
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The model consists of two components. These applications actually implement both the functions of
an enterprise business process and business process protection, and the platform that provides operation
of applications by the system services that are performed by invoking API functions.

AT hee
i i Requests to Clients of
Display Busme_ss I.oglc datab ;
S (application atabase, applied
algorithms) formats protocols
A 4 A 4
API
\ \ 4 \. Platform
High-level L
Systems organization of Application
MW ; data (Database, =
applied layer |\ i e base,| Presentation )
processes Warehouses), - 3
formats Session 2
=3
. Low-level Transportation |3 |3
ow Wmdow,d 0S kernel organization of % g
C,Om:f”a” data (File), 3|2
interface formats Network o g
Drivers, controllers
Link
HW : System bus, | Alltypes of HW
I/0 devices CPU based memory
Physical

User T System T Information TCommunication

1 N N

External environment

Fig. 2. OSE\RM Model

Front reference plane <IS> is intended to structure the functions related directly to the implementation
of the IS itself. It comprises of the three levels, and four groups of functional component in each level.
These levels include the following:

* service components and utilities of middleware (MW);

* components of the operating systems or operating layer (OW);

e hardware layer (HW).

Functional groups of components in the given model are:

e components that provide the user interface (User — “U”);

e components that provide all the necessary processes in the system (System — “S”);

e components that support the organization, presentation, access data storage (Information — “1”’);

e components of telecommunication environment, providing interconnection of information systems
(Communication — “C”). This level is a model of open systems interconnection (OSI/ RM — Open System
Interconnection / Reference Model).

Furthermore, the model is a three-dimensional one, and it has several planes. Three planes were ex-
amined in the study: front basic <IS>, management <M> and data protection <P>, which may reflect,
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each in its own context, the functionality of the basic plane. Unfortunately, the protection plane in the
standard [2] practically is not described; therefore, further presentation of data protection plane is pos-
sible in two aspects:

1. “Cells” of the plane <DP> integrate sets of mechanisms insuring protection of implementations of
the relevant “cells” of the basic plane <IS> — intercategory aspect (in terms of the standard [2]);

2. Since ISP itself is an information system, its functionality, in turn, can also be structured in accord-
ance with the basic representation of <IS> with correction of the context.

The results presented in this paper are focused on the intercategory aspect. Then the task of providing
security for PO presented in the form of the OS/RM model is that the properties of K, C, D should be
realized for implementations of each model “cell” of information and computing resources. In addition,
it also relates to the basic plane of <IS> structuring function of IS and management plane <M>, and the
resources of the system security, arranged on a plane protection <P>. Obviously, the objectives K, C, D
are reference ones, first, because they are applied to the reference functional groups, and secondly, mod-
els of their interpretation differ for implementations of various “cells” of the model. Figure 3 shows an
example of the interpretation of these properties for the “cells” of “Display forms of applications” and
“Process of systems application layer”.

Display forms
K : access restriction to the display forms of applications:
- limited physical access of any user computer screen, which displays the form;
- limited access to an application in terms of its display forms
D : the possibility to display the forms on the screen:
- physically possible,
- the possibility opposing spam and viruses,
- non-blocking of form.
C : the ability to save display forms in thevariant, in which they were created

The processes of systems application layer

K : limiting access from the side of relevant API functions of an application to the processes of system-
application layer;

D : system processes or API business logic possbility to apply to systems application

C : control of processes’ integrity

Fig. 3. An example of an interpretation of security objectives for the various “cells” of the OSE \ RM model

Structuring of protection mechanisms

The next task consisted in the fact that protective mechanisms Mx (both, currently existing and po-
tentially possible) should be structured in accordance with the objectives of «cells» in view of the inter-
pretation. This will ensure the requirement for intercategory representation of the plane <P>, declared
by the standard [2]. Mx analysis led to the conclusion that all the variety of mechanisms can be divided
into three groups:

Group 1 — Target protective mechanisms providing a target function{KS} = {C,D,K}. These Mx
should be assigned in correspondence with implementation of “cells” of the three planes; i.e. ideally,
each “cell” should be “closed” by mechanisms of access control, integrity monitoring, and accessibil-
ity insurance.
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Group 2 — Protective mechanisms providing those mechanisms, which carry out additional actions
necessary for

a) functioning organization of the target Mx and

b) implementation of its own target function on either level of protection mechanism. For example,
to ensure the confidentiality of a data file, for which there are certain access rights, the security system
should make sure that the subject, for example, a user accessing the system, has a corresponding right.
To do this, it is necessary to primarily enable the mechanism to organize a session with IS to give the
user a possibility to access to the system. Next the mechanisms of identification, user authentication, and
after that a mechanism to control access to the file should be enabled, which will compare the rights of
the subject and file. Moreover, in order to ensure a certain level of confidentiality, it is necessary to use
encryption mechanism for crypto-operation support of appropriate resistance.

Thus, each Mx from the group one requires support for insuring protective mechanisms. Tables 1 and 2

demonstrate an example of the relationship of Mx’s target and supporting actions in view of a) and b) (see
above). Similar tables can be generated and agreed by experts beforehand.

Table 1. Compliance of target and supporting Mx as for data confidentiality / integrity

Insuring Mx Session or- | Ident., | Trusted Crypto |Data pri- | Domain |Residual data

Criterion ganization | authent | channel | -support vacy split cleaning
<IS> data confiden-
it [+ +\+ o+ + 4
tiality / integrity | L1 | T A \
<P> data confiden-
+\ [+ H\[+ A\ N n N N
tiality / integrity V] \[+] \ \
<M> data confiden- Y A+ e e ., R

tiality / integrity

Table 2. Compliance of target and supporting Mx as for data accessibility

Insuring Mx Fault ) o
Serviceability | Data recovery | Data rollback Backup
Criterion tolerance
<IS>data accessibility + + + + +
<P> accessibility +
<M>data accessibility +

It should be noted that each Mx (protection mechanism) out of the reference group is a hierarchy of
mechanisms-subclasses, possessing many attributes and their actions are directed onto different IS ob-
jects. For further structuring, it is necessary to present the internal structure of Mx in the form of a model.
For this purpose, we used a model in the form of a semantic ontology. Fig. 3 shows the ontology of the
overall presentation of the class of protection mechanisms {Mx} and an example of one of the special
purpose mechanism — access control.

Next, the idea consists in the fact that to relate leaves of taxonomies of target Mx with PO “cells”, and
leaves insuring Mx to collate with target ones in accordance with Tables 1, 2. The implementation of
control mechanisms is carried out in the form of application to the protection system. Thus, the reference
model of IPS is built for IS. It should be noted that this is the general universal model. However, it gives
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Fig. 3a. Ontology of the “Protection mechanisms” class {Mx}
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Fig. 3-b. Ontology of the access control mechanism

understanding of how to build business processes for IS protection based on specific needs dictated by
IS implementation and organizations’ security policy.

The reference description of the basic subset of business
processes protection

In any information system, data is subjected to some typical operations: input / output, storage, process-
ing, transmission to removable data carrier, transmission over a local or wide area network. The national
standard for information security [5] is aimed primarily to protect these operations. At the same time,
you should consider both user data arrays associated with the basic plane <IS> and the data of system’s
management (plane <M>) and security (plane <P>).
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All these types of operations are implemented by means of various “cells” of the model and can be
represented as a sequence of transitions on the “cells.”

1. Data storage involves the data organization (high-level or low-level), representation in the form of
a format, storage on disk drive and is intended for:

a. User arrays. Their storage is done by means of the column “cells” <IS> <HW> <>,

b. System data. Its storage is done by means of the column “cells” <M> <HW> <[>,

c. Data of system security. Its storage is done by means of the column <P> <HW> <[>,

It should be noted that all three types of data might actually be stored on the same disk.

2. Data processing operation is performed by processes initiated by an application, for example:

a. Computing includes operations carried out on the contents of RAM cells. First, the application algo-
rithm initiated the “cell” <IS> <Appl> <S>, then the process <IS> <OW> <S> addresses to the content
of RAM <IS> <HW> <I>, the processor executes the arithmetic on the data ( <IS> <HW> <S>) and the
result is returned to RAM <IS> <HW> <[>.

b. Modification includes operations carried out on the existing record fields of files, DB.

3. Data input / output consists in copying data from an input stream or a file in the RAM cell and data
record field from the cells and fields in the output stream or file, implemented by an application.

4. Data transfer (application, management, security), implemented via removable carriers (cell U, I, HW
rows). This operation can be carried out by the a user initiative directly, and in this case it is executed by
means of OS, such as copying data to a floppy disk or a file output to the printer. This initiation begins in
the “cell” <IP> <OW> <U>, then the process in the “cell” <IS> <OW> <S> is triggered which addresses
to the file system <IS> <OW> <I>. Next, data reading from the hard drive <IS> <HW> <I> takes place
and its recording to a floppy disk or transfer to a printer <IS> <HW> <U> along the dotted arrow.

If the user performs the same operations using an application, the process begins via the form of the
application (“cell” <IS> <Appl> <U>), which triggers the algorithm branch <IS> <Appl> <S> and further
along the arrows.

Data input chain operates similarly. And data may be both user and service data, In this case they are
simply taken from the respective “cells” of planes <M> and <P>.

5. Data transfer (application, management, security) implemented via a local or external network
(column C). It is executed by setting the interaction between network nodes.

The operation consists of several stages:

* Preparation — establishment of session (connection) is carried out at user request, but can be imple-
mented using OS (“cell” <IS> <OW> <U>) or through the application (<IS> <Appl> <U>).

* Setting up a remote connection to the external IS or LAN is initiated by means of the «cell” <IS>
<MW> <S>,

* Data migration from DB for its transmission.

The developed mechanisms Mx are intended just for the described above current operations, although it is
clear that the availability of appropriate tools for mechanisms implementation, the reference representation
of plane functionality <P> allows choosing Mx for any operation carried out in the system. Of course, not
only these operations occur in the system, but also the charm of novelty is that the reference representation
of the plane functionality <S> allows you choosing the Mx for any operation carried out in the system.

Therefore, it is the “cells” that are involved in the operation should be “covered” by protection mecha-
nisms, and the sequence of “cells”, which are associated with chains of target and insuring mechanisms
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representing a business process of protection. The following figures 4-6 show a basic subset business
processes of protection built on the basis of typical data operations described above.
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Fig. 4. Data transmission via local or global network
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Fig . 5. Representation of operations of data processing via computing (a), DB modification (b)
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Fig. 6. Data transfer to portable data medium initiated by user with the help of OS tools (a) or an application form (b)
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BUSINESS PROCESS DESIGN METHOD INSURING INFORMATION SYSTEM SECURITY
BASED ON INTERCATEGORICAL REPRESENTATION OF PROTECTION PLANES IN OSE\RM MODELS

Conclusion

In conclusion, we shall emphasize, what the presentation of information system in the form of the OSE/
RM model gives for the design of protection system:

1. 4 systematic comprehensive look at IS as an object of protection.

2. The three-dimensionality of a model allows representing all faces of IS that is the base, management
and protective ones in the form of an integrated system.

3. Systematic representation of 1S functionality of any complexity, from a single computer to a geo-
graphically distributed systems, including the protective plane allows standardizing security system, i.e.
to collate multiple standards or specifications regulating the design of a protection system and its opera-
tion to “cells” plane of protection.

4. The specified functionality of a protective component implementation in the form of intercategory
services (mechanisms), structured according to OSE/RM, gives the opportunity for security system to
obtain the properties of openness [3,4], namely, extendability, scalability, mobility of applications, user
mobility, interoperability. L

5. Decomposition of security objectives KS(C, D, K) by the model “cells” makes it possible to design
reference business processes of protection, which allow obtaining reasonable requirements for applica-
tions within the IPS regarding implementations of the “cells” of IS objects.
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dyHKuMoHanbHaga 6e3onacHoCTb. Teopus U NpakTUKa

Knb6syH A.N., UrnaTtoB A.H.

OPIrAHU3ALNA MOHUTOPUHIA U ONTUMAJIbHOM
NMPODPUJIAKTUKU MO NPEAYNPEXAEHUIO
TPAHCMNOPTHOIO NPOUCLUECTBUA HA SAAAHHOM
YPOBHE HAOLEXHOCTU

BeposiTHOCTb TPaHCMOPTHOIO MPOUCLLIECTBUS CYLLIECTBEHHO 3aBUCUT OT Pas/indHbix GakTopoB v rpynr
¢akTopoB. B pabote uccnenyetcs 3KOHOMUYECKas Lie/1ecoobpa3HOCTb MOHUTOPUHra CrydYarHoro ¢ak-
TOpa M NpoBeAeHue NPodUNakTUK1 Mo NMPeaynpexneHuo TpaHCrnopTHOro npovctuectsus. lpennaraercs
HECKOJIbKO KPUTEPUEB A/ OLEHKM M0JI€3HOCTU MOHUTOPUHIa 1 NPpoGUAaKTUKA A1 PasIMyHbIX cTpaTterui
MUHUMUW3ALMN PUCKa rpouncLuecTaus. [puBoamnTcs npumep Mcrosib30BaHUS MoyHYeHHbIX Pe3y/ibTaToB npu
¢dopMUpoBaHM Xene3HoAOoPOXHOIro CocTaBa.

KnrodyeBble cnoBa: MOHUTOPUHI, BEPOSITHOCTb TPAHCMOPTHOMO MpPOUCLLIECTBUS, ONTUMAasIbHas rnpoguiak-
TVKa, HaaEeXHOCTb, 9KOHOMUYeckasi 3QpGHEeKTUBHOCTb.

1. BBepeHue

Kax u3BectHo u3 [1] u [2], Ha BOBHUKHOBEHHE TPAHCTIOPTHBIX MPOUCIIECTBUN U HA UX MOCIEICTBUS
BIIMSIOT pa3inu4Hble (pakTopbl U Tpynmsl hakropos. [Iprmuem ogau pakTOphl BIUSIOT HA TPAHCIIOPTHOE
MIPOHMCIIECTBHIE B OONBIICH CTETIEHH, a APYTHE — B MEHBIIEH. XapaKTePHUCTUKON 3TOTO BIUSHUS CITyXKat
YCIIOBHBIE BEPOSITHOCTH TPAHCTIOPTHOTO MPOUCIIECTBUS MPH YCIOBUU MOABICHUS GakTopoB [2]. AHa-
JUTUYECKH 3TU BEPOSITHOCTH HailTu He yhaetcs. [loatomy B pamkax [1] u [2] npensioxkeHa MeTOaMKA
UX OIICHKH Ha OCHOBE HAONIOCHUH 32 MPOUCIIECTBUEM M PEAN30BaBIIMMUCS 3HAYCHUAMHU (HaKTOPOB.
BeposiTHOCTH COBMECTHOTO TMOSIBIICHUS (DAaKTOPOB W MPOHMCUIECTBUIA MOXET OBITh OIICHEHA Ha OCHOBE
IIPOTOKOJIOB NpouciecTBUi. Ho 3TUX MPOTOKOJIOB HEAOCTATOYHO /1711 OLIEHKH YCJIOBHBIX BEPOSTHOCTEN
IIPY TIOSIBIICHUH PA3JIUYHBIX KOMOMHALNK (PaKTOpPOB, T.K. 3T YCIOBHBIE BEPOSTHOCTH 3aBHCAT €IIE OT
BEPOSITHOCTEH MOsABICHUS (PaKTOPOB, HH(POPMAITHSI O KOTOPBIX B MMPOTOKOJAX He cofepkutrcs. [loaTomy
aKTyaJIbHOM SIBJISIETCS] OpraHu3aIisi MOHUTOpUHTA (hakTopa. Ho Ha opraHu3annio MOHUTOPUHTA MOTYT IO-
TpeOOoBaThCsI 3HAUUTEIbHBIE (PMHAHCOBBIE cpeicTBa. Clie0BaTeIbHO, HEOOXOAMMO COTTIOCTABUTh CPEACTBA,
3aTpayrBacMble HA MOHUTOPHUHI, C PUCKOM MPOMUCILIECTBUS (CPEIHUMH MOTEPSIMHU IIPU IPOUCLIECTBUN ).

Kpome Toro, mocine opranuzaini MOHUTOPHHTA (hakTopa HEOOXOIUMO IMPOBECTH elle MPOPHIAKTHKY,
HalpaBJICHHYIO Ha CHWKCHHUE BIMSHUS (PAKTOPOB Ha TPAHCIIOPTHOE MpoucuiecTBre. Ha moqo6Hyto mpo-
¢bmakTUKy Takxke Tpedyrorcs punaHcoBbie cpencTBa. [103ToMy akTyanpHOM SBISIETCS 3a1a4a 110 OLIEHKE
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CpCACTB, HCO6XO,[[I/IMBIX IJI1 OpraHru3allii MOHUTOPHUHI'A U ITPOBCACHUA HpO(I)I/IJ'IaKTI/IKI/I, a TakKXKE COIIO-
CTaBJICHUC UX C PUCKOM IPOUCIICCTBUA.

B nacrosei pa60Te HCCIICAYCTCA 3a/ija4a [10 MUHUMU3AIUU BIIUAHUA CJ'Iy‘-IElﬁHOI‘ (O) (baKTopa Ha TpaHC-
MMOPTHOC MMPOUCHICCTBUC C UCITOJIb30BAHHUECM PA3JIMYHBIX KPUTCPUECB, B YaCTHOCTH, B (bopMe MarcMaTrn4ic-
ckoro oxxuganus. Iloka3piBaeTcss SJKOHOMUYECKAs HCI_ICJ'ICCOO6pa3HOCTB MOHUTOPHUHIA AJII HCCKOJIbKUX
YaCTHBIX CJIy4acB. PaCCManI/IBaeTCH TAKXKEC 3a/iaqa I10 ITIOMCKY OITUMAJIBHOT'O YPOBHS (I)aKTOpa, K KOTOpOMY
npeaaracTcsa NMpuBeCTU (l)aKTop C yU€TOM Oananca CYMMapHBbIX 3aTpaT U HAACKHOCTU IIPUHATUSA PCHIC-
HuA. BeIUKCIS€TCsS BeIMYMHA SKOHOMHUYECKOTO 3(1)(1)CKT3 OT CUCTCMbI MOHUTOPHHI'A U HpO(I)I/IJ'IaKTI/IKI/I,
rapaHTUpOBaHHAA HA 3aJTaHHOM YPOBHC HaJIC?)KHOCTH. Hpe,unar aeTCs MOCIIeA0BAaTEILHOCTD ACHCTBUM 110
opraHu3allid MOHHUTOpPHHI'A (I)aKTopa Y OIITUMAaIbHOMI HpO(I)I/IJ'IaKTI/IKI/I 110 IMPECAYMPEIKACHUIO ITPOUCIIC-
CTBUAI. HpI/IBOI[I/ITCH npumep, CBSI3aHHBIM C (bOpMPIpOBaHI/IeM JKCJIC3HOAOPOKHOI'O COCTAaBA.

2. MuHnMmu3sauna enmaHusa pakTopa Ha TPaHCNOPTHOE nNnpoucLiecTene

Chopmynupyem 3amaqy Mo MHHUMM3AIUK BIUSHUS CIy4yaifHOro ¢akTtopa Ha TPaHCIOPTHOE MPOHC-
[IECTBHE.

[Iycts A —TpaHCIOPTHOE MPOUCIIECTBHE (HAIPUMED, Ha KeJe3HO nopore), P(A) —BeposSTHOCTb €ro
BO3HUKHOBEHUS, & ¢ — CTOMMOCTb yIiep0a, BOSHUKAIOIIETO MPH MOSBICHUN 3TOTO COOBITUS A , KOTOpas
cunTaeTcs u3BecTHOi. [Ipeanonoxum, 4To cymecTByeT Hekuii paktop F', BIUSIOMIMIA HA YaCTOTY BO3-
HUKHOBEHUS TPAHCIIOPTHOTO MpouciiecTBUsa. Hanpumep, eciu uccieayroTcst MpOUCHIECTBUS Ha Kele3-
HOJIOPOXKHOM TPAHCIIOPTE, TO 32 F' MOXKHO MPUHATH YUCIIO BATOHOB B KEJIE3HOIOPOKHOM COCTaBE WM
BEJIMYMHY C/ABHIa JOPOXKHOTo nojioTHA. [lycTe F uMmeeT JUCKpeTHBINH HAOOp YMCIOBBIX 3HaYE€HUl f, ,
KOTOPBIE PEaIU3yIOTCsI C COOTBETCTBYIOIIMMU BEPOATHOCTAMU p,,k =1,...,N.

Buauane chopmynupyem npocTyro 3aady o0 OleHKe 11e1eco00pa3HOCTH MPOBEACHNS MOHUTOPUHTA
¢dakTopa u mpoBeAeHUs MPOPUIAKTUKH 110 TPEAYPEKIECHUIO TPAHCIIOPTHOTO MPOUCIIECTBHS. 3aTeM Mbl
YCIIOKHUM 3aJjady U pacCMOTpUM ee B Oosiee o011eil mocTaHOBKE.

Haiinem takoil Homep K 3HaueHus f, gakropa F , Ipu KOTOPOM YCIIOBHAsI BEPOSATHOCTD IIPOHCIIE-
CTBUSL A TpU yCIIOBUH, YTO (hakTOp /' NpUHSI 3HaUYeHHE f;, Oyl1eT MUHMMAJIbHON

K =arg Rlir}vP(A|F=fi).

Torna B ciydae, eciau peanusoBaslieecs 3HadYeHUe f, dakropa [ OTIMYHO OT f, , pa3yMHBIM Ipe-
CTaBJISIETCS 3aTPaTUTh HEKOTOPOE KOJIMUECTBO CPEAICTB ¢; sl yMEHbIIEHUs BIUsHUA pakTopa F (TO ecTh
JUIs IPUBEJICHHsSI €T0 3HAYE€HUs K YPOBHIO f, ). IMEHHO mox 3TUMH eHCTBUSAMHU MBI OyzieM TOHUMATh
mpo(UIAKTUKY, HAMPABICHHYIO Ha CHU)KEHHE PUCKa TPAHCIOPTHOTO MPOMCIIECTBUSA. 3aMETUM, 4TO, C
OJTHOM CTOPOHBI ITPH MPOBEACHUN MPOPHUIAKTUKH PUCK TPAHCTIOPTHOTO IPOUCIIECTBHS YMEHBIIUTCS, a C
JPYTOI CTOPOHBI — MOSBSATCS IOTIOJHUTENILHBIE PACXO/IbI HA OPraHU3aIIUI0 MOHUTOPHHTA U TPO(PUITAKTHKY.
OneHrM cyMMapHBI€ PacXo/ibl BOSHUKAIOIINE IPU JaHHOHU cTpaTeruu. OueBUIHO, 4TO Oe3 HabIoNeHus
(MonuTOpHHra) dhakropa F opraHu3oBaTh NpoGUIAKTHKY HEBO3MOXKHO. bysiem cunurtars, 4To nmocsie npo-
¢wnakTuky 3HaueHue paxkropa F Oyner paBHO f, . Torna cymMMapHble 3aTpaThl, HallpaBJIeHHbIE HA Opra-
HU3aLMI0 MOHUTOPUHTA U TPO(PUIAKTUKH, OYTyT CKIIabIBATHCS U3 3-X BETUYHH: IIOCTOSIHHOMN BETMUNHBI
¢ , CBSI3aHHOM € 3aTpaTaMM Ha yCTAHOBKY U 3KCIUTyaTalli0 000pyIOBaHHs 10 MOHUTOPUHTY, CITy4aiHbIX
sarpar C; Ha U3MEHEHMeE 3HaueHHs pakTopa F (IPUBEICHHUS €r0 K YPOBHIO f, ) M CIIydailHbIX 3aTpar
CX, cBA3aHHBIX C BO3MOMKHBIM yIIEPOOM MpPH IIPOUCIIECTBUN A TOCIE NPOBEIEHHUs NPOPUIAKTUKH.

B cBA3M CO CKa3aHHBIM Bhle 3atpathl Ch Ha u3MeHeHue (akTopa F 1 IIPUBEIEHHS €0 K YPOBHIO
fx MOTyT OBITh IPEACTABJIEHbI B BUJIE JUCKPETHOM CIIyyailHOIN BETMUMHBI C PSAAOM paclpeesIeHus
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Cr

K
¢

K
Cy

P

D

P>

Py

def
tne p, = P{F=f}, ¢ — Bennuuna cpecTs, KOTOpBIE HY’KHO MOTPATUTH IS TOTO, YTOOBI IPUBECTH
3HaueHue (akrtopa F C ypoBHA f, K YPOBHIO f,,i=1,...,N. OueBuano, uto cy =0, Tak KaK B 3TOM

1

ciydae npoduaakTUKa He MPOBOAMUTCS.

B cBoro ouepenb, 3aTparhl Ch Ha BO3MOMKHBI yiepO IIpH OCyLIECTBIEHHH COOBITHS A MOCIe TIpo-
(bUIaKTUKU MOTYT OBITh IPEJCTABICHBI B BUJIE CIEAYIOIIETO psiia pacrpeneacHus

ck c 0

P B (4) 1=F(4)

rne P, (A) —BeposSTHOCTb HACTYILIEHUsI COOBITHSL A mociie npuBefeHus Gaxkropa F K ypOBHIO f K-

ITo cytu P, (A) ecTb ycinoBHasi BEpOSATHOCTb COOBITUSL 4 NPH yCIOBUH, YTO IIPOBECHA PO(DUIAKTHKA
u (hakTop /' mpuBeneH K ypoBHIO f . [lockonbky nocie npoduiaaktuku Gpaktop £ MOXET IPUHUMATh
JMIIb OJHO 3HaU€HHUE f, C BEPOATHOCTHIO 1, TO MO (popmyiie noaHoil BepostHOCTH [3] nomydaem:

P(d)=P(A|F = ;)2 p, = P(A|F = fy). (1

OTMmeTuM, YTO BEpOATHOCTb COOBITUS A Oe3 mpodunakTuku paBusiercs P(A), To ecTh 0€3yCcI0BHOM
BEPOSITHOCTH TPAHCHOPTHOTO mpouciecTBus. [To hopmyre monHO#M BEpOSTHOCTH MOTyYaeM, 4To

Hm=ZHMF=ﬁm

Ho, Tak kak no npeanonoxenuto P(A|F = f,)< P(A|F = f,) nnaBcex i # K , 10

P()2 PA|F = [0 pi = P(AIF = [).

Takum 06pazom, rnocie npoHUIAKTUKA YMEHBIIUTCS BEPOSITHOCTh TPAHCIIOPTHOTO ITPOUCILIECTBUS, a,
CIIEIOBATEIbHO, U PUCK TPAHCIIOPTHOTO NpouciecTsus P (A4)c , HO Ipu TOM HOSBSTCS AONOTHUTEIb-
HBI€ PacXO0/ibl, CBSI3aHHbIE C MOHUTOPHHIOM U IIPOoMIakTUKON. TakuM 00pazom, pu JaHHOW CTpaTeruu
CyMMapHbI€ TIOTEPH B CIy4ae UCTIOJIb30BaHHUSI CUCTEMbl MOHUTOPUHTA C MPO(PUIAKTUKON COCTaBAT

®=c, +C;+Ch.
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OPTAHU3ALUA MOHUTOPUHIA U ONTUMAJIbHOM MPODUNIAKTUKU MO NPEAYNPEXAEHUIO
TPAHCNOPTHOIO NPOUCLUECTBUA HA SAOAHHOM YPOBHE HAAEXHOCTU

Hcnone3yst kputepuii B popMe MaTeMaTHYECKOTO OXKUAAHUS, TIOTYYUM, YTO B CPEAHEM 3aTPaThl, CBS-
3aHHBIE C CUCTEMOW MOHUTOPUHTA U MPO(PHUIAKTUKOM, OyayT paBHbI

— def

— K K
® = M[@]=c, + M[cX ]+ M[c¥].
Bocnonp3oBaBmmch OnpeaACICHUEM MAaTEMATHYCCKOI'O O)KUAaHMs, II0JIYUYUM, UTO

6=cE+iciKpi+cP(A|F=fK). )

i=1

3amMeTuM, 4TO CpeAHHe 3aTparbl L (PUCK MpOUCIIECTBHSI) O€3 CUCTEMbl MOHUTOPUHTA COCTABIISIIOT
def
L= M[C,]=cP(A), 3)

rae C, — cityyaiiHble IOTEpH NIPU MIPOUCILECTBUN A 0e3 npoBefeHus npopuiaktuku, P(A4) — BeposT-
HOCTB COOBITHS A 0e3 mpoBeneHUs MPOPUIAKTUKH, ¢ — yIIepO Mpy BO3SHUKHOBEHUH IPOHUCIICCTBHS,
kotopasi P(A) naxomutcs nmo hopmyse monHou BeposTHOCTH (1). Takum oGpazom,

L=c) PUAIF = fip, 4)

B ciydae, ecnu cpeqHue 3aTpathl IPU UCIOIB30BAaHUM MOHUTOPUHTA ¢ MPOUIAKTUKON HEe OOobllIe,
YeM 3aTparhbl IIPU €ro OTCYTCTBUHU, TO €CTh NpHU

o<, (5)

MO)KHO CUHUTATh, YTO CUCTEMa MOHUTOPHHTA C TIPEIJIOKEHHOM MPOPUIaKTHKOMN OyzeT noje3Hou. B mpo-
THUBHOM CITy4ae, UCI0JIb30BaHHUE CUCTEMbl MOHUTOPUHTA CJIeIyeT MPU3HATh HEleIeco00pa3HbIM.

3. OnTumanbHag npodunakTmka no npeaynpexaeHnio TPaHCMNOPTHOro
npoucLuecTBug

OpnHako MOXKHO MCITOJIB30BaTh UMEOITHECS (pruHAHCOBBIE pecypchl boree a3 dexruHO. Eciu gakrop
F oTnudeH OT ONTHUMAIIBHOTO f) , HEOOA3aTEeNIbHO PUBOAUTE (PAKTOp F' K YPOBHIO fj , TAK KaK 3TO
MOXET TOTPeOOBaTh 3HAYUTEIBHBIX (PMHAHCOBBIX PECYPCOB, & MOYKHO TTOTIBITATHCS TIPUBECTH (pakTop
F x xakoMy-1u00 ApyroMy 3HaU4€HHIO f, , ONINYaromemMycs ot f, . [Ipr 3ToM MOryT yMeHbIIUTCS 3a-
TpaThl Ha I3MEHEHHUE (HaKTOpPa, a 3aTpaThl Ha BO3MOXKHBIH yIIepO YBETHUUTHCS, HO B CYMME 3TH 3aTPAThI
MOTYT YMEHBIIUTHCS. DTO OyIeT 03HayaTh, UTO CpeaHHe 3aTpaThl yMeHblIarca. ChopMyaupyeM cooT-
BETCTBYIOILYIO 3a7[a4y.

IIpenmnonoxum, 4to yciaoBHast BeposiTHOCTh P(A4 | F = f,) MOHOTOHHO Bo3pactaernoi =1,..., N. Ilycts
’KeJaeMblil ypoBeHb (pakTopa F' paBeH f, , TOIa CyMMapHble IOTepU OyyT PaBHBI
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®(k)=c, +Ci +C",

e Cj. mpencTapiseT coboil clrydailHylo BeJTMUHHY, XapaKTepH3yIOILy0 KOIHIECTBO CPEICTB, KOTOPhIE
HY’KHO HAIlpaBUTh Ha NpuBesieHue Gaktopa F K ypoBHIO f,,a C' — ciyuaiinas BenmuunHa 3aTpar npu
HPOUCIIECTBUU 4 TOCIe NPO(UIAKTHKH, TO €CTh ITOCIe NpuBeAeHus (pakTopa F ¢ ypoBHA f; K yPOBHIO
f,,ecim i >k . B ciyuae, ecnu i < k , npoMIIaKTUKy IpeaIaraeTcsi He IPOBOJUTH, TaK Kak 110 IpeJIo-
JIO’KEHHUIO BepOATHOCTb P(A | F = f;) He Bbie BeposiTHOCTU P(A | F = f,) nns i < k . IlycTs ciayyaiinas
Bemunna C MMEET Psijl pacrpe/eeHust

k k k k k k
Cr e ¢, C, c cy

i i+1

P pl p2 e pi pi+l oo pN

e ¢ XapakTepu3yeT BEJMUMHY CPEJICTB, KOTOPbIe HyKHO 3aTPaTUTh JJIsl TOTO, YTOOBI OHU3UT 3Ha-
yeHue (haktopa F ¢ ypoBHS f, 10 »kenaemMoro yposHs f,,i=1,...,N,a p, — BEpOSITHOCTb NOSBICHUS
daxropa F co 3HaueHueM f,,i=1,...,N. IIpennonoxum Takxe, 4T0 3HaUCHUsI f, MOHOTOHHO BO3pac-
Tator no i =1,..., N. 3ametum, uto BenuuuHbl ¢, =0 npu i < k , Tak kKak NpodUIAKTHKA He TIPOBOIMTCH,
eci 3HaueHue (dakropa f, He Oonbiie f,, i <k . Ecau Obl MbI Bce-Taku IpH [ < k NpHUBEIM 3HAUCHUE
daxropa F' K ypOBHIO f,, TO BEPOSITHOCTb TPAHCIIOPTHOTO MPOUCIIECTBUS IPU ITOM JIHIIb YBEJINYHU-
Jach Obl, TaK)Ke Kak U JIOTIOJIHUTENbHBIE (PrHAHCOBBIE cpeicTBa. TakuM 00pa3zoM, nocie npouiIakTuKu
Clly4daiHblil (pakTOp F' MOXKET NMPUHSATH JIMIIL k 3HAUYEHWH, IpudyeM F NPUHUMAET 3Ha4eHUs f, Ipu
i <k c BEpOATHOCTSAMU p, ¥ 3HAUCHUE f, C BEPOSTHOCTBIO

kdef
Py = P T D Tt Dy

WubiMu cnioBaMu, 4TOObI H30€KaTh HEXKEIATeIbHOTO YBETHMUEHHs BEPOSTHOCTH TPAHCIIOPTHOTO MPO-
HCIITECTBHS U JIOTIONTHUTENBHBIX PACXOMIOB, TONBKO B p; CITydasix Mbl Oy/1eM H3MEHSATH 3HaYeHHe (aKTopa
F 10 »xenaemMoro ypoBHs f, . 3aMeTHM TaKXke, YTO BEPOATHOCTb CIy4aifHOro coObITUsl A IOoCie mpo-
dunaxruxu usmenutcs. IlostoMy psa pacrpenenenus ymep6a C' mocne npoduIakTHKU TIPEMET BUL

ct c 0

P £ (4) 1=-F.(4)

rae P, (A) — ycioBHast BEpOATHOCTb COObITUA A MOcie Npo(UIaKTUKY, Korga GpakTop F NpHUBEIeH K
YPOBHIO f, . DTa BEpOATHOCTh MOXKET OBbITh BBIYUCIIEHA 10 (POPMYIIe OTHON BEpOATHOCTH

B(A)= S P(A|F = f)p,+ P(A|F = [)¥pk =1 ..M,

TaK Kak npu i < k mpoduaakTuka He TPOBOAUTCS, a NP i > k 3HavyeHHe dakTopa F NPUBOAUTCS K
ypoBHIO f, . [ToaTOMY CpenHue cyMMapHbIe 3aTpaThl B CIy4ae MCIIOIb30BaHHUS CHCTEMbl MOHUTOPHHTA
¢ IpO(UITAKTHKON COCTABST
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(k) =c, + M[CE]+ M[Ct]= ¢, + icikpi+c iP(A|F=ﬁ)pi+P(A|F=ﬂ)ﬁ:pi . (6)

i=k+1 i=1

OtmeTum, uto nociuenuss Gopmyna npu k=K =1 B TOYHOCTH COBMAJaeT C MPUBEICHHOW BBILIE
dopmynoii (2). B cinyuae, ecniu k = N, BeposatHOCTh P, (A) coBmnagaer ¢ BepoATHOCTbIO P(A) BO3HUK-
HOBEHHUs coObITUA A 0e3 mpoBeneHus npoduaakTuku. CpenHue 3arparbl 0€3 CUCTEMbl MOHUTOPHUHTA
(pUCK poUCIIECTBHS) KaK U paHee OCTaHYTCs Ha YPOBHE (4).

OueBUIHO, YTO CPEIHUE 3aTPAThl 3aBUCAT OT YPOBHS f, , K KOTOPOMY NPUBOAUTCS GakTop F .

ITocraBuM 3anady HalTH Takoil HoMep k. 3HaueHus f, dakTopa F , IpU KOTOPOM CPEIHUE PACXOAbI
MUHUMAaJIbHbBI

k. = arg min @ (k). (7)

1<k<N

3amMeTHM, 4TO €CIIn 6(1@) < L, cucteMy MOHUTOPHHTA C MPOPUITAKTHKOH CIIeTyeT MPU3HATH MOJIC3HOM.
B npoTHBHOM Ciy4ae MOHUTOPUHT U MPO(HIAKTHKY IPOBOIUTH HELIEIECO00pasHO.

Onnaxko B 3aga4e (7) MUHUMH3UPYIOTCS JIMIIb CPEAHUE TTOTEPH U MPH ITOM BEPOSITHOCTH TOTO, YTO
3aTpaThl HA CHCTEMY MOHHTOPHHTA OKYIISTCS, MOXKET OKa3aThCs OUeHb MalleHbKOH. PaccMoTprmM Bepo-
STHOCTHYIO IIOCTAHOBKY 3a/1a4dl MOHUTOPUHTA, TO €CTh OLICHUM BEPOSITHOCTh

P2 Plogky<L} (8)

TaKOro COOBITHS, IPU KOTOPOM 3aTparhl Ha IPOBEACHHE MOHUTOPUHTA C MPOQPHUIAKTUKON HE MPEBHICIT
cpenHue 3arparsl 6e3 MoHuTopuHra. Chopmynupyem 3agady

k, = argmax P, (k), )]

1<k<N

3aKJIIOYAIOLIYIOCS B TOM, YTOOBI HAlTH ONTUMAJbHBIN HOMEp k, ypoBHA f, ¢axTtopa F , Ipu KOTOPOM
paccmarpuBaeMasi BEpOsTHOCTH (8) MakcuMabHa. J{71s1 9TOM 11eIi TOCTPOUM Psijl paciipeie/ICHUs CITydaii-
HOM BEJIMYMHBI CyMMapHBIX 3aTpar @ (k) , mpeaBapuTeIbHO OTMETHB, YTO HAOOp 3HAYECHUM ATOM CITydaitHON
BEJIMYMHbI ABJIAETCSA KOHEYHBIM M COCTOMT U3 C,.,C, + Ch ¢, + ¢,y +¢f +c,tnei =k +1,...,N. 3Hauenue c,
MOJTy4aeTCsl, €CIIU MPo(UIaKTUKA HE IPOBOIUTCS U, KPOME TOTO, COOBbITHE A HE MPOUCXOIUT. 3HAYCHHE
¢, + ¢ mnomydvaercs, eciau NpopuIakTUKa HE MPOBOIUTCS, U coOblTue A mnpoucxoaut. Ilpodunakrrka
HE NPOBOJUTCS, Korja i < k , To ecTsb, korna F < f, . [loatomy

PO(k) =} = P(A-{F < i) =3 (1= P(A| F = f))p; (10)
Pi®(k) = ¢, +c} = P(A-{F < fi}) = 2 P(AIF = [)p: (11

i=1

142



OPTAHU3ALUS MOHUTOPUHIA U ONTUMAJIbHOM MPODUNIAKTUKU MO NPEAYNPEXAEHUIO
TPAHCMOPTHOIO NPOUCLLUECTBUSA HA 3SAOAHHOM YPOBHE HAAEXHOCTU

3HaueHUs ¢, +C! MOMydaloTcs, ecu coObITHE A He MPOMCXOHT, & MPOPUIAKTHKA TIPOBOUTCS, TIPH
KOTOpOH (hakTop F TIOHMKAETCS C YPOBHA f, 110 YPOBHSA f,,i >k . 3HaueHue ¢, +c. +c momydaercs,
eciu cobbiTHE A MPOUCXouT Tocie npopunaktuku. M tak kak P{Cr =cf} = P{F = f.} = p,, T0

P{®(k)=c,+cy=(1=P(A|F = f))p,i=k+1,...,N, (12)

P{O(k)=c, +c" +cy=P(A|F = f)p,i=k+1,...,N. (13)

Takum 006pa3zom, moaydaeM psjl pacipeaeaeHus

D(k) Cp cp+ck cp+c cp+ci+c

P X0 —PUIF= ) p | (=PUAIF= 1) | XPAIF=L)p, | PAIF=f)p,

Ha ocHOBe NoJIyu€HHOTO psijia paclpeieIeHusl MOXKHO HaiiTu BeposTHOCTh P, (k) . Pemas 3anauy (9),
MOXKHO HaWTH Takoi HOMep k, 3HaueHus f, ¢akropa [, IpH KOTOPOM MaKCUMaJlbHa BEPOSITHOCTH TAKOTO
COOBITHSL, TIPY KOTOPOM ciTy4aiiHble 3aTparbl @ (k) npu npoduaakTuke OKaXXyTCsl He O0NIbIIe BETMYHMHBI
CpeIHUX MOTepb L TpHU TPAHCIIOPTHOM MPOUCIIECTBUU O€3 MPOBEIEHUS] MOHUTOPUHTA.

Ho MosxeT BO3HUKATb TaKasi CUTyalusl, KOIjia BeposITHOCTD P, (k) 1 HEKOTOPBIX & OKaxeTcs OOIbIION
U HET CMBICTIa €€ Jaylbllle MAaKCUMU3HUPOBaTh. B Takol cUTyaluy onpeieeHHbI HHTEPEC MPeACTaBIsIeT
BEJIMYMHA SKOHOMUYECKOTO 3((PeKTa OT CHCTEMbl MOHUTOPHHTA, TApaHTHPOBAHHAS Ha 33/1aHHOM YPOBHE
HaJIe)KHOCTH O . B CBS3U C 3TUM pacCMOTPUM KBaHTHIJIbHYIO IIOCTAHOBKY 33/1a4l MOHUTOPHHIA M OLICHUM
rapaHTUPOBAHHBIN SKOHOMUYECKHUH 3 (PEKT OT MPOBEACHUS MOHUTOPUHTA C MPO(YUITAKTUKON

o, (k) Lgmax{ga:P{L—d)(k) Zgo}z a}. (14)
Pemmim 3amauy

k, = arg max @, (k). (15)
1<k<N
Torna npu HaiineHHOM HOoMepe k, ypoBHs f, (akTopa F 3koHOMHUYecKui 3pdekT oT mposeneHUs
MOHUTOPHHTIA € NMPOMMIAKTUKON cOCTaBUT @, (k,) U 3TOT 3(h(EKT rapaHTHUPYETCS C BEPOSITHOCTBIO O .
BribepeM ypoBeHb HaIeKHOCTH O TaKXKe U3 SKOHOMUYECKUX cooOpaxkeHnid. Haiinem Takoil ypoBeHb
0L, HaZIGKHOCTH O , TIPH KOTOPOM BEJTMYMHA SKOHOMHUYECKOTO 3(ppexTa mpy NCIONb30BaHUN KBAHTHIIEHON
CTpaTeruu He OyJeT OTPHUIIATEIbHON

o, = max{o : @, (k,)=0}. (16)
Takum o6pazom, B O.. cirydasix yOBITKH OyIyT OTCYTCTBOBATH, @ BETMYMHA SKOHOMUYECKOTO Y peKTa
cocrasut @, (k,, ). OTMETHM, YTO €CITM PENICHUE ITOMH 3a/1a41 HE CYHIECTBYET, TO JJIst IFOOOTO O B TEp-

MUHaX KBaHTHUJIM MBI IOJTYYHM YOBITKU IIPU OpPraHU3allMd MOHUTOPUHTA U MPO(UIAKTUKUA. DTO 3HAYMT,
YTO MMPOBEACHNE MOHUTOPUHTA U MPO(UITAKTUKY HelleJIecoo0pa3Ho B MPUHIIMIIE.
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4. AHanN3 NOJIYy4€HHbIX COOTHOLUEHUN

PaccmoTpuM HEKOTOpPBIE YaCTHBIE CIIydand IPUMEHEHHUs ITIOJTYYEHHbBIX HAMH COOTHOLIEHUM.
BbyneM cuuTark, 4TO TpaHCIOPTHOE IpoHucIIecTBUE A «ci1abo» 3aBUCHUT OT pakTopa I, eciau

P(A|F=f)~p,i=1,...,N,

TO €CTh YCJIOBHASI BEPOSITHOCTh COOBITHSI A Majio MEHSETCS OT OAHOTO 3HaueHus pakTopa F K apyromy.
3ametnm, uro eciu P(A | F = f,) = p,i =1,..., N, To IMEeT MECTO IIOJIHOE OTCYTCTBHE 3TOI 3aBUCUMOCTH
TPaHCIIOPTHOTO TpouctiecTBusi A ot daktopa F . B ciaydae moaHOTro OTCYTCTBHS 9TOM 3aBUCHMOCTH
CpeIHUE PACcXO/Ibl MPU MTPOBEICHUH MOHUTOPHHTA U TPO(PIIIAKTHUKY OyIyT paBHBI

_ N
D(k)=c,+ Y ¢/ p,+cepk=1,...,N.

i=k+1

B CBsA3U C TEM, YTO BCIIMYHHBI Cik HQOTpI/II_[aTeJ'H)HI)I, MHWHHUMAJIBHBIC HOTepI/I 6y,)IYT JOCTUTaThCsA HpI/I
k=N, 1O ecThb

®*=6(N)=cE+cp.

ITomy4yeHHBIN pe3yapTaT MOKa3bIBAET, YTO JKEIaeMOe 3HaueHue (pakropa HaXOOUTCS HA YPOBHE f, .
OTO TOBOPUT O TOM, YTO HUKAKHUX JEHCTBUI MO M3MEHEHUIO (paKTOpa MpeANnpruHUMATh HE HY>KHO, €CJIH
TPaHCHOPTHOE MPOUCIIECTBHE HE 3aBUCUT OT (akropa F . Kpome Toro, B CBA3M C TEM, YTO 3aTparhbl Ha
AKCIUTyaTalli0 CHCTEMbl MOHUTOPHHTA 32 PEAKUM UCKIIOUEHUEM PaBHBI HYJIIO, TO CpeHu yiep0 (puck
npoucuiecTBus) L, B JaHHOM Clly4ae paBHbIN

L=cp,

OKa3bIBa€TCsl MEHbIIIE, YEM MOTEPH IPU HMCIOJIB30BAHUUA CHUCTEMbl MOHUTOPUHTA. DTO 3HAYUT, YTO
MOHMTOPHUHT 32 (GaKTOpOM F TIPOBOJUTH HE UMEET CMbICIIA, €CIIH CBSI3b MEX/y TPAHCIIOPTHBIM MPOHC-
IIECTBUEM U (PAKTOPOM IMOJIHOCTBHIO OTCYTCTBYET. B citydae «cimaboit» 3aBUCHMOCTH pe3yibTaT OKa3bl-
BAETCSl aHAJIOTUYHBIM.

Bynem cuntarp, 4T0 TPaHCIOPTHOE MPOUCIIECTBHE A «CHIJIBHO» 3aBUCHUT OT (hakropa F', ecnu

P{A|F=f}=t"p,i=1,...,N, (17)

def
s Hexotopblx 1€ T = {teR':¢t>1,"'p<1iu pe (0,1). Bcayuae,ecm i =1,10 P(A|F = f,)=p.
[TpearonoKuM TakxKe JJIsk IPOCTOTHI, YTO YPOBHHU (hakTopa F paBHOBEPOATHEI, TO €CTh

0 Y PIF=f) LiciN
= y=—i=1,...,N.
' " N

Torma B 3TOM citydae cornacHo (6) moiaydaeM

N k-1 k-1 _
D)=y Y+ L3+ PO ey (18)
i=k+1 i=1
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B cuny dopmynsl U1 cyMMBI T€OMETPUYECKON IPOTPECCU

Zz’* = (19)

BEJIMYMHA CPETHUX CYMMapHBIX MOTepb, onpenaensemas no ¢popmyse (18), paBusercs

B N -1 k-1 _
@(k)ZcE+;ZCf+c(§tt L k+1)j,k=1,...,N. 0)
i=k+1 -

Cpennuii ymep06 (prcK npoucuecTBrs) 0€3 CUCTEMbl MOHUTOPHHTA B CITy4Yae «CHIIbHOMY 3aBUCUMOCTH
cobObiTust A ot akropa F' cormacHo popmynam (4) u (19) paBHsercs

N N tN—l

L= C'Z:]ifpt"l = %Zti’l = %

21)

-1

PaccMoTpuM «KpUTHYECKHID» Cilydaid, IpU KOTOPOM YCJIOBHas BepossTHOCTh P(A|F = f,,) BO3HUK-
HOBEHUS coObITUS A OyneT paBHA eIUHUIIE, TO €CTh coracHo (17), korma

N p=1. (22)

ITycTth mpoduakTuka COCTOUT B IPUBEIEHUM (pakTopa F K ypoBHIO f, . Tak Kak IO MPeaIoN0KEeHHUIO
ycioBHbIE BeposiTHOCTH P(A | F' = f,) MOHOTOHHO Bo3pacTaroT o = 1,..., N, T0o B JaHHOM cily4ae HoMep
K , onpenenceHHbI B pazaene 2, paBeH 1. [ToaToMy cpeaHue nmotepu mpu Takoi nmpoduiaakTuke OymayT
onpenensaThes mo opmyne (2) mia K =1. Halinem Takue 3HaueHus mapameTpa p npu GUKCHPOBAHHOM
KonuuecTBe N 3HaueHHi ¢akropa F, IpU KOTOPBIX CPelHUE CyMMapHBIE 3aTpaThl HA MOHUTOPHHT C
PO UITAKTUKOM OBLITM HE OOJIbIIIE CPEAHMX 3aTpaT 0€3 MOHUTOPHUHTA, TO ecTh cornacHo (20) u (21) u3
yCIIOBUS

def — 1 &, cp t"
B(p,N):(D—LZCE%—NZCi—FCp—W <0. (23)

i=2 t—1

OtMmeTuM, 9TO cornacHo (22)

f= p—l/(N—l).

[ToaTomy, mepexomst k mpeneny B (23), moirydaem

B.(p)= lim B(p.N) = ¢, + MIC} ]+ cp+

—P <y, 24
n(p) 29

TaK Kak 1o npaswiy Jlonurans [4]
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VN g — Nn(p)p VD
N YD 1y = i £ 1 p — 1 .
lim N(p )= lim T T i T n(p)

U, KPOME TOTO,

N
lim— ¢! = M[C}].
Noo N 5

Pazpemas HepaBeHCTBO (24) OTHOCUTENBHO p , MOXKHO HaliTH TaKOe 3HAYEHUE p, MapaMmeTpa p , Ipu
KOTOPOM CpPEIHHE PacXo/bl MPHU MPO(PUIAKTUKE U MOHUTOPUHIE HE MPEBBICAT PUCK MpOUCIIECTBUS L .
OTMeTHM, YTO C TOMOIIBIO (24) MOXKHO JIJIS1 JTFOOBIX I0CTaTOYHO OOJBITUX N HaMHOTO MPOIIE OTHICKATh
BCE p , IPU KOTOPBIX CTpATerusi MUHUMHU3ALUU BIUSAHUA dakTopa OyleT Leaecoodpa3Ha, HEKEIH Bbl-
qucisTh (2), (4), (5).

5. NMpumep

PaCCMOTpI/IM IMPUMCEP UCITOJIB30BAHUSA IMTOTYYCHHBIX COOTHOILIEHHUH. HO}I TPAHCIIOPTHBIM ITPOUCHICCTBU-
eM A OyneM MOHMMATh KpYIIEHUE KeJIe3HOAOPOKHOIO COCTaBa, a B KauecTBe dakropa F Oynem pac-
CMaTpuBaTh YMUCJIO BAroHOB B COCTAaBC. HCHOJ’IBSyeM TUIIOTCTUYCCKHUE JaHHBIC, OCHOBAHHBIC HA JaHHBIX
13 aMEpPUKaHCKOHM cTaTUCTUKH [5]. BymeM cuuTaTh, 4TO HEKOTOPOMY 3aka3uuky Tpedyercs ot 61 go 80
BaroHoB, MpUYEM YHUCJIO BArOHOB B 3aKa3€ CHy‘I&ﬁHO N UX YHUCJIO PAaBHOBCPOATHO. Hpegmonoan, qTo,
4YeM JJIMHHEE COCTaB, TeM OOJIbIIIE BEPOSTHOCTD €10 KPYLISHHs, IPUYEM B T€OMETPUUECKOM TPOrpeCCUU
C HEKOTOPBIM 3HAMEHATeJIeM / U YUCIHUTEIIEM p , TO €CTh

P(A|F = f)=pt",

rae mapamerpsl p = 2-10°u £ =1.8. IIycTh CTONMOCTB yIep6a B Ciydae KPYLICHHS COCTaBa COCTABIISIET
¢ =1500000 $; cronMOCTh OTIPABKHU OHOTO BaroHa rpy3a 3aKa3uiKy JPYTrHM TPAHCIIOPTOM COCTABIISET
¢, =1500$. apIMu crioBaMu, €cii i —k BaroHOB OTCTHIKOBATh OT COCTaBa B [EIISIX MPOQHITAKTHKA IPO-
uciecTBys (YMEHbBIIICHUS JUTMHBI COCTaBa 110 *KeJlaeMoro kommdectsa 60 + k), To BOBHUKHYT SKOHOMHYE-
CKHe MoTepu, paBHble ¢ = ¢, (i — k). Otmetum, uto cortacHo (1) u (19) BepositHOCTs P(A) KpylieHUs
noes3zfa 0e3 MpOBEJeHHSI MOHUTOPUHTA U MPOGUIAKTUKN paBHA

20 20
P(A4)= 2210 pt™ =107 71" ~0.0159.
i=1

i=1

Cpennuii ymep6 6e3 cucTeMbl MOHUTOPHHTA (PUCK IMPOUCIIECTBHS) B JAaHHOM MpPHMEpE COTNIACHO
dbopmyre (3) paBeH

L=cP(A4)~23903$.
B JaHHOM CJIy4a€ MOHUTOPHUHI 3aKJIFOYACTCAd B IIOACUCTEC KOJIMYCCTBA BArOHOB B COCTABEC, IIOOTOMY

CCTCCTBCHHO MPCAIIOJIOXKNTD, UTO BEJIMYHHA 3aTpat, CBA3aHHBIX ¢ MOHUTOPHWHI'OM, paBHA HYJII0, TO €CTh
¢; = 0. IToaTtomy cornacHo (6) cpeaHne CyMMapHbIE 3aTPaThl COCTABAT
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k—1 _
CD(k)—— ZC +c(202f 1! p(2(2)0 k+1)}k=1,...,20. (25)
=1

z =k+1

OTMeTHUM, uTO B HOC/IeHEH GopMyIe BeTHUHHBI ¢, = ¢,(i —k) XapaKTepu3yloT CTOUMOCTh OTIPABKHU
i —k BaroHOB rpysa JIpyruM TPaHCIIOPTOM B CIIy4ae, €CJId COCTaB OyaeT GopMUPOBATHCS UL U3 60+k
BaroHoB. [lostomy

= k-1 _
Bk = - 15006 k)4 o 2L L POk ) p o0, (26)
20 55 20 -1 20

OcHogebIBasick Ha (19) 1 (25) momyunM clieAyoImKe 3Ha4eHUS 111 CPEAHUX CYMMapHBIX MTOTEPh (B 10JI-
Japax) npy NpopHIAKTHKE, 3aKITIOYAIOIICHCS B YMEHBIIICHUH JITTHHBI J)KEJIE3HOIOPOKHOTO cocTaBa ¢ 60+i
1o 60-+k Baronos (Tabmwuma 1).

Ta6auna 1. Cpeanue nmorepu npu npopujiakTuKe B 3aBHCHMOCTH OT KOJMYECTBA BArOHOB

L=®Q20) | &) | ®2) | ®3) | ®@) | ®5B) | ®6) | D7) | ®B) | DO)

23903 14253 | 12831 | 11485 | 10216 | 9027 7921 6903 5981 5169

D(10) | D(11) | ®(12) | D(13) | D(14) | D(15) | D(16) | D(17) | D8) | D(19)

4450 3978 3688 3705 4152 5201 7075 10014 | 14160 | 19257

Pemas 3anauy (7), u3 JaHHOHN TaOIUIIEI MOXKHO HANTH ONITUMAJIBLHBIA HOMED k,=12. DTO 03HAUYALT, 4YTO
ecyu 3aka3zuukKy Tpelyercst 6onee 60+12=72 BaroHoB, TO cieayeT c(hOpMHPOBATH COCTAB JIHIIbL U3 72
BaroHOB, @ BECh OCTAJIbHOM I'Py3, KOTOPBII HEOOXOIMMO MEPEBE3TH, CIEAYET OTIIPABUTH KAKMM-TO APYTUM
CIoco00M. DTOT pe3ysbTar CBSI3aH C TEM, YTO PACXO/Ibl Ha IIEPEBO3KY HEXKETE3HOIOPOKHBIM TPAHCTIOPTOM
MOHOTOHHO YOBIBAIOT 1O K , OMHAKO MPU 3TOM HAOIIONACTCS CYIIECTBEHHBIH POCT MO k BEPOATHOCTHU
KPYLICHHUS T0€3/1a, YTO YBEINYMBAET BOSMOXKHBIN yIIepO Mpy MPOHUCIIECTBHH.

Pemmm teneps 3anady (15) 118 pa3nuyHbIX YpPOBHER OL HaAEKHOCTH. B uTore nosmydnM crenyoiue
pesynbrarsl (Tabnuna 2).

Tabuuua 2. I'apaHTHPOBAHHBINA YKOHOMHUYECKHH 3PPEKT 0T NpoBeaeHU NPOPUIAKTHKHA
B 3aBHCHMOCTH OT YPOBHSI HAJEKHOCTH

o 0.95 0.99 0.995 0.999 0.9995 0.9999 | 0.99997 | 0.99999
k, 20 18 16 12 11 8 5 3
9, (k) 23903 20903 17903 11903 10403 5903 1403 -1598

B cootBerctBum ¢ (16) momyunm, uro o =0.99997 . CnenoBarebHO, ONTUMAIbHAS CTPATETUS TIPH-
HATHUSL pelueHus k, =5 (TO €CTh COCTaB JOJDKEH ObITh ChOpMUPOBaH HE Ooriee, yeM u3 60+5=65 Baro-
HOB). [Ipruem B 0.99997 ciyuasx OyaeT moiaydeH rapaHTUPOBAHHBIN MOJI0KUTEIHHBIA SKOHOMUYECKUN
3¢deKT OT CHCTEeMbI MOHUTOPHHTA C MPOPHIAKTUKON B pasmepe 1403 $. V3 Tabmuibl BUIHO, Y4TO MPU
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YBEJIMYECHUH JIJTMHBI COCTaBa B O CIy4asiX SKOHOMHUYECKHUU 3P PeKT Bo3pacTaeT, HO npu 3ToM B (1 — o)
HeOJIaronpUsATHBIX CIIy4asx BO3pacTaroT U yobITku. Hanpumep, npu k, =12 (4T0 COOTBETCTBYET pelle-
HUto 3a7a4¥ (7) Mpyu MUHUMU3AIMH CPETHUX 3aTpaT) B 999 ciiydasx U3 ThICSYU SKOHOMUYECKUH A ekt
OT mpoduIakTuku coctaBut 6oee 11903 $, a B ogHOM ciydae U3 THICSYM YOBITKA MOTYT OKa3aThCsl He-
npuemieMo Oonbimumu. [loaToMy pekomMeHayeMoe Il JaHHOTO IIpUMepa 3HadeHue k, =5, Ipu 3TOM
ik B 3-x cinydasx u3 100 ThICSY BO3HUKAIOT YOBITKH, @ 3KOHOMHUYECKUH A3PPEKT OT MOHUTOPUHTA U
npoBeAeHUs nMpodpuiIakTuku Oyaet He Hike 1403 §.

6. AnropnTtm npoBegeHuss MOHUTOPUHIra u NPpoPUNIaKTUKn

C y4eToMm CKa3aHHOTO BBIIIE OMHUIIEM PEKOMEHIYEMYIO TOCIeA0BaTeIbHOCTh JSHCTBHUI IpU MpOBe-
JIEHUY MOHUTOPHUHTA U MPOPUITAKTHKH.

1. YeraHaBaMBarOTCs JaTUMKU UL U3MEPEHUS 4acTOThI NOsBIEeHUS dakropa [ = f, (Hampumep, Be-
JUYUHBI CIIBUTA IOPOKHOTO MONOTHA), i =1,..., N.

2. Beraucnsercs 4acToTa MOSABICHUS | —TO 3HaUCHUs f, (akTopa [, TO €CTh HAXOAUTCS OLEHKA P,
BeposTHOCTH p, = P{F = f.},i=1,...,N.

3. OueHka p, yTOUHSIeTCS Ha OCHOBE JIOTHCTHYECKOH CXeMbl 00paOOTKM JaHHBIX IO MaJIOH BBI-
oopke [2].

4. O6pabaTpIBatOTCs MPOTOKOIIBI IPOUCILIECTBHUIH, 10 KOTOPBIM OLIEHUBAIOTCS BEPOSITHOCTH P(A - {F = f.})
OJTHOBPEMEHHOTO MOsBIEHUS COOBITHS A U (akTopa F co 3HaueHueM f,,i=1,...,N. Jlas 3Toro onsare
e HUCIIONIb3YeTCsl IOTUCTHIECKas cxemMa 00pabOTKU JaHHBIX.

5. Beruucnsiercst yclioBHasi BEpOSITHOCTh COOBITUS A TPU YCIOBHH, UTO (PakTop F TPUHAT 3HAYCHHE
/;, KoTopoe 110 onpeeneHuo [3] paBHsaeTcs

P(A|F=f)= P(ﬁ{’;isz}),ﬁl,...,zv

6. Haxogurcs cornmacuo (10)-(13) psn pacnpenenenus cinyvaiiabix 3arpat (k) Ha mpoBeneHue Mo-
HUTOPUHTA U NPO(UIAKTUKH, HAIIpaBIEHHOHN Ha npuBeaeHue gakropa F k yposHio f,,k=1,...,N.

7. I1o popmynam (14), (15) onpenensiercst onTuManbHbIi HOMep k, YpOBHA f, , K KOTOpOMY HEOOXO-
JIUMO TpuBeCcTH (pakrop F .

8. Pemaercs 3anada (16), B KoTOpoii BBIOMpAETCs ONTUMAJIBHOE 3HaUE€HUE HAIEKHOCTH O, TPUHATHA
peleHust 0 MPOBEACHNUHU NMPO(PUIAKTUKH.

9. llpounakrrka NPOBOAUTCS, eciiM pakTop F mpuHsI 3Hadenue f;, rne i >k, . Ecan 'y daxropa
F 3Ha4eHue f; oKaxeTcs ¢ HOMEpOM i <k, , TO IPOpUIAKTHKA HE TIPOBOIMTCS.

10. DxoHoMHueckuit 3peKT oT cucTEMBbl MOHUTOPUHTA C MPO(UIAKTUKON B TAKOM CIIy4ae COCTaBUT
He menee @, (k, ), KOTOpBIA onpenensercs mo Gopmyie (14) wist o = o..

7. 3aknouyeHue

B pabote uccnenoBana npobiema ynpapieHHs pUCKaMU U PECYPCaMU, CBI3aHHBIMU C TPAHCTIOPTHBIMHU
npouciecTBusiMU. C 3TOH 1eTIbI0 pacCMOTpEHa 3a/1a4a 0 MUHIUMU3ALIMY BIUSHUS (paKTopa Ha TPAHCIIOPT-
HO€ MPOMCIIIECTBHE C UCIIOJIb30BAHUEM PA3IMYHBIX KPUTEPUEB, B YACTHOCTH, B (JOPME MaTeMaTHUECKOTO
oxuganus. MccnenoBana sSkoHOMHUYECKast 11e51eco00pa3HOCTh alPHOPHOTO MOHUTOPUHTA 32 CITyYalHbIM
(hakTOpOM U MTPOBEICHHS aIOCTEPUOPHOM MPODUITAKTHKY IO TIPETYTPEKICHUIO TPAHCIIOPTHOTO MPOKC-
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OPTAHU3ALUS MOHUTOPUHIA U ONTUMAJIbHOM MPODUNIAKTUKU MO NPEAYNPEXAEHUIO
TPAHCMOPTHOIO NPOUCLLUECTBUSA HA 3SAOAHHOM YPOBHE HAAEXHOCTU

mecTBus. [Ipennoxensl kputepuu B (hopMe MaTEMaTUYECKOTO OKHUJIAaHUS, BEPOSATHOCTH U KBAHTUIIHU JUIS
OLIEHKH MOJIE3HOCTU MOHUTOPHUHrA U MPOGUIAKTUKY JUIsl PA3IMYHBIX CTpaTeruii MUHUMU3AllUK pUCKa
npoucuiecTBus. B yacTHOCTH, HccaenoBaH ciydyail MUHMMM3AIUKU PUCKA MPU «CUIIBHON» U «caaboii»
3aBHCHUMOCTHU TPAHCIOPTHOTO IpouciiecTBus oT pakropa. [IpuBeaeH npumep UCIOIb30BAHUS MOTYYECH-
HBIX PE3yJIbTaTOB MpU (POPMHUPOBAHUHU HKEJIE3HOIOPOKHOTO COCTaBa, OCHOBAHHBIN HA THIIOTETUYECKUX
JAHHBIX U3 AMEPUKAHCKOW CTAaTHUCTUKH.
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Functional safety. The theory and practice

Kibzun A.l., Ignatov A.N.

ORGANIZATION OF MONITORING AND OPTIMAL
PREVENTIVE MEASURES OF A TRANSPORT ACCIDENT
WITH THE SPECIFIED DEPENDABILITY LEVEL

The probability of a transport accident significantly depends on various factors and groups of factors. The
paper investigates the economic expedience of monitoring a random factor and transport accident preven-
tion. Several criteria for utility evaluation of monitoring and prevention for various strategies to minimize an
accident risk are offered. The paper also presents an example of using these results in a train makeup.

Keywords: monitoring, probability of a transport accident, optimal preventive measures, dependability,
cost-effectiveness.

1. Introduction

As is known from papers [1] and [2], various factors and groups of factors affect the occurrence of
transport accidents and their consequences. At that, some factors affect the transport accident to a greater
extent and the other — to a smaller extent. The characteristic of this effect are conditional probabilities of
a transport accident under conditions of factors’ occurrence [2]. Analytically, these probabilities cannot
be defined. Therefore, the method of the probabilities’ assessment based on observations of transport
incident and realized values of factors is offered in the framework of the papers [1] and [2]. If simultane-
ous occurrence of factors and accidents can be estimated based on occurrences’ report, then the condi-
tional probability of accidents’ occurrence at appearance of factors can be assessed only on the basis of
the occurrence probability of factors that cannot be estimated only on the basis of accidents’ protocols.
Therefore, the organization of factors’ appearance monitoring is urgent. In addition, these monitoring ar-
rangements may require significant financial resources. Therefore, it is necessary to compare the money
spent on monitoring with risk of accidents’ occurrence (average loss in an accident).

Moreover, it is necessary to carry out addition preventive measures, aimed at reducing the impact of
factors on the accident after monitoring arrangements of factors appearance. Such preventive measures
also require financial resources. Therefore, the urgent task consists in assessing the resources needed
for the organization of monitoring and preventive measures, as well as their comparison with the risk of
accidents.

This paper considers the problem to minimize the influence of a random factor on the transport acci-
dent, using different criteria, in particular in the form of expectation. In addition, the paper presents the
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economic inexpediency of monitoring several special cases. This study also considers the task of finding
the optimal level of a factor to which it should be brought taking into account the balance of the total
cost and decision-making dependability. The economic effect value of preventive measures, insured at a
given dependability level is calculated. The paper offers the succession of actions to organize monitor-
ing of a factor appearance and optimal prevention of a transport accident. The example associated with
a train makeup is presented.

2. Minimizing a factor impact on a transport accident

Let us state the task of minimizing the impact of a random factor on a transport accident.

Let 4 be a transport accident (such as rail accident), P(A4) — the probability of its occurrence, and ¢
— the damage cost of the event occurrence, which is assumed to be known. We shall suppose that there
is a factor F' affecting the incident frequency. For example, if railway accident is under study, then you
can take the number of cars in the train or the railroad bed displacement as F. Let F has a discrete set of
numerical values f,,, which are implemented with the corresponding probabilities p,,k =1,...,N.

At first, we shall formulate the simple task of assessing the expedience to carry out of monitoring the
factor occurrence and the transport accident preventive measures implementation. Then we shall com-
plicate the problem and consider it in a more general statement.

Let us find such a number of K of the value f; for the factor F; where the conditional probability of the
event 4 will be minimal, if the factor /" has taken the value f,

K =arg E}qinN P(A|F = f)).

Then, if the implemented value f; of the factor F'is different from f it is reasonably to spend a certain
amount of funds ¢, to reduce the impact of the factor (that is, to bring it to the level f,). Just, these actions
should be understood as preventive measures, aimed at reducing the risk of a transport accident. Note
that, on the one hand, during an accident prevention the transport risk decreases, on the other hand, there
will be additional costs for the organization of preventive measures. Let us estimate the total costs aris-
ing from this strategy. Obviously, without observation (monitoring) of the factor F it is not possible to
organize preventive measures. We shall assume that after the preventive measures the value of the actor
F will be equal to f,. Then the total costs related to the organization of the monitoring and preventive
measures will consist of 3 values: a constant ¢, related to the costs connected with monitoring of equip-
ment installation and operation, random costs Cj directed to changing the value of the factor F (bringing
it to the level ;. ) and random costs C " related to the potential damage of the transport accident 4 after
carrying out of incident preventive measures.

In connection with mentioned above, the costs Cy for changing the factor F, and bringing it to the
level f,, may be presented in the form of discrete random variable with a row of the distribution

K K K K
Cr ¢ ) e Cy

P P )2 s Py

where ¢ is the value of funds that are needed to be spent in order to bring the value of the factor
F from the level f; to the level f,,i=1,...,N. It is obviously, that ck =0, since in this case preventive
measures are not carried out.
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In turn, the costs CX for recoverinfg a possible damage at the occurrence of the event 4 after preven-
tive measures can be represented by the following row of the distribution

ck c 0

P P.(A) 1-P.(A)

where P,(4) is the probability of the event 4 occurrence after the reducing the factor F'to the level f;.. In
fact, P, (4 ) is the conditional probability of an event, provided that the preventive measures and the factor
F have been brought to the level f,.. As after preventive measures the factor /' can take only one value f
with probability equal to one, then according to the formula of the total probability [3], we obtain:

P (A)= P(A|F = f)2.p, = P(A|F = f,). (1)

i=1

Note that the probability of the event 4 without preventive measures is equal to P(A), that is to the
unconditional probability of a transport accident. According to the formula of the total probability, we

N
obtain that P(4)= Y P(4|F = f,)p,.
i=1
However, according to our assumption P(A | F = f,) < P(A| F = f;) for all i # K, therefore we have
the following:

P(A)2 P(A|F = ) p,= P(A|F = fy).

i=1

Thus, after preventive measures, the probability of an accident, and, consequently, the risk of that ac-
cident will be reduced. However, additional costs, which are associated with the event monitoring and
its preventive measures will arise. Therefore, the cumulative loss of this strategy in case of monitoring
system for preventive measures will make up the following:

®=c,+Cs+CF.

Using the criterion in the form of expectation, we shall obtain the average costs associated with the
system of monitoring and preventive measures, which will be equal to the following expression:

— def

@ = M[o]=c, + M[c¥ ]+ M[c]

Taking advantage of the expectation definition, we get the formula:

®=cE+iciKpi+cP(A]F=fK). ()

i=1
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It should be noted that the average cost L (risk of an accident) without monitoring systems makes up
what is presented below

L2 MIC, 1= cP(a), 3)

where C, is the accidental losses at incident 4 in case of no preventive measures, P(4) is the prob-
ability of the event A4 if there is no preventive measures, ¢ is the damage in case of an accident, which
P(A) is obtained under the formula of the total probability (1). Thus, we get

L=C§P{A|F=fi}pi. “4)

If the average cost of using monitoring with preventive measures is not more than the cost of its ab-
sence, that is

d<L, (5)

it can be assumed that the monitoring system with the proposed preventive measures would be useful.
Otherwise, its use should be recognized as inappropriate.

3. The optimal preventive measures of a transport accident

However, there is a possibility to use the available financial resources more efficiently. If the factor
is different from the optimal value f, , it is not necessarily to lead the factor F to the level £, , as it may
require significant financial resources, and you can try to bring the factor to some other value of f, , dif-
fering from £, . In this case, the cost of changing factor may be reduced, and the cost of possible damage
will change (may increase), but together they could be reduced, and, therefore, the average cost can be
reduced. Let us formulate the corresponding task.

We shall suppose that the conditional probability P(A|F = f;) increases monotonically i=1,...,N.
Let the desired level of the factor F'is f, , then the total loss will be equal to

®(k)=c,+Cr+C",

where C;. is a random variable which represents the amount of funds that should be directed at bring-
ing the factor F to the level £, , and C" is a random variable of costs in the accident 4 after preventive
measures, that is, after the reduction of the factor F' from the level /. to the level f,, if i > k . In case, i <k,
preventive measures is proposed not to be carried out, because by assumption the probability P(A4 | F = f;)
should not be higher than the probability P(A4 | F = f,) for i <k . Let the random variable C}. has a set
of the following distribution

k k k k k k
Cr G G e ¢ Cin Cy
P P )2 D; Pin Py
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where ¢} describes the amount of funds to be expended in order to reduce the value of the factor F from
the level f; to the desired level f,,i=1,...,N,and p,, is the probability of the factor /" appearance with
the value f,,i=1,...,N. We also assume that the values fare monotonically increasing fori=1,...,N.
Note that the values Cik =0 for i <k, because preventive measures is not carried out, if the value of the
factor f; is not greater than f, , i <k . If we still would bring the value of the factor F to the level f, for
i <k , then the probability of a transport accident only would increase, as well as additional funds. Thus,
after preventive measures, the random factor /' can possess only &k values and at that, F' possesses the
values f; for i <k with the probabilities p, and the value f, with the following probability

kdef
Pr = Pyt P Tt Dy

In other words, in order to avoid an unwanted increase of the probability of an accident and additional
costs, only in p; cases we shall change the value of the factor F to the desired level f; .

It should be noted also that the probability of a random event A4 after preventive measures would change.
Therefore, a range of loss distribution C* after preventive measures will take the following form

ct c 0

p LAY 1=-F.(4)

where P, (A) is the conditional probability of the event after preventive measures, when the factor F'is
reduced to the level f, . This probability can be calculated using the formula for the total probability

k-1 N
i=1 i=k

Since preventive measures for i <k is not carried out, and the value of the factor F is reduced to the
level of f, for i > k. Therefore, the average total cost in case of using the monitoring system with pre-
ventive measures will make up the following:

(k) =c, + M[Ct ]+ M[ct]=c, + icfpi+{§P(A|F=fi)pi+P(A|F:fk)ip,.j. (6)

i=k+1 i=1 i=k

It should be noted that the latter formula for £ = K =1 coincides with mentioned-above formula (2).
In case, k = N, then the probability B, (A) coincides with the probability P(A) of the event 4 occurrence
without preventive measures. Average costs without monitoring system (incident risk) as previously
remain at level presented by the formula (4).

It is obvious that the average cost depends on the level of £, , to which the given factor F is reduced.
Let us formulate the problem of finding such a number . of the value f, for the factor £ at which the
average costs are minimal

k. = arg min @ (k). (7)

1<k<N
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Note that if @(k.) < L , the monitoring system with preventive measures should be recognized useful.
Otherwise, it is inappropriate to carry out monitoring and preventive measures.

However, the problem (7) minimizes only average losses and at that the probability that the cost of the
monitoring system will be repaid, may be very small. Let us consider the probabilistic formulation of the
problem of monitoring, that is, estimate the probability

P2 Ploty <L} ®)

of such an event, in which the costs of monitoring with preventive measures will not exceed the aver-
age costs without monitoring. Let us formulate the problem

k, = arg max P, (k), ©)
1<k<N

consisting in finding the optimum number %, of the level f, for the factor £, at which the probability
(8) under consideration is maximal. For this purpose, we construct a series of a random variable dis-
tribution of total costs®(k), preliminarily noting that the set of values of this random variable is finite
and consists ofc,,c, +c,c, +c,c, +c' +c, where i=1,...,N. The value c, is obtained if preventive
measures are not carried out and, in addition, the event 4 does not occur. The value ¢, + ¢ is obtained if
preventive measures are carried out, and the event 4 takes place. Preventive measures are not carried out

wheni <k, that is, when F' < f, . Therefore

P{CD(k):CE}:P(Z'{Fka})ZZ(l—P(AIFZf,-))Pp (10)
P{®(k)=c, +cy=P(4-{F < f,})= D P(A|F = f)p. (11

i=1

The values ¢, + ¢/ are obtained if the event 4 does not occur, and preventive measures are carried out
in which the factor F is reduced from level f; to the level f,,i > k . The values ¢, +c} + ¢ are obtained if
the event 4 occurs after preventive measures. And since P{C}. =c/} = P{F = f,} = p,, then

P{®(k)=c,+cy=(1=P(A|F = f))p,i=k+1,...,N, (12)

P{®d(k)=c, +c +ct=P(A|F = f)p,i=k+1,...,N. (13)

Thus, we get a number of distributions

DO(k) Cp c,+cf c;te cptcf+e

Po| XA-PAIF=f) p | (=PAIF=f))p, | YPAIF=L)p, | PAIF=f)p,
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Based on the obtained distribution series it is possible to find the probability P, (k) . Solving the prob-
lem (9), one can find such a number &, of the value f, for the factor £ at which the probability is maxi-
mal for such an event in which the incidental expenses ®(k) will be no greater than the average loss L
at transport accident without monitoring.

However, a situation can occur when the probability P, (k) for some & would be great and it makes no
sense to continue its maximizing. In such a situation, the magnitude of cost-effectiveness of the monitor-
ing system, insured for a given level of dependability o, is of particular interest. In this regard, we shall
consider the quantile formulation of the monitoring problem and estimate the guaranteed cost-effectiveness
from monitoring with preventive measures

def
@, (k) = max{p: P{L - ®(k)> p}> a} (14)
We shall solve the problem

k, = argmax ¢, (k). (15)

1<k<N

Then at the found number £, of the level f, for the factor £ the cost-effectiveness from monitoring
with preventive measures will make up ¢, (k,) and it is guaranteed with the probability o .

Let us select the dependability level from economic reasons. We shall find such a level o of depend-
ability o, at which the cost-effectiveness value by using quantile strategy will not be negative

o, = max{o : @, (k,) =0}. (16)

Thus, ino.. cases the losses will be absent, and the cost-effectiveness value will make up @, (k) . Note
that if the solution of this problem does not exist, then for each in terms of quintile we obtain losses for
the organization of monitoring and preventive measures. This means that the monitoring and preventive
measures are unreasonable in principle.

4. The analysis of the obtained ratios

Let us consider some special cases of the ratios we have obtained.
We shall assume that the transport accident 4 “weakly” depends on the factor F, if

P(A|F=f)~p,i=1,...,N,
that is, the conditional probability of the event 4 varies little from one value of the factor F to another.
Note that if P(4|F = f,) = p,i=1,..., N, and then there is a complete absence of this dependence of the

transport accident A on the factor F. In the case of a complete absence lack of this dependence, the aver-
age costs for monitoring and preventive measures will be equal to the following

_ N
DOk)=c, + Zc;‘pi +cp,k=1,...,N.

i=k+1
Due to the fact that the values are non-negative; the minimum loss will be achieved at k=N, i.e.

®*=6(N):CE+CP.

156



ORGANIZATION OF MONITORING AND OPTIMAL PREVENTIVE MEASURES
OF A TRANSPORT ACCIDENT WITH THE SPECIFIED DEPENDABILITY LEVEL

The obtained result shows that the desired value of the factor is found on the level f, . This suggests
that no any actions to change the factor are required if the transport accident does not depend on the factor
F. Furthermore, because the operation costs of monitoring system with rare exception are equal to zero,
therefore the average damage (accident risk) L in this case is equal to L = ¢p, and it is less than the losses
when using the monitoring system. This means that the factor /' monitoring does not make sense, if the
relationship between transport accident and the factor completely absent. In case of “weak” dependence,
the result is the same.

Now we shall assume that the transport accident 4 “strongly” depends on the factor F, if

P{A|F=f}=t"p,i=1,...,N, (17)

def
forsometeT = {teR':t>1,t""'p<l}and pe (0,1).If i=1,then P(4|F = f;)= p. We also shall
assume for simplicity that the factor F levels are equiprobable, that is,

YpF=fi=Li=1,,N
= =f}=—,i=1,...,N.
pi TN
Then, in this case, according to (6), we obtain
— N = k-1 _
D) =y +— Yt +c(£Zt’l +1 p(NN ket l)j,k =1,...,N. (18)
i=k+1 i=1

k=l |
F , 19
i=1 -1 ( )
the value of the average total loss defined by the formula (18) is equal to
— 1 & p =1 ' p(N-k+1)
Oh)=c, +— > cF+ £ + k=1,....N. 20
) =cs Zkll (Nt—l N 20)

Average damage (risk of an accident) with no monitoring system in case of “strong” dependence of
the event 4 on the factor /', according to (4) and (19) is equal to

N N N

I _epa_ept —1

chg—pt Z—Et == . (21)
o N N ‘I N t-1

Let us consider the “critical” case where the conditional probability P(A|F = f,;) of the event 4 oc-
currence is equal to unity, i.e., according to (17) when

p=1 (22)
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Let preventive measures consists in reducing the factor F to the level f,. Since, by assumption, the
conditional probabilities P(A4 | F = f;) increase monotonically fori=1,..., N, then in this case the number
K defined in section 2, is equal to one. Therefore, the average loss in such a preventive measures will be
determined by the formula (2) for K =1. We shall find such values of the parameter p for a fixed number
N of factor F values, at which the average total cost of monitoring with preventive measures were not
more than the average cost without monitoring, that is, according to (20) and (21) from the condition

def — 1 & cpt” -1
B(p,N)y=®O-L=c,+— >c +cp— <0. 23
(p.N) DAL (23)
Note that according to (22) t= p "7 .
Therefore, proceeding to the limit in (23), we obtain
B ( — 1 — 1 C_Cp <
{(p)=1lim B(p,N)=c; + M[Ci]+cp+ <0, (24)
N In(p)
since by L’Hopital rule [4]
-UN-D g _ N21n(p)p—l/(N—l)
N(p VYD _1y=1; V4 _ 1 = _In
bim NP T lm Ty T im T vy (»)

1 N
and, moreover, lim v D =M[C;].
i—2

N-oow

Solving the inequality (24) with respect to p, it is possible to find such a value p, of the parameter p,
at which the average costs for the preventive measures and monitoring do not exceed the risk of the ac-
cident L. Note that from (24) it is possible to find all p for any sufficiently large N much easier than to
calculate (2), (4) and (5), under which the strategy to minimize the impact factor will be reasonable.

5. An example

Let us consider an example of the use of obtained ratios. We shall understand train derailment as a
transport accident 4, and consider the number of cars in the train formation as a factor /. We shall use
hypothetical data based on data from the U.S statistics [5]. Let us assume that some customers require
from 61 to 80 cars and at that the number of cars in the order is random and their number is equiprobable.
We shall assume that the longer the train formation, the greater the probability of its derailment, and at
that in geometrical progression with some denominator ¢ and the numerator p, that is,

P(A|F = f)=pt",

where the parameters p =210 and #=1.8. Let the cost of damage in case of train derailment makes
up ¢=1500000 $; the cost of shipping one car of cargo to the customer by another mode of transporta-
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tion makes up ¢, =15008. In other words, if i —k of cars should be uncoupled from train formation for
preventive measures of an accident (to decrease the train length to the desired number), the economic
losses arise, which are equal to ¢! = ¢, (i — k) . Note that according to (1) and (19) the probability of a train
derailment without monitoring and preventive measures is equal to

20 20
P(A)= 2210 pt =107 7" % 0.0159.

i=1 i=1

The average damage without monitoring system (accident risk), in this example according to formula
(3) is equal to L = cP(A) ~ 239038$.

In this case, monitoring consist in counting the number of cars in the train formation, so it is natural
to assume that the magnitude of the costs associated with monitoring is zero, that is ¢, = 0. Therefore,
according to (6), the average total costs will make up

— 1 & p & T pQRO-k+1)
d(k)=— Fpe &)+ Jk=1,...,20. 25
=3 ;f’ 0(20; 20 @)

Note that in the last formula the values ¢ = ¢ (i — k) describe the cost of shipping i-k cars of cargo to the
customer by another mode of transportation if the train will be formed only of 8 + k& cars. Therefore

_ 20 k-1 _ k-1 _
q)(k)_LZISOO(i—k)+c pr -l 0 pRO-k+) k=1,...,20. (26)
20 55 20 r-1 20

Based on (19) and (25) we obtain the following values for the average total loss (in U.S. dollars) for
the preventive measures on reducing the length of the train from 60+i up to 60+k cars (Table 1).

Table 1. The average losses from preventive measures carried out in accordance
with the number of cars

L=®20) | &) | ®2) | ®3B) | ®@4) | ®O5) | @®6) | D7) | ©O8) | DO

23903 14253 | 12831 | 11485 | 10216 | 9027 7921 6903 5981 5169

D(10) | D(11) | ®(12) | D(13) | D(14) | D(15) | @(16) | ®(17) | ®(18) | D(19)

4450 3978 3688 3705 4152 5201 7075 10014 | 14160 | 19257

Solving the problem (7) it is possible to find the optimal number £,=12 from the given table. This means
that if the customer needs more than 60 +12 =72 cars, it is necessary to form a train of only 72 cars, while
the rest of the cargo to be transported, necessary to transport by some other way. This result is related to
the fact that the cost of transporting by not railway transport monotonically decreasing according to k,
however, a significant increase of the probability of a train derailment is observed, which increases the
potential damage in the accident.
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Now we shall solve the problem (15) for the different dependability levelsa . As a result, we obtain
the following data (Table 2).

Table 2. Assured cost-effectiveness from carrying out preventive measures,
depending on the dependability level

o 0.95 0.99 0.995 0.999 0.9995 0.9999 | 0.99997 | 0.99999
k, 20 18 16 12 11 8 5 3
o, (k,) 23903 20903 17903 11903 10403 5903 1403 -1598

In accordance with (16) we obtain thato.. = 0.99997 . Therefore, the optimal strategy decision taking
k, =5 (i.e. the train should be formed of no more than out of 60 + 5= 65 cars). Moreover, in 0.99997
cases a guaranteed positive cost-effectiveness equal to 1403 $ will be obtained from the monitoring
system with preventive measures. The table shows that by increasing the train length in o cases the
cost-effectiveness increases, but at that, in (1 — o) of adverse events the losses also grow. For example,
when k, =12 (which corresponds to the solution of the problem (7), while minimizing the average cost)
in 999 cases out of a thousand events the cost-effectiveness from preventive measures will make up of
more than 11903 $, and in one case out of a thousand losses may be unacceptably high. Therefore, the
recommended value for this example is equal to &k, =5, with only in three cases out of 100 000 there
are losses, and the cost-effectiveness of the monitoring and carrying out preventive measures will be at
least 1403 $.

6. The algorithm for monitoring and carrying out preventive measures

In view of the mentioned above, we shall describe the recommended sequence of actions in the carry-
ing out monitoring and preventive measures.

1. Install sensors to measure the frequency of a factor F' = f, occurrence (for example, the railway
bed shift).

2. Calculate the frequency of appearance of the i-th value f, of the factor F, that is, the value p, of
the probability p, = P{F' = f,},i=1,..., N is defined.

3. Refine the value p, based on logistic data processing circuit on a small sample [2].

4. Process accident reports by which the probabilities P(A4 - {F = f;}) of simultaneous occurrence of an
event 4 and a factor F' with the value f,i=1,..., N are estimated. This again uses logistic data process-
ing circuit.

5. Calculate the conditional probability of the event A under condition that the factor F' possessed the
value f;, which, by definition [3] is equal to

P(A|F=f)= P(ﬁ{';isz}),iﬂ,...w.

6. According to (10) — (13), define a series of distribution accidental costs ®(k) for carrying out moni-
toring and preventive measures, aimed at reducing the factor /' bringing to the level f,,k =1,...,N.

7. By using (14), (15) determine the optimal number &, of the level f,, to which it is necessary to
reduce the factor £
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8. Solve the problem (16), where the optimized value of dependability o is selected for decision mak-
ing to conduct preventive measures.

9. Carry out preventive measures, if the factor F' possessed the value f;, wherei >k, . If the factor /'
has the value f; with numberi <k, , then preventive measures is not performed.

10. In this case, the cost-effectiveness of the monitoring system with preventive measures will make
up not less than that determined by the formula (14) for o = ..
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KYPHAA HSOAETCS IIPH YYACTHH U ITIOOOAEPKKE

OTKPBITOI'O AKILIMOHEPHOT'O OBIIECTBA (HAYYHO-UCCAEOOBATEABCKUM U ITPOEKTHO-
KOHCTPYKTOPCKUM MHCTUTYT UHOGOPMATUSAIIMN, ABTOMATU3AILIUU U CBA3U HA
KEAEBHOAOPO2KHOM TPAHCIIOPTE»

(OAO <HMHAC»)

OAO «<HHHAC» — Benyuiee npearpuarre OAO «P2K/I»

B 00AaCTH CO3AaHHS KOMIIAEKCOB M CHCTEM ObOecIlleYeHNs
0€e30IIaCHOCTH [BUIKEHUs, VIIPABAEHUS [IBUKEHHEM,
reonH(OPMAIIIOHHOTO  O0eCHedYeHus, MOHUTOPHHTA
COCTOSIHUS IIOABHKHOIO COCTaBa U HHQPPACTPYKTYPHI
3KEeAE€3HBIX I0POT

IIean:

U s¢dppexkTuBHOCTD,
U Ge3ommacHOCTDb

U HamexXHOCTH
IIepPEeBO30K

OcHOBHEIE HaIIpaBAC€HHS OECATEABHOCTH

ellHTEeAAEKTYaABHBIE CHUCTEMbI YIIPABACHUS !
*TeXHOAOTHH YIIpaBAEHUS II€PEBO3KaAMU T NWAVANT ST
U TPAHCIIOPTHOTO O0CAYKUBAHUSI d ——
*CucTeMbl aBTOMATHKH U TEAEMEXaHUKU '

*[leHTpPBI aBTOMATH3UPOBAHHOIO VIIPABACHUS

s HOpMAaITOHHBIE CUCTEMbI
*l'eouH(pOPMAIIOHHbIE CUCTEMBI U CIIyTHHUKOBBIE
TE€XHOAOTHH

*CucTeMbl TPAHCIIOPTHOMH 6€30I1aCHOCTH
*CucTeMbl yIIpaBA€HUS HHPPACTPYKTYPOH
*CucTeMbl yIIPABACHUS TOIIANBHO-
SHEPreTHYEeCKUMH pecypcaMu

elcnbITaHus, cepTU(UKAIIN U 9KCIIePTH3a
*MudopmariionHast 6e3011acCHOCTD
*HopmaTuBHO-1IpaBOBOe obecriedeHe

www.vniias.ru
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OCHOBHbIE HANMPABJIEHUA

NYBJIMKALLUW B XXYPHAJIE «<HABEXHOCTb»

Il CTPYKTYPHASA HALEXXHOCTb
TEOPUA N MPAKTUKA

e MeToapl pacyeTa, TEXHONOMMN 1 MeToapl MOAENMPO-
BaHWS, NakeTbl NPUKNaOHbIX NPOrpaMm, NpakTuyeckmne
pacyeThl HAAEXHOCTU CNOXHBIX CUCTEM.

* Maremarunyeckas Teopua TEXHNHECKOro 00CNyXMBaHW4,
npakTUYEeCKne pesynsTarel SKCnayarauyi CAOXHBIX CUC-
TEM, XMBHEHHbIN LMK CUCTEM, ONTUMM3ALNS HAOEXHOC-
T U CTOUMOCTM Ha BCEX aTanax XMU3HEHHOMO LMKNa.

e MeTtoap! UCMbITaHNA, KOUTEPW MOUHATAS DELLEHWI NO pe-
3ynbTaram UCNbITaHWM, YCKOPEHHbBIE NCMbITaHMA, MeToabl
OLEHKN HaAEXHOCTU CUCTEM MO PE3yAbTaTam UCTBITaHNIA,
NPaKTUYECKMn ONbIT UCMBITAHWI Ha HAOEXHOCTb.

Il ®YHKUUOHAJIbHASA HALEXXHOCTb
TEOPUA N NMPAKTUKA

e OObEeKT, NPeAMET 1 LENN UCCNeaoBaHns, nokasarenm
QYHKLUMOHANBHOM HAAEXHOCTH, TEPMUHONOMA, MPUHLIM-
Nbl 1 METOAOB pacyeTa.

* MeToapl OLEHKN 1 MPOrHO3MPOBAHUA HAAEXHOCTU NPO-
rpamMMHOro obecnedyeHns, METOAR! pacyeTa HaaeXHOCTH
BbINOAHEHUS MHPOPMALMOHHBIX MPOLLECCOB B NPOrpam-
MHO — annapartHblX KOMMAIeKcax ¢ y4eToM COOMHBbIX,
NPOrpaMMHbIX OLIMOOK, OLMBOK ONepaTopos, OLWNOOK
BO BXOOHOW MHPOPMALMN.

® TexHONorM 1 MetToasl 0becneyeHma GyHKUMOHaNbHOM
HaOEXHOCTU — TEXHONOMMK MOCTPOEHUA PYHKLMOHANBHO
HaOEXHOMO NPOrPaMMHOr0 06EeCneYeHnst, MeToabl NOCT-
DOEHNST HEYYBCTBUTENBHBIX K COOMHBLIM OLUMOKaM 1 OG-
Kam onepaTtopoB anroputMoB 00paboTKM UHPOPMALIN I
yNpaBAEHNs, METOObI U CNOCOOb! 3aL/Thl OT OWNOOK BO
BXOOHOW MHGOPMaLWMK, NpakTU4eCKne PesynsTarsl.

Il PYHKUUOHAJIbHAAA BESBONMACHOCTb CUCTEM
TEOPUA N NMPAKTUKA

e QOObeKT, NPegMeT 1 LENN NCCNepoBaHua, nokasaTenm
OYHKLMOHANBbHOM 6830MacHOCT; GYHKLMN 6830NacHOC-
TW, NONHOTa 6e30MacHOCTM, TEPMUHONOIUS B 06NacTu
DYHKUMOHaNBHOW 6E30NaCHOCTY.

® PyicKu, NOCTYNaThl M IPUHLUMALI 6€30MaCHOCTY, OCTaTOu-
Hbl& DVCKM, METOAbI OLEHKI PUCKOB, A0Ka3aTeNbCTBO Oe-
30MacHOCTW. INpakTUiecKne pesynsTarsl PaHXMpPOBaHNA
OMNAaCHOCTEN 1 OLEHKM PDUICKOB.

® MaTtemarnyeckme MeToabl M MOAenu 3anaHns TpeboBa-
HWUIA K NONHOTE 6830NaCHOCTY 1 OONYCTUMOMY BPEMEHU
OBHapyXeH1sa 0nacHOro 0Tkasa, Moaen GyHKUMOHab-
HOW 6e30MacHOCTY MHOFOKaHaNbHbIX 1 MHOMOYPOBHEBBIX
CUCTEM.

e TexHonorum obecneveHa GyHKUMOHaNneHoM 6esonac-
HOCTWN CNCTEM Ha BCEX 3Tanax XM3HeHHOro uxkna.

Il OTKASOYCTOMYMBOCTb CUCTEM
TEOPUA N NMPAKTUKA

® MeToasl NaCCUBHOM 3aLUMTHI OT OTKa30B, MaremMatunyec-
Kne Moaenv CTPYKTYPHOMO PE3EPBMPOBaHNS, NOCTENEH-
HOW Oerpagaumm 3ObITOYHBIX CUCTEM, MaCKMPOBaHKS
HencnpaBHOCTEN, NPaKTUYECKNe Pe3ynsTaTbl NpUMeHe-
HWSI NaCCYBHOWM 3aLLMTbl OT OTKa30B.

e MeToabl akTUBHOM 3allnThl OT CTPYKTYPHbBIX OTKA30B U
OLWNBOOK B BBINOAHEHWM MHPOPMALIMOHHBIX MPOLECCOB,
MNPVHLMML! 1 CNOCOObI akTMBHOW 3alUMThl, TEOpEeTMdeC-
K1e OCHOBbI aKTVBHOW 3aLUMThl, TEXHNYECKNE peLleHs,
OLEHKN 3P DEKTUBHOCTU aKTUBHOW 3aLUNTHI.

Il CEPTUDPUKALLUA
TEOPUA N MPAKTUKA

e AKKpeauTauma opraHoB No ceptudurkaumm 1 ncnelta-
TeNbHbIX NabopaTopu — COCTOSIHWE Npobnemel B Poc-
cun 1 3a pybexom. Kak 0obuTbCsa B3auMONPU3HaHNS
PEe3yNbLTAaTOB UCMBITaHWU B Poccumn n 3a pybexom? MyTu
ceptTndumKaumm NPOrpaMMHO — annaparHbiX KOMMAEKCOB
no TPeboBaHUAM MEXOYHAPOAHbIX CTaHAAPTOB N0 PYH-
KUMOHaNbHOM 6e30NacHOCTA.

e (ObgazarensHas 1 40O6POBONBHaS cepTudurKaLym — OnblT,
MHEHUS, NPEeANOXEHNS.

® CeptndurkaLma B 061aCTy Ka4eCTBa U HaoexXHOCTN CUC-
Tem — TpeboBaHMA CTaHAaPTOB, METOAVIKA NCMbITAHNIA,
NpakTN4eckmne pPesynsTarhl.

o Ceptudukauysa GyHKUMOHANBHOM 6E30MacHOCTM CUCTEM
Ha OCHOBE V-TEXHONOMN — PUNOCOdUs, CNOCOOLI CEPTU-
duKaummn, NpakTMYeckme pesynsrarel BhIOOPOYHbBIX My00o-
KVIX MPOBEPOK J0Ka3aTeNbCTBEHHOV Ba3bl pa3paboTyvika.

Il CTAHAAPTU3ALUS B OBJIACTU HALEXXHOCTHU
U ®YHKLMOHAJIbHOW BE3OMNACHOCTU

® BavaHue 3akoHa «O TEXHUYECKOM PerynmpoBaHnm» Ha
Pa3BUTME TEOPUM U NPAKTUKA HAOEXHOCTN 1 QYHKLUMO-
HalbHOW 6€30MacHOCTU.

e CranpapTtel RAMS (IEC 62278, EN 50126 u ap.) v unx
oTpaxenue B ctangaptax FOCT P. passuTune ctaHgapTa
FOCT 27.002-89 ¢ y4eTOM TEPMWHOB U ONpeneneHui
cTtaHpapToB RAMS.

e COCTOSHME 1 NepCNeKTBLI CTaHOapTU3aummn B 06nactu
HaOEXHOCTU.

e (OCHOBHbIE NPUHLMNLI 1 6a30BbIE NONOXEHUA CTaHdap-
TOB NO PyHKUMoHanbLHon 6esonacHocTn FTOCT P /M3K
61508, IEC 61511, EN 50126, IEC 62278, IEC 62280,
EN 50128, IEC 62279, EN 50129, EN 50159 (1.2) n gp.

e COCTOSHME 1 MepCNeKTBLI CTaHOapTM3aummn B 06nactu
DOYHKUMOHaNBHOM 6e30MacHOCTH.



GUIDELINES FOR PUBLICATION IN THE JOURNAL

«DEPENDABILITY»

[l STRUCTURAL RELIABILITY
THE THEORY AND PRACTICE

e Methods of calculation, technologies and methods of
modeling, packages of applied programs, practical
calculations of reliability of complex systems.

e The mathematical theory of maintenance service,
practical results of complex system operations, life cycle
of systems, optimization of reliability and costs at all stages
of life cycle.

® Testmethods, criteria of decision-making by test results,
accelerated tests, methods of reliability assessment of
systems by test results, practical experience of reliability
tests.

Il FUNCTIONAL RELIABILITY
THE THEORY AND PRACTICE

e Qbject, subject and purposes of research, parameters of
functional reliability, terminology, principles and calculation
methods.

e Methods of assessment and forecasting of software
reliability, methods of calculation of information processes
reliability performance in software-hardware complexes
taking into account faulty program errors, errors of
operators, errors of input information.

e Technologies and methods of ensuring functional
reliability —technologies of functionally reliable software
development, methods of construction of algorithms of
information processing and management tolerant to
faulty errors and to errors of operators and methods and
ways of error protection in input information, practical
results.

Il FUNCTIONAL SAFETY OF SYSTEM
THE THEORY AND PRACTICE

e Object, subject and the purposes of research,
parameters of functional safety; functions of safety,
completeness of safety, terminology in the field of
functional safety.

® Risks, postulates and principles of safety, residual risks,
methods of an estimation of risks, the proof of safety.
Practical results of ranging of dangers and estimations
of risks.

e Mathematical methods and models of the task
of requirements to completeness of safety and
admissible time of detection of dangerous refusal,
model of functional safety of multichannel and multilevel
systems.

® Technologies for ensuring functional safety of systems at
all stages of life cycle.

[l FAULT TOLERANCE OF SYSTEMS
THE THEORY AND PRACTICE

e Methods of passive protection against failures,
mathematical models of structural redundancy, gradual
degradation of redundant systems, fault masking, practical
results of application of passive protection against
failures.

* Methods of active protection against structural failures and
errors in performance of information processes, principles
and methods of active protection, theoretical bases of
active protection, technical decisions, estimations of
active protection efficiency.

Il CERTIFICATION
THE THEORY AND PRACTICE

e Accreditation of certification bodies and test
laboratories — a problem state in Russia and abroad. How
to achieve mutual recognition of test results in Russia and
abroad? Methods of certification of software — hardware
complexes under requirements of international standards
on functional safety.

¢ Obligatory and voluntary certifications — experience,
opinions, offers.

e Certification in the field of quality and reliability of
systems — requirements of standards, techniques of
tests, practical results.

e Certification of functional safety of systems on the basis
of V-technology — philosophy, certification methods,
practical results of selective deep checks of a developer
evidentiary base.

[l STANDARDIZATION IN THE FIELD OF RELIABILITY
AND FUNCTIONAL SAFETY

® [nfluence of the law «Of technical regulation» on
development of the theory and practice of reliability and
functional safety.

® RAMS standards (IEC 62278, EN 50126, etc.) and their
reflection in standards of GOST R, development of the
standard GOST 27.002-89 inview of terms and definitions
of RAMS standards.

e States and prospects of standardization in the field of
reliability.

* Main principles and basic regulations of standards on
functional safety GOST R/MOK 61508, IEC 61511, EN
50126, IEC 62278, IEC 62280, EN 50128, IEC 62279,
EN 50129, EN 50159 (1.2), etc.

e Condition and prospects of standardization in the field of
functional safety.



