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CTpyKTypHasi HaaeXHocTb. Teopusa U NpakTuka

Xaxynuu .., Tutos 1O.11.

UMUTALMOHHAS MOAEJb HALEXHOCTHOM
CTPYKTYPbI IETATEJIbHbIX ANMAPATOB BOEHHOIO
HA3HAYEHUSA U EE UCNOJIb30OBAHME B 3AAAYAX
WCCJIEQOBAHUSA MPOLLIECCOB UX MNOCJIENPOAAXHOIO
OBCNY)XUBAHUS

O6cyxnaeTcs akTyasbHOCTb Pas3paboTKy UMATALIMOHHONM MOAEIN HaAEeXHOCTHOM CTPYKTYPbI J1€TATe/IbHOro
annapara A5 aHaam3a rpoLecCoB MoCAenpPoOAaXHOro 00CayXnBaHWs NeTaTesbHbIX annaparos BOEHHOO
HasHaveHnus. [pnBoanTCS onucaHne CO3AaHHOVM UMUTALIMOHHON MOAEIN U Pe3ysibTarbl UMUTALMOHHOMO
aKCMepUMeHTa.

Knro4yeBble cnoBa: neraresibHble annaparbl, NoCAernpoaaxHoe obC/yXXUBaHNE, UMUTALIMOHHAsS MOLAEJIb.

BBepeHue

B nactositiiee BpeMsi B COOTBETCTBUM C pELICHUsIMU NpaBUTeNbeTBa PD, cOOTBETCTBYIOMMMU TPH-
Ka3aM# ¥ HOPMATUBHBIMH aKTaMu MUHHCTEPCTBA OOOPOHBI OCYIIECTBISIETCS TIEPECTPOCHHE MpoIiecca
MOCJICTIPOAAKHOTO 00CITyKUBaHUSI 00BEKTOB BOCHHOTO HA3HAUCHUSI, B TOM YHMCJIC, U aBUAITHOHHOM TeX-
HUKH. B OTIIMYHE OT CTpaTeruy caMOCTOSITETLHOTO OOCITY)KHBAHHS TAKOW TEXHUKU TOAPA3ICICHUSIMU
MunucTepcTBa 000POHBI OCYIIECTBIISICTCS TIEPEOPHECHTANHSI Ha 00CTY)KUBAaHUE €€ MPEAIPUITUIMHE-
MPOU3BOAUTEISIMU. JIJI peIIeHHs ATUX 3aja4 Ha NMPEANPUSITHUSIX—TIPOU3BOAUTEISAX U CBSI3aHHBIX C HUMU
MPEANPUATUSIX CMEKHUKOB CO3JAIOTCSl CHIEIUANIBHBIE CTPYKTYPhI, 00€CIEYnBAIOIIUE 3TOT MPOIECC:
IJIAHUPOBAHKE MTPOU3BOJICTBA, XPAaHEHUE U CBOEBPEMEHHYIO MIOCTaBKY 3allaCHBIX YaCcTel, perjiaMeHTHOE
TEXHUYIECKOE OOCTYKHBAHUE U PEMOHT TEXHUKH, BBIIIEANICH U3 CTPOsI. DTH CTPYKTYPHI H ITOIPA3ACICHUS
JOJKHBI TECHO B3aUMOJICHCTBOBATH C TIOAPA3ISICHUIMUA POCCHIICKOM apMUH, OCYIIIECTBISIONUME 00e-
BYIO DKCIUTyaTaIlMIo 3aKyIUICHHOW 00CBOW TEXHHUKH. B CBS3M ¢ 3TUM aKTyallbHOW HAyYHO-TEXHUYECKOM
3a7avyeil sIBISETCS] UCCIIEIOBAHNE MTPOIIECCOB MOCIEPONAKHOTO 00CTYKUBAHUS [T co3anus dpdek-
THUBHOM CHCTEMBI YITPABICHUS ITHM IPOIIECCOM. DTHM BOIIPOCAM, B YaCTHOCTH, TIOCBSIIIEHA MOHOTpadust
[1], B KOTOpOI TPOU3BEACH aHATU3 CTPYKTYPHI MPOIIECCa MOCICIPOAXKHOTO 00CTYKUBAHUS CIIOKHBIX
TEXHUUYECKUX O0OBEKTOB, MPEIaraeTCcsl MaTeMaTUIeCKUN armapar Jjisi ero uccienaoBanus. [Ipu aTom B
KHHUT€ C/IeJIaH aKIEHT Ha UCIOJIb30BAHUE BEPOSITHOCTHO-aHATTUTUYECKUX METOAOB. M3BeCTHBI OrpaHu-
YeHHsI BO3MOXXHOCTEH TaKMX METOJIOB IO aIEKBATHOMY OTOOPaXXCHHIO MPOIECCOB, IPOUCXOSIINX B
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UMUTALUOHHASI MOAEJIb HALEXXHOCTHOW CTPYKTYPbI JIETATEJIbHbIX AMMAPATOB BOEHHOIO HASHAYEHMS
N EE UCMNOJIb3OBAHUE B SAOAYAX NCCITIEQOBAHUSA MPOLLECCOB UX MOCJIEMPOAOAXHOIO OBCJTY>)KMBAHUSA

CJIOKHBIX OPraHU3AaLMOHHO- TEXHUYECKUX CUCTEMAX, K KOTOPBIM OTHOCUTCSI CUCTEMA IOCIIEIIPOJAXKHOTO
oOciry>kuBaHMA. TaM e roBOpUTCS 00 aKTyaJbHOCTU NPUMEHEHHUs Ui ITHX LeJieil IMUTAIMOHHOTO
MOJICTUPOBAHHUS, HE UMEIOLIET0 MPUHLIUIHAIBHBIX OIPAaHUYCHHUN 110 aIeKBATHOCTH OTOOpaKeHUsI IPO-
LIECCOB JIF000H CI0KHOCTH. B ganHoi paboTe nenaercs MonbITKa CO3JaHus OHOM 13 Haubosee BaXKHbIX
yacreil ooeit nmutannonHoit monenu (MM) nocnenponaxuaoro odciayxuanust — UM HafiexHOCTHON
CTPYKTYPbI CIIO)KHOTO TEXHUYECKOTO 00BEKTa, 8 MIMEHHO, JIeTaTesbHoro anmnapara (JIA), nocnenpogaxHtoe
o0ciTy:)kKHMBaHHE KOTOPOTo ocyiectrisieTcs. [lox HagesxknocTHoM cTpykTypoit JIA (HCJIA) nonumaercs
COBOKYITHOCTb €0 KOMIIOHEHTOB (3JIEMEHTOB, OJIOKOB, OACUCTEM U Beero JIA B 1ienom), mpouecc GpyHk-
LIMOHUPOBAHUS KOTOPBIX paCCMaTpUBAETCS C TOUKU 3peHHs oOecrieueHns TpeOOBaHUH K HaiexHOCTH JIA
(Oe3oTka3zHas paboTa, permaMeHTHOE TEXHHUYECKOe OOCIIy)KHBAaHHE, MOSBICHUE OTKA30B, BBHIIIOJHEHUE
PEMOHTHBIX palboT, UCIOIB30BAHUE JJISI TOTO UMEIOLIMXCS 3allaCHBIX YacTel, pEMOHTHBIX PECYypCOB U
T.IL.), ONpeAesieMbIX HA0OPOM XapaKTEePU3YIOIIUX 3Ty HAJSKHOCTh MOKa3aTesiel (Hanmpumep, BeposiT-
HOCTb 0€30TKa3HOU paboThl, KOA(PPUIUEHT FOTOBHOCTHU U IP.).

Lenu 1 3a1a4M yKa3aHHON UMUTAILIMOHHONM MOZIEIH ONPEEIAIOTCS OTPEOHOCTIMU UMUTALIMOHHON MO-
JIeNTd BEPXHET0 YPOBH:I, 0ToOpakarolel npouecc GyHKIUOHUPOBAHUS BCEH CUCTEMBI ITOCIENPOJAKHOTO
obcmyxuBanus. C stoii Touku 3peHuss UM HCJIA nomkHa, ¢ 01HOI CTOPOHBI, 1aBaTh BO3MOKHOCTh OLIEHKH
nokasaresnei HagexxHocT JIA npu 3a1anHOM cTpareruu odecrnedeHus npouecca ero GyHKIHOHUPOBaHUS
3allaCHBIMU YaCTAMHU U PEMOHTHBIMU PECYPCaMH, a C IPYTOM CTOPOHBL, — 00ECIIEUUTh MPOLIECChI BHIPAOOTKU
CTpaTeruy HAKOIJICHUS M MCIIOJIB30BAHUS 3allaCHBIX YaCTeH, CO3AaHUs U MOJACP KaHUS HEOOXOIUMBIX
PEMOHTHBIX PECYpPCOB CTaTUCTHUECKOW MH(popManuei o BpeMeHax 0e30TKa3HOW paboThl pa3IUYHBIX
yacteil HCJIA, komuecTBeHHON OLIEHKOM MOTPeOHOCTH B 3allaCHBIX YaCTSAX M PEMOHTHBIX pecypcax Ha
OCHOBE MH(OpMALIUU O Peau3aly IPOIeccoB OTKa3a 1 BoccTaHoBieHus yacteid HCJIA.

Hwxe npuBogutcs nHpopmanus, oTpaxaromas npoiecc UMuTanonHoro monenuposanus HCJIA:
[IOCTaHOBKA 3aJlaud, 3Tanbl (popMaln3anuy, pa3pabOTKM UMHUTALMOHHOW MPOTpaMMBbl, NPOBEIEHUS
MMHUTALMOHHBIX OKCIIEPUMEHTOB.

MocTtaHoBKa 3apgaun

CraBuTcs 3amada pazpadorkun UM HCJIA st neneit ucnonb3oBanus ee B coctabe UM mnporecca mo-
CIIETIPOIAKHOTO 00CTyKuBaHus JIA.

Ha3nauenne UM:

- OlIEHKa Tokazareneil HanexHocTu JIA npu 3agaHHON cTpareruu odbecrnedeHus npoiecca ero QyHk-
[IMOHUPOBAHMS 3AIIACHBIMH YACTSIMU U PEMOHTHBIMH PECYPCaMU;

- obecrieueHre MpoIeccOB BEIPAOOTKHU CTPATETHH U IPUHSITHS PEILICHUH 110 HAKOTUIEHUIO U UCTIOJIb30Ba-
HUIO 3aMlaCHBIX YacTel, CO3JaHHIO U MOIIePKAHNIO0 HEOOXOAMMBIX PEMOHTHBIX PECYPCOB CTATUCTHUECKON
nHpopmarmeit o BpeMeHax 06e30Tka3Hol padoThl pa3nuaHbiX yacteid HCJIA, koauyecTBEHHOM OLIEHKON
MOTPeOHOCTH B 3amacHbIX YacTax (3Y) U peMOHTHBIX pecypcax Ha OCHOBE MH(POPMAIIMH O pealn3aiuu
nporeccoB Texuuueckoro oocmykuanus (TO), orkaza u BoccranoBieHus yacteit HCJIA.

Hcnonszyemble 1OMyIEHUS.

Ha nauansHoM sTamne pazpadborku UM HCJIA Gynem npearnonarats HaJaudie HEOTpaHMYEHHBIX 00bEMOB
3aMacHBIX YacTel U BEIMYMH PEMOHTHBIX PECYPCOB.

KoHuenTtyanbHoe onucaHmne HC J1A n ee npouecca PyHKLMOHMPOBaAHUSA

HCIJIA npencransieTcsi B BUJie MHOTOYPOBHEBOW JPEBOBUIHOM CTPYKTYPhI, B KOTOPOM Ha BEPXHEM
YPOBHE pacrioyiaraeTcss KoMrnoneHnra, coorpetctByrorias Bced HCJIA. Ha crnenyrorem, 6oee HU3KOM
ypoBHe, HCJIA cuctema pazaensieTcsi Ha 4acTH, COOTBETCTBYIOIIME MogcucTeMaM JIA, BBIMOTHAIONINE
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UMUTALUOHHASI MOAEJIb HALEXXHOCTHOW CTPYKTYPbI JIETATEJIbHbIX AMMAPATOB BOEHHOIO HASHAYEHUS
N EE UCNOJIb3OBAHUE B SAOAYAX UCCINIEQOBAHUSA MPOLLECCOB UX NMOCJIENMPOOAXHOIO OBCJTYXKMBAHUSA

OT/I€IbHbIC KM3HEHHO Ba)KHBIE U IieJieBble (PYHKIUH (TU1aHep, ABUrareib, CUCTEMa YIpaBieHHs Hoje-
TOM, CUCTEMa YIIPaBJICHUs OpyXueM U jp.). [loncucreMsl B CBOIO ouepeb JeNsATcsl Ha Ooiee MeJKHe
(byHKLIMOHAIbHbIE NTOJICUCTEMBI U Aajiee Ha OJ0KU. BiIoku ke coCTOAT U3 pyrux OJOKOB U 3JIEMEHTOB.
Ha camom Hu3KOM ypoBHe Jt000# apeBoBuHOM BeTBU HC HaxomsaTcs 37€MEHTHI.

DeMeHT ¢ TOUYKH 3peHus nporecca pyHkuuonupoBanus HC cunraercs HeneauMbIM. J{71st a1eMeHTOB
HC 3anarorcs 3akoHbI pacnpesiesieHus BpeMeHH 0e30Tka3zHoi pabotsl (BBP). OTka3kl anemMeHToB 1o cBoei
IIPUPOZIE MOTYT OBITh MOCTENIEHHBIMH (M3HOCOBBIMM) U BHE3anHbIMU. [2,3] Te u apyrue orkassl MOTyT
pean3oBarhCs napauienabHo. s popmannzoBaHHOTO BEpOSTHOCTHOTO onucanus BBP ucnonesyrores
pas3nu4HbIe BU/IbI 3aK0HOB pacnpenaeneHus (3P). Haubonee pacnpocTpaHeHHBIMU U3 HUX SIBIISIFOTCS: 9KC-
MOHEHIMAJIbHBIN, HOPMaJIbHBIN, IOTHOPMaJbHbIH, BeliOyna-I'Henenko u ap [4].

Ortxkas snementa HC MOXeT IPUBOIUTH K OTMPEACTICHHBIM MOCIEICTBUSAM (0TKa3y, HEUCIIPABHOCTH UITU
CHIDKEHUIO 3 (hekTUBHOCTH (DYHKITMOHUPOBAHUS ) AJis cocTosiHUM yactel Toii BeTBu HCJIA (1o memnouke
BBEpX), B KOTOPYIO YKa3aHHBIN I€MEHT BXOAUT (B TOM 4uciie, u coctaBistomeir HC camoro BeIcOKOro
ypoBHs, T.e. Bceit HCIIA).

Jlns yBenuueHus nokasaresieil HaaeKHOCTH 11 oTAenbHbIX yacTeit HCJIA Ha pa3innyHbIX €€ ypOBHSIX
MOTYT MPUMEHSTHCS OMPEECICHHBIC BHJIbI PE3EPBUPOBAHUS: HATPYKEHHBIN (TOPSUMIA), TOITyHATPYKEH-
HBII, HEHArPY>KEHHBIH (XOJIOAHBIN), CKONB3SMIMA U Jp. BeneacTBue 3Toro oTka3 onpeaeieHHoN yacTu
HCIJIA =e 006s13aTenbHO TPUBOAUT K OTKa3y 4acTei 00jiee BHICOKOTO YPOBHSL.

Ecnu oTka3 aneMeHTa He IPUBOJUT K OTKa3y BKJIOUAIOLIEH HenocpeacTseHHo ero yactu HC, to co-
CTOSIHUE 3TOW YacTH OIpeieNsieTCs KaK HEUCTIPaBHOE [5]: T.€. OHa MOJIHOCTHIO BHINOJHSET BCE CBOU (DYHK-
LIMOHAJIbHBIE 331241 (BO3MOXKHO, C MEHbIIEH 3PPEKTUBHOCTHIO), HO IPU 3TOM COJECPKUT OTKa3aBIINE
aneMeHThl. B mpotuBHOM ciiyuae yacte HC nepexonuT B COCTOSIHME OTKa3a.

B npouecce 3kcmutyaranuu Ha BBP kaxoro sanemeHTa BIHAIOT Harpy3KkH, Bo3aeicTByromue Ha JIA.
Harpy3sku 3aBHCAT 0T pexxuma (PyHKIIMOHUPOBAHUSA: OOEBOM BBUIET, NATPYIMPOBAHUE, TPEHUPOBOUHBIN
BBUIET, XpaHeHHe JIA Ha OTKpBITOH IUIOLIaIKe, XpaHeHue JIA nox HaBecom, xpanenue JIA B oTarBaeMoM
aHrape u TA. PexxuM skcIutyaTaliMy €CTh IEPEYeHb YCIOBMM, B KOTOpBIX dKcIuryarupyercs JIA. Cmena
PeKUMOB 3KcIiTyaranuu JIA, Kak MpaBuUiio, OCYIIECTBISETCS B IUTAHOBOM Mopsike (00eBasi TOTOBHOCTb,
6oeBoii BeuieT, TO ¥ T.I1.), HO MOXET ObITh U CIIy4yaiiHOH (Harnpumep, IpU HeNpeIBUACHHOM U3MEHEHUU
cocrosinust HC). Jlns kaxkaoro peskxuma B 001IEM CiIydae MOXKET OIpPeessiThCs CBOI cOCTaB Tex yacTei
HCIJIA, xotopslii obecrieunBaeT ero peanusanuto, a ais snemeHToB HCJIA sTux gacteit MOTyT 3a/1aBaTbCst
csou 3P BGP.

Jns kaxaoro otaenbHOro 3nementa HC MoryT peanu3oBbIBaThCS CAEAYIOIIUE COCTOSIHUS:

1. BxiroueH. DeMeHT BBIMONHSIET BCe BO3NIOKEHHbBIE Ha Hero (pyHKIMU. [[71s mepexoaa B JaHHOE CO-
CTOSTHUE 2JIEMEHT JJOJDKEH OBITh pa00TOCTIOCOOHBIM (OTCYTCTBHE OTKA3a) U yCTAHOBJICHHBIM Ha JIA.

2. OTkIII04YEH. DJIEMEHT BBIKIIIOUEH, M HUKAaKue (PYHKIHU HE BBIMOIHSET, PU 3TOM CUUTAETCS, YTO
AJIEMEHT OKUJAET CBOETO BKIIFOUEHUS B ONPEIEICHHBIX YCIOBUAX. OTKIIFOUEHHBIN IE€MEHT CUMTAETCS
paboToCoCOOHBIM U yCTaHOBICHHBIM Ha JIA.

3. Otkazan. DIeMeHT B COCTOSIHIH OTKa3. He BhIMONHSIeT HUKaKuX QYHKIIHA 1 TpeOyeT CPOYHOTO BOC-
craHoBieHus. [locie BoccTaHOBIIEHUS IEPEXOIUT B BHIKIIFOUEHHOE COCTOSIHHE.

4. BeiBenen u3 cocraBa HCJIA (cust ¢ 6opra JIA). DnemeHT neMOHTHpOBaH s mpoBeaeHus TO
WIH PEeMOHTHBIX paboT. [Ipu 3TOM seMeHT MOKeT ObITh KaK B COCTOSIHMM OTKa3a, TaK U B COCTOSIHUH
paboTocmnocoOHOCTH.

AHaJIOTUYHBIE COCTOSIHUS MOTYT OBITH ompezaeneHsl u s Apyrux yacteit HCJIA (ne obsi3aTenbHO
SIBIISFOILIUXCS DIIEMEHTAMHU ).
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[Tomumo pexxumoB padoter 3P BBP anemenTa, B 0011eM ciiydae, 3aBUCUT OT MPEIBICTOPUH €r0 (PyHK-
LMOHUPOBAHUS: BEJINYMH BPEMEHHBIX HHTEPBAJIOB, B TEYCHHE KOTOPBIX 3JI€MEHT paboTall B Ipyrux pe-
xumax. Kpome toro, B HeKOTOpbIX yacTsix HC MoryT mpoucxoauTh 3aBUCUMbIE OTKa3bl: OTKa3bl OJJHUX
AIIEMEHTOB, BBbI3BaHHBIE OTKa3aMU JPYTUX B PE3yJIbTaTe U3MEHEHUSI YCIOBUHN SKCILTyaTalllu.

C Touku 3penus ananuza HaaexkHocTH HCJIA — 3T0 BoccTaHaBiuBaemasi CUCTEMa, T.€. TOCIIe COOBI-
THs oTKa3a onpeneiaeHHor yactu HCJIA, eciau 3To He MPUBOAUT K KaTacTPOOHUUESCKUM IMOCTIEACTBUSAM,
MIPOU3BOMATCS BOCCTAHOBUTEIIbHBIC pa0OTHI (PEMOHT WM 3aMeHa). Bo3HHKHOBEHHUE KaTacTpoduuecKon
CUTYyallH — 3TO SIBIIEHUE, Pealu3yeMoe C OUYeHb MaJioil BeposiTHOCThIO. [ToaTomMy pazpaboTka paccma-
TpuBaeMoi 31eck UM He opueHTHpOBaHA Ha MOJEIUPOBAHUE TAKUX CUTYaIIUM.

[Ipouecc BoccTanosnenus yactu HCJIA cocTouT 13 IByX MpoIieayp: Mporeaypbl OOHapyKEHUs OTKa3a
Y TIPOLIETyPhl BOCCTAHOBUTEILHBIX Pa0OT (PEeMOHTA WK 3aMeHbl oTKa3apiei yactu HCJIA).

CoOmiTHst 0TKa30B HekoTopoi yactu HCJIA, B 0011eM cirydae, MOTYT MPOSIBISATLCS HE Cpasy, a €ClId U
YCTaHaBIIMBAIOTCA, TO, KaK MPABUJIO, HE CPa3y MOTYT OBbITh YCTPaHEHBI. T.e. OTKa3bl pa3IMnYHbIX YacTeil
HCIJIA MoryT HaKarMBaThCsl, U 3TO HAKOIUIEHUE MOXKET B OTIPE/ICIIEHHBIX COUETaHUSIX IPUBOAUTE K Oosiee
CEpPbE3HBIM IMOCIIEICTBUSAM, YEM KaX bl U3 0TKa30B onpeaeneHHon yactu HCJIA B oTaenbHOCTH.

O6napyxenue otkaza yacteir HC MoxxeT mpou30UTH CIeAYIOIMHUM 00pa3oMm:

1. C nomol1ipto cienuaibHbIX UHAMKATOPOB, B Mpouecce skcruryatauuu JIA. Takue oTka3sl Ha30BEM
«SIBHBIMID.

2. ITpu TexHU4YeCKOM 00CTyKMBaHUU. Takue OTKa3bl HA30BEM «CKPBITbIMIY. OHU 00OHAPYKUBAIOTCS C
MOMOIIbIO MPUMEHEHUS CIeIIUANBHBIX U3MEPUTEIbHBIX YCTPOUCTB U CPEACTB HAOIIOACHHUS.

Oo6Hapyxenne otkaza Hekotopor dactu HCJIA, kak ciencTBue, 3amycKaeT Mpolecc ee peMOoHTa
(ecyu 3TO MPeTyCMOTPEHO TEXHUUYECKUM PEerNIaMEHTOM ) Wi 3aMeHbl (ipu Hatnyuu 34 1 HeoOX0IMMBIX
PEMOHTHBIX pecypcoB). B o61ieM citydae mporecc BOCCTaHOBICHUS SIBIETCS CIIyYalHbIM: CIIy4aiiHbIM
MOYKET OBITh COOBITHE OOHAPYIKEHUS «CKPBITBHIX)» OTKA30B, CIIy4aitHBIM MOXKET OBITH BPeMsI 00CITYKUBaHUS,
ornepaluy peMOHTa WM 3aMEHbl OTKa3aBIIMX yacTel. OJHaKO, IPU OTCYTCTBUU HAJIC)KHOU MCXOJHOMU
CTaTUCTUYECKON MH(OPMALIUK BPEMEHHU MPOBEICHUS BOCCTAHOBUTEIBHBIX PA0OT, MOKHO UCTIOIH30BATh
JIaHHbIE 10 HOPMATUBAM M3 COOTBETCTBYIOLIETO TEXHUYECKOro onucanus [6,7].

Eme pa3 ykassiBaeM Ha HCIIOJIB3yeMOE MPHU pa3paboTKe paccMarpruBaeMoi 31eck UM npesnonokenue
0 HEOrPaHUYECHHOM HAJTMYUU He00X0IUMbIX 34 1 pEMOHTHBIX PECYPCOB, IO3BOJISIOIIEE HA JTAHHOM JTare
YIPOCTHUTH Tiporiecc hopmanuzanuu. [Ipu nanpHeimem pazsutun pazpadarsiBaemoit UM sty npemmno-
JIOXKEHHUsI OYJIyT CHATHI.

Bbi6op n o6ocHoBaHue knacca UM

[Tpornecc pynxmmonuposanust HCJIA ¢ momoripio UM MoykHO 0TOOPa3HUTh, ONMCHIBAs TAKUE COOBITHITHBIC
SIBJICHUS KaK: OTKa3bl AJIEMEHTOB U CBSI3aHHbBIE C 3THUM OTKa3bl Apyrux yacrteil HC, Hauano u okoHuaHue
ATAIoB MpoBeJeHUs pa3nnyHoro sujaa TO, oOHapyKeHHe OTKa30B, HAYaJlo M OKOHYaHUE TIPOBEICHUS pe-
MOHTHBIX paboT 1 pabot 1o 3ameneH otkazapinx yacteit HC u T.i. C yuetom storo moaens HCJIA moxHO

(1-2)

(2-2)

Puc. 1. I'pach-cxema B3anMOCBSI3H COOBITHI
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MPEACTaBUTh Kak TUCKpeTHY0 M, QyHKIMOHMPYIOUIYI0 HA OCHOBE METOJa MOJEIIbHBIX (BPEMEHHBIX )
coowrtuii (MMC) [8]. IlepedeHh OCHOBHBIX MOJICJIBHBIX COOBITUI M CX€Ma B3aUMOCBSI3H MEKy HUMH, OT-
paskaroliast Ipolecc MIaHUPOBaHUS OJHUX COOBITUI MPU 00paboTKe APYTrHX, MOKa3aH Ha pHcC 1.

Ha3BaHue U KoOAMPOBaHME OCHOBHBIX BPEMEHHBIX COOBITHI:

1. OTka3 ’;meMenTa;

2. Bemonnenue aeiictBusa Hag yacthio HCJIA (BkIIFOUEHUE, OTKIIFOUEHHE B MPOIIECCe MTPUMEHEHUS
JIA; oxoHUaHHME MOHTaXa, JICMOHTa)Ka WJIK HacTporka B mporecce TO);

3. CmeHa pexxuma (PyHKITMOHUPOBAHUS.

YenoBusi INIAHUPOBAHUS COOBITHIA:

(1-2) Ecnu y oTka3zaBIiero 3J1eMeHTa €CTh pe3epBHBINA paOOTOCIIOCOOHBIN AJIEMEHT;

(2-2) Ecnu BBITIOSTHEHBI HE BCE JACHCTBUSA U3 3aJJaHHOM mociieoBarenbHocTH 1yt nepeBoga HC JIA B
OTIpE/IeTICHHBIN PEKUM IKCILTyaTaIUH.

Iloka3aTe/in KpUTEPHUS OLIEHKHU Pe3yIbTATOB MOJAEIHPOBAHUS:

1. Peanuzanus u cTaTUCTUYECKHE XapaKTEPUCTUKHU ITPOLeccOB noTpedeHus 34 1 peMOHTHBIX pECypcoB
IIPU NIPOBEICHUN PEMOHTHO-BOCCTAHOBUTENIBHBIX PabOT:

- mpu 00pabOTKE CTATUCTHKH TI0 MHOKECTBY MPOTOHOB — YaCTOThI OTKa30B OTAebHBIX yacTerd HCIIA
B TeueHue nporona M;

- ipu 00pabOTKe MO OTHOMY JUTHHHOMY MPOTOHY B IPEIIOI0KEHUH CTALIMOHAPHOCTH U SPTOJUUECKO-
ro XapakTepa MpoieccoB, npoucxofsamux B UM — onieHKH HHTEHCUBHOCTEN OTKa3a OTIENIbHBIX YacTei
HCIJIA.

2. Koaddumment roropHocTrn HCJIA (oTHOMEHUE BpemeHun 0e30Tka3zHou padoTel HCJIA ko BpeMeHu
nporona IM).

MapameTtpbl UM

JlaeTcst ykpylTHEHHOE onKcaHue 06e3 JeTalbHOro 00CYXIeHUS! CTPYKTYP JaHHbBIX, UCTIOIb3YEMBbIX JJIs
3a/IaHMS U XPaHEHUS.

* [Tapametpsr HCJIA, oTpaxatoniyie e MHOIOypOBHEBYIO IPEBOBUJIHYIO CTPYKTYPY, UCIIOIb3yEeMbIe
B OINPEJEIEHHBIX €€ YacTAX BHJIBI PE3EPBUPOBAHMS, MOCIEACTBUAA OTKa3a Ka)XJOW OTIEIbHOM 4acTH
(ompeneneHa 3aBUCUMOCTh 0TKa30B pa3inuuHbiX yacteit HC, BO3MOXXHOCTB TPOBEIEHHUST BOCCTAHOBUTETh-
HBIX paboT oTaenbHbIX yacTeit HCJIA myTem 3aMeHbl 0TKa3aBUINX YacTel WU MPOBEIEHUSI PEMOHTHBIX
paboT), BUIBI U BpeMeHHbIE XapakTepucTuku TO, MpoBOAMMBIX JUJIsl OTAEIBHBIX YacTed U UX MepHo-
JUYHOCTB, TSI «CKPBITBIX» OTKA30B 3JIEMEHTOB onpenenaeHsl BuAbl TO, Ipu NpOBEIEHUH KOTOPBIX OHU
MOTYT OBITh OOHAPYXEHBI, a JUISI CIIOKHBIX CKPBITBIX OTKAa30B — BEPOSITHOCTh OOHAPYKEHUS, TIEPEUCHb
NeCTBUM, BBIMOIHAEMBIX MPU MPOBEIECHUU PEMOHTHO-BOCCTAHOBUTEIBHBIX PAa0OT U UX BPEMEHHBIE
XapaKTEPUCTHKH.

* [Iepeuenb pexxuMoB ¢yHkuroHupoBanust HCJIA.

* Cocras yacteit HC, pyHKIIMOHUpPOBAaHUE KOTOPBIX JTOJKHO OCYIIECTBIATHCS B KAXKIOM PEKUME.

 CueHapHbIil m1aH cMeHbl pexuMoB GyHkunonuponanus HC.

* Bunel u mapamerpsl 3P BBP anemeHToB 11 Kak 1010 pexnMma.

CocTosiHUEe UM

Baxneiimmmu nepemenabiMu coctosiaust UM HCJTA siBnsitoTcst iepeMeHHbIE, ONPEIEIIIONINe TEKYIIee
cocTosiHue oTAelbHbIX yacteir HC.

OTu nepeMeHHbIE ONPEEISIFOTCS B CIUCKOBOM CTPYKTYpe TaHHBIX, 0lHO3HayHO cBsizaHHOM ¢ HC JIA.
B cooTBeTcTBUU C IPUBEAECHHBIM BBILIE ONKMCaHuEM nepedeHb cocTosiHui yacteit HC JIA cnemyrommii:
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MCIIPaBHA WM HEHCIPABHA; BKJIOUEHA B pabOTy WM He BKJIOUeHa; Haxoautcs B coctaBe HCJIA wiu
BBIBEJICHA U3 €€ COCTaBa (IEMOHTHUPOBAHA).

Hns Bceit HCJIA B 1esioM, a Takke JJisl OTACJIbHBIX €€ YacTel, onpeaessieTcss BUj pekuma, B KOTO-
POM OHU HaXOJATCS B TeKyllee MOJIeIbHOE BpeMsi. B cOOTBETCTBUU C 3TUM OIpeiesieTCs] BKIIOUEHHUE B
paboty otaenbHbIX yacteir HC.

Jlst kaxxoro snementa HC JIA HakarmBaeTcs cyMMapHOE BpeMs HapaOoTKH (¢ yueToM Koddduim-
€HTOB HAarpy3KH, 3aBUCAIINX OT TEKYIIETO peKuMa padboThl). A st kaxkaou yactu HCJIA HakarummBaeTcst
CyMMapHO€ BpeMsl HaxXOKJICHHsI €€ B 0e30TKa3HOM (paboTocriocoOHOM) cocTostHuM. [Ipu opranuzammm
110 MHOXKECTBY MPOroHoB i kKaxaou yactu HCJIA, B Tom uucne, u ansa Bceit HC no unrepaiam Mo-
JIEIIbHOTO BPEMEHU HAKaIUIMBAIOTCS YaCTOThI OTKA30B.

J171s1 yka3aHHBIX BBIIIE OCHOBHBIX BPEMEHHBIX COOBITHI IepeueHb HH(OpMAIuK, yKa3aHHOM B JOTIOJ-
HUTEJIBHBIX aTPUOyTaX 3alUCH I STUX COOBITHI UMEET CIICAYFOIINI BU/I:

CoobiTHe «OTKAa3 3j1eMenTa» (1):

- Ykazarenb Ha OTKa3aBIINM AJICMEHT;

- Bun otkaza.

Coo0biTue «Bpimoinenue aeiicrBust Hag yactbio HCJIA» (2):

- Ykazarens Ha yacTh HCJIA, Hag KOTOpO# coBeplIaeTcs ACCTBHE;

- HasBanue neiicTBus;

- Bpewmsi, HeoOxomuMoe 1St BBITTOTHEHUS JICHCTBUS;

- Koadpduruent narpysku va yacte HCJIA nipu 1aHHOM JeHCTBUM;

- HeoOxonumoe U1t BeITIOTHEHUS HaHHOTrO nenctBust cocrosane HCIIA.

CoobiTHe «Il1anoBasi cMmeHa peskuMa pyHKuHMoOHUpPoBaHus)» (3):

- Homep pexxnma u3 MHOXKECTBA BO3MOXKHBIX peXUMOB GyHKIMoHupoBanus HCJIA.

HayanbHOe cocTtosiHue UM

CocrosiHue Bcex yacTeil — ucnpaBHoe. Pexxum paboTsl — nepBblif U3 mi1aHa. BkitoueHsl B paboTy Bce
gactu HCJIA B cooTBeTCTBHM € omnpefesieHHbIM pexxumoM. Hapabotka no kaxaoi wactu HC — 10% ot
npenenbHol. B CBC 3aHeceHs! 3anmcu 1o IIaHUPyEeMbIM OTKa3aM BceX BUI0B Beex aneMeHToB HCJTA.
[Tepemennsble /17151 cOOpa CTaTUCTUKH B HYJIEBOM COCTOSTHUH.

MopenupoBaHue cny4yaMHbIX SBJIEHUNA

Haunbonee BaXHBIM CITydaiiHBIM SIBJICHHEM B paccMmarpuBaeMoii IM siBnisieTcst cirydaiiHast BEJIMYMHA —
Bpems 0e3oTka3Hoi padoTsl (BBP) anementoB HCJIA. CnoXHOCTh MOAETUPOBAHUS 3TOTO CIIy4altHOTO
SIBJICHUS OIIPENIEISAETCS CAEAYIOUUMHI 00CTOSTEIbCTBAMMU:

- anemenTsl HCJIA B mponiecce ee GyHKIMOHUPOBAHHS pabOTAIOT B pa3HBIX PEKHUMaX, KOTOPIE Me-
HSIOTCS B COOTBETCTBUU C 3a/IaHHBIM IIJIAHOM;

- JUTSL K&KJI0TO AJIEMEHTA B Pa3HbIX pEXHUMaXx orpenenaeHsl cBou napamerpsl 3P BBP;

- OTKa3bl 2JIEMEHTOB MOTYT OBbITh JIBYX THIIOB: BHe3arnHble oTka3bl (BO) u usnocossie otkassl (MO).
[Ipennonaraercs, uto Bpems cBepiienus BO 3aBucut Tonsko ot ycinoBuii pabotet HCIIA (Buna pexxuma),
a Bpems ceepuieHns MO 3aBUCHT el1ie ¥ OT JUTUTEIbHOCTH BpeMeHH (DYHKIIMOHUPOBAHUS B OTIPEICTICHHBIX
pexHnMax (Tak Ha3bIBa€MOT0 BpEMEHU HApaOOTKN);

- CYILIECTBYIOT 3aBUCHUMBIE OTKa3bl, KOIZla 0TKa3 HEKOTOPOIO AJIEMEHTA BbI3BIBAET, KaK CJIEJICTBUE, OT-
Ka3bl JIPyrUX 3JEMEHTOB, JM00 YCKOPSIET UX OTKa3, BJIMsAS COOTBETCTBYIOLIMM 00pa3oM Ha MapaMmeTpsl
3akoHa pacnpenaeineHus ux BbP.
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[Ipenmnonaraercs uCNnonab30BaTh Pa3IMYHOE BEPOSATHOCTHOE onucanue BBP jis yka3aHHBIX TUIIOB OT-
Ka30B U, COOTBETCTBEHHO, Pa3HbI€ aJITOPUTMBbI OMPEIECICHNUS MOMEHTOB X CBEPILICHUS:

- st BO ucnonb3yeTcst 3KCOHESHITHaIBHBIN 3aKoH pacnpeaeneaus (93P) BBP, mapamerpsr koroporo
OyayT ONpeAesaThCs BUIOM dJIeMEeHTa U BUIoM pekuma padotsl HCJIA. Teopernuecku M3BECTHO, YTO
D3P «He umeeT nmaMATH», T.€. MPU K10l cMeHe pexknuma padorsl HCJIA mapameTpsl 3akoHa pacrpe-
nenenust BBP ans ouepenHoro pexkxrMa He 3aBUCAT OT BpEMEHU HapaOOTKU B MPEIBIIYIINX PEKUMAX.
Hcnonw3ys ato cBoiicTBo D3P, MonesimpoBanue momenTa BO npesiaraercst oCymecTBIsATh CASAYIOIIM
o0pa3oM: IpH KakJI0M CMEHEe pekrMa rmojydaercs ouepeanas peanusaius BBP, kotopas cpaBHuBaeTcs
¢ umtenbHOCThIO paboTel HCJIA B 3TOM pekriMe Ha O4epeHOM dTalle; MOMEHT OTKa3a (DUKCHpYETCs,
ecnu peanuzanysi BEP Menblie niuurensHoCTH paboThl B pacCMaTpUBAEMOM PEKHIME;

- nist MO ucnonb3yercst HopMaiabHbIN 3akoH pactipeaenenus (H3P). [1pu atom mist kaxaoro pexxnma
UCIIOJIB3YETCS MOHATUE «KOA(D(DUIIMEHT HATPY3KN», KOTOPBIN XapaKTepU3yeTcsi COOTHOLLIEHUEM UHTEH-
CUBHOCTEH M3HOCA 3JIEMEHTa B TOM WJIM HHOM PEKHME, M0 OTHOIICHUIO K MHTEHCUBHOCTHU €0 U3HOCA B
HEKOTOPBIX YCIOBUSIX, AJIsl KOTOPBIX onpeeneHbl napamerpsl H3P. Ha ocHoBanuu 3Toro mojeinpoBanue
MoMmeHTa MO nipennaraercst OCyImecTBIATh CISAYIOMMM 00pa3oM: B coorBeTcTBUU ¢ H3P momydaercs
peanuzaiys BpeMeHH HapaObOTKU IO OTKa3a; 3aTeM B MPOIIECCe MOICIMPOBAHUS CyMMHPYIOTCS (aKTH-
YyecKkrue HapaOOTKH MO Peasin30BaBLIMMCS JIUTEIBHOCTSIM PEKUMOB, B3BEUICHHbIC (YMHOXXEHHbBIC) Ha
COOTBETCTBYIOIIME KOdPPuIeHTsl Harpy3ku. Moment MO omnpenensieTcs no paBeHCTBY YKa3aHHBIX
BEJIMYMH.

MonenupoBanue peanusanuii BBP anmeMeHnTOB moMruMo MOMEHTOB cMeHBbI pexkuMoB paboter HCJIA
OCYIIECTBIISIETCS TaK k€ NpHu 3aMeHe oTkazaBmux yacted HCJIA npu MoaenupoBaHUU TPOBEACHUS
PEMOHTHO-BOCCTaHOBUTENbHBIX Pa0OT, KaK CIEJICTBUE 3aBUCHUMbIX OTKAa30B.

JJ1s1 MofieInpOBaHMS 3aBUCHMBbIX 0TKA30B B COOTBETCTBUHU CO CTPYKTYPOH B3aMMOCBSI3U 3aBUCHMBIX
OTKa30B, OIpe/iesieHHoM B mapamerpax UM, npu oTkase Kakoro 1100 3J1eMeHTa ONpeIesieTcss MHOKECTBO
JPYTUX 3JI€MEHTOB, OTKa3bl KOTOPBIX 3aBUCST OT HETO.

Ecnu 310 BO, TO B COOTBETCTBUU C 3a/1aHHOI BEPOSTHOCTHIO MOJICIIUPYIOTCS OTKA3bl 3TUX 3aBUCUMBIX
AJIEMEHTOB, 00 Tepeonpeestorcs napamerpsl 3P BBP B cTopony yBenuueHus BepoOsITHOCTESH JIst
MeHbIIUX 3HaYyeHuid BBP, 1 B COOTBETCTBUU ¢ HUM MOJy4daeTcs HoBas peanusaius BBP.

Ecnu ato MO, TO n3MeHs0TCA B CTOPOHY YBENUUEHUS KOG (UIIMEHTHI HArpy3KH IS PeasIu3yOINXCs
B [TOCJIEJICTBUH PEKUMOB, UTO OIIATH e MPUBOJIUT K COKPAIICHUIO BpeMeHu 10 peanuzauuu NO.

Ewe onHo ciyyaiiHoe sIBJI€HHE, peaiu3allii0 KOTOPOro He0OX0AMMO MOIeJIMPOBATh — 3TO COObITHE
o0HAapy:KeHHsl CKPBITHIX 0TKAa30B. MoieTupoBaHuE 3TUX COOBITHI OCYIIECTBIsIeTCs MPU 00paboTke
MOJICIIbHBIX COOBITHI, CBSI3aHHBIX C MPOBEJACHUEM JCHCTBUMN 10 TeXHUUECKoMY oOcimykuBanuio HCJTA
B COOTBETCTBMH C 33J]aHHBIMU B mapameTpax M BeposITHOCTSIMU CBEpILECHUs COOBITUI 0OHAPYKEHUS
CKPBITBIX OTKA30B.

AnroputmMmbl 00paboTKU MoAeNbHbIX COObITUIA

[Tpu 06padoTke coObITHs «OTKa3 AIEMEHTAY» MTPOUCXOAUT TOCIEIOBATEIILHOE BHIMOTHEHUE CIIETYIO-
X JeUCTBUU:

1. @ukcanus BpeMeHH, B TEYCHUE KOTOPOTO YaCTh, B KOTOPYIO BXOIUT OTKA3aBIIIUNA JIEMEHT, HAXO/IH-
JIaCh B MPEABITYIIEM COCTOSTHUH.

2. YeranoBka yactu HCJIA B cocTosiHue oTKasa.

3. Vnanenune Bcex coObITHH OTKa3a ganHon yactu u3 ChC.

4. Tlouck myOIUpPYIOIIEH YacTH WJIM BBIKJIIOUYEHHON pe3epBHON udacTh. BKitoueHne BBIKITFOUEHHON
paboToCIOCOOHON PE3epBHON YaCTH, €CJIM ATO BO3MOXKHO.
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5. N3menenue napametpoB BBP anemMeHTOB, 0TKa3bl KOTOPBIX 3aBUCAT OT COCTOSIHUS OTKA3aBIIIETO,
MozenupoBanue peanuzanuu ux BBP u kxoppektuposka CbC.

6. BxiroueHne MHAMKATOPOB OTKA3a JAHHOW YaCTH, €CJIM TAKOBbIE UMEIOTCS.

7. Ecniu He pabotatot ayomupyronue yactd HC JIA m oTka3 maHHOW 4acTH JIOJDKEH MPUBOIUTH K
OTKa3y 4acTu 0oJiee BHICOKOTO YPOBHS, TO BBIMOJIHUTH MPOLEAypy OTKa3a HOBoM uactu (PekypcuBHoe
BBITIOJIHEHHE 3TOTO MyHKTa 1o Bceit BeTBu HCJIA BBepx).

8. CoxpaHUTh CTAaTUCTUKY MO OTKa3aM JIaHHOW YacTH.

BbinonHeHue pencteud Hag Yactbio HCJ1A

[Ipu 0OpaboTKe COOBITHS MPOUCXOTUT TIOCIIEIOBATEIILHOE BBHITTOJIHEHUE CIEAYIOIINX JCHCTBUMN:

1. Onpenenenue Tuma ACUCTBUS:

a. [Ins neiictBus «BKiItoueHre» MPOUCXOAUT 3alyCK MPOLeayphl BKIOUeHU YacTu. [laHHas npoue-
Jlypa TIEPEBOJUT YacCTh BO BKIIFOUEHHOE COCTOSTHHE, CO3/1aBasi HEOOXOAMMBIE COOBITHS OTKa3a W yIamsis
JUTITHHE.

b. Jlnst neiicTBust «BBIKITIOUEHUE MTPOUCXOIUT 3aIyCK TIPOLIECYPhI BRIKITIOUCHM YacTu. J[anHas mpo-
1eypa MepeBOANT YacTh B BRIKIIFOUCHHOE COCTOSTHUE, CO3/IaBasi HEOOXOIMMbIE COOBITHS OTKa3a U yJia-
TSI TUTITHUE. A TTOCIIe Hee TPOUCXOINT BBHIKIIFOUEHHE BCEeTo moArpada JaHHOTO 3JIEMEHTa, TO €CTh BCEX
KOMIIOHEHTOB JJaHHOTO OJI0Ka.

c. Jnsa neiictBus «JlemMoHTaX» MPOUCXOAUT MEPEBOA YaCTH B COCTOSIHUE OTCYTCTBHUSI B COCTaBe
HCIJIA.

d. s geiictBus « MOHTax» peanu3yeTcs mpoleaypa, Koropast onpezaenset yactb B cocrae HCJIA.
OO0nynseT mapaMmeTpbl HapaOOTKU ISl JAHHOW YacCTH M TIEPEBOAUT YaCTh B BBIKITFOUEHHOE COCTOSTHHE.

e. Jlnsa nevictBust «Hactpoiika» oCymiecTBIisieTcs MepeBO YaCTH B COCTOSTHUE PAabOTOCTIOCOOHOCTH U
BOCCTAHOBJICHHE BCEX YaCTEH, KOTOPhIC OTKA3aJIA W3-3a OTKa3a JAaHHOM YacTH.

2. BpI130B niponLierypbl IOUCKA «CKPBITHIX)» OTKa30B.

3. Pacuer BpeMeHHM BBITTOTHEHHS CIIEIYIONIEro JEHCTBUS U3 PacCMaTpUBaEMOM MOCIEA0BATEILHOCTH
IECUCTBUI.

4. [Inanuposanue coobiTus (K=2).

CoObiTne «CMmeHa pexuma QYHKLMOHNPOBAHNS»

[Tpu 06paboTKe COOBITHS TPOUCXOIUT MOCIIEAOBATEIHHOE BHITIOTHEHUE CIISTYIOIINX ACHCTBUI:

- HaKaIJIMBAeTCs CTAaTUCTUKA 10 HapaOoTke BKiItoueHHbIX yactelt HCJIA ¢ yuetoM 3aBepLIMBIIETOCS
pexuma;

- KOPPEKTUPYIOTCA 3aKOHBI pacrnpezesneHnss BbP n3HOCOBBIX 0TKa30B 2JIEMEHTOB, IPOU3BOIUTCS KOP-
pextupoBka CbC mo 3TuM oTKazam;

- MoJenupyroTces peanusannn BEP BHe3anHbIX 0Tka30B 31eMeHTOB U Koppektupyrores CbC ¢ yuerom
IJIAHOBOW JUTMTEIIBHOCTH HOBOTO PEKHUMA.

COop cTaTucTukm n pacyeT nokasarenein KOPM

COop cTaTHCTUKHU BKJIIOYAET B ce0s crenyromue QyHKIIH:

» COOp cTaTUCTHKH 10 BpeMeHaM 0e30Tka3Hoi paboTel HC u e€ vacteil.

» Qukcanus peaan3auuii ucnoab3oBanus 34 pa3inyHoro Buaa.

» @ukcalus pealn3aluy UCIOIb30BaHUSI PEMOHTHBIX PECYPCOB Pa3IMYHbIX BUOB.
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* Beruncnenue koadpunmuenta roroBuoctd HC u e€ yacrei.

* Craructuueckasi 00paboTKa pe3yabTaToB UCIONb30BaHMs 34 U peMOHTHBIX PECYpPCOB U ONIpE/IeTICHHE
CTaTUCTUYECKUX XapaKTEPUCTHUK ITUX MPOILIECCOB.

1o pe3ynpraraM MOJEIUPOBAHUS BHIYUCISIOTCS HEOOXOAMMbIE CTATUCTUYECKUE XapaKTEPUCTHKU:

* Koaddunment roroBHoctu JIA ompenensieTcs OTHOIMICHHEM BpeMeHU padorocrnocobHoctr JIA K
BPEMEHH MOJICTTUPOBAHUSI.

* BBIUNCIISIOTCS CTaTUCTUYECKUE XapaKTEPUCTUKH UCTIONb30BaHUs 3Y U peMOHTHBIX pecypcoB. s
3TOTrO CUUTAETCS, YTO KO BpeMeHU 0OHapyKeHUs OTKa3za HeoOxoaumo uMeTh 34, a Ha CpOK BOCCTaHOB-
JIeHUs] HeOOXOAMMO 3aJIeiICTBOBAaTh HEOOXOAUMbIE PEMOHTHBIE pecypchl. B pe3ynbrate 00paboTku J1aH-
HOM HH(OpMaLIMK onpeaeNnseTcs peaau3alus IporueccoB HeoOXoaUuMbIX 34 U PEMOHTHBIX PECypCoB IO
Kaxaomy Buay 34 U pecypcoB Juisl ojiepkanus koddduirenta roroBHoctu JIA.

OG6wue ceeaeHns 00 MMUTaALMOHHONK NporpamMmme

[Iporpammuas peanuzanus UM paspaborana B cpene nporpammupoBanus Borland Delphi 7.0. Pe3ynb-
TaThl pabOTHI IPOTPAMMBI B BUE TEKYIIIETO COCTOSTHUSI MOJIENIU U TPACCHPOBKH OTOOPAKAIOTCS B OCHOB-
HOM OKHE, U JIIsl KODPEKTHOTO OTOOpaKEHUs COCTOSHUS MOJIEH peKOMEHyeTcs konndecTBo yacteit HC
Opats He 6onee 150, a ypoBaeii He 60mee 10. [Ipu moacuere pe3yabTaToB MOJETUPOBAHUS TI0O MHOXKECTBY
MIPOTOHOB TPACCHUPOBOYHAS U Tpaduueckas HHPOpPMaIus He 0TOOpakaeTcsl, IOATOMY OTPaHUYCHUH 110
pPa3MEepHOCTH HET, a BRIXOAHAS HHPOPMAITUS COXPAHSETCS B (paiiiibl.

Pe3ynbTaTbl UMUTALMOHHbIX 3KCNEPUMEHTOB

JIyist TecTOBOM TIPOBEPKU PabOTOCIIOCOOHOCTH JaHHOW MOJENH Hcmoiib3oBaH npumep HC cuctemsl
KOHJIMIIMOHUPOBAHUS U PEryJMpoBaHus naBieHus camonera TY-154 (puc. 2) [7]. Jannas cucrema co-
CTOUT W3 UCTOYHHKA BO3/lyXa B BUJIEC TPEX JBUTATEIIEH M BCTIOMOTaTeIbHOM criioBO# ycTaHoBkH (BCY),
IIEPBUYHOIO Y3JIa OXJaXKJACHUS, ByX MarucTpajieH, JByX BTOPUYHBIX Y3JI0B OXJIAXKICHUS, CUCTEMBI
BEHTHWJISIIIUHA KaOMHBI, CUCTEMbI BEHTHISIIIUK JIBYX CaJOHOB, a TAK)KE PA3IMYHBIX JAaTYMKOB M PETYIIS-
TOpPOB Ha MaHeau OOPTUHIKEHEPA U LIUTKOB Ul IPOBEIECHUS TEXHUUECKOT0 00CIykxuBaHus. B cucrteme
WCTIONIB3YETCS XOJIIOMHOE Pe3epBUPOBAHUE KpaHa 0TOOpA BO3yXa, KJIAlaHOB B TPyOOIpoBoIe, Tropsiaee
pe3epBUPOBAHUE BO3AYIIHBIX MATUCTPAJIEH, BTOPUYHBIX Y3JIOB OXJIaXI€HHs. BO3MOKHBI Clleyronue 3a-
BHCHUMBIE OTKa3bl: MMOJCHCTEMBI TYPOOXOIOMIIEHUKOB IIPU 0TKA3€ MOJICHCTEMBI MAaCJIEHOTO OXJIKICHHUS;
BCIIOMOTaTEIbHOM CHJIOBOM YCTAHOBKH IIPU OTKA3€ €€ CUCTEMBI OXJIAXKICHMUS.
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Puc. 2. CtpykTypa cHCTeMBI KOHAWIIMOHUPOBAHIS U PEryINPOBAHUS TaBIeHUs camoneTa TY-154
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O6mmee uncio yacteit HC — 116, yucno anemenToB — 87, uncio yposueit HC — 6.

[Tnan pexxumon ¢ynkuonupoanus HC BirouaeT 1Ba peskuma: pabora Ha 3emie, paboTa B MOJeTe.
B pexxume «pabota Ha 3emiie» paboTaeT TOIbKO OCHOBHOM BO3IYIIHBIN paanuaTop, a B pexkume «Ilomer»
— ellle ¥ BTOPUYHBIEC PaJiuaTOPhbl, 4YTO OMPELISIET pa3InyHble Harpy3ku Ha saemeHTsl HC.

[Ipu mpoeaenun TO HC B UM umutupyercs ciieyroias mocjie10BareIbHOCTh ICUCTBUM: CHATHE
JIFOKOB TOHJIOJ JIBUTATENEH, OCMOTpP TpyOOIpOBOIOB, KpaHOB 0TOOpa BO3/AyXa U KJIAlIAaHOB; CHUMAIOTCS
JIFOKH JIEBOT'O M IIPABOT0 MOITYKpPhLIa ISl 0CMOTPa BO3yX03a00PHUKOB, TYPOOXOIOIUIBHUKOB C MACIISIHOM
CUCTEMOM U 3aCJIOHOK JIEBOTO U MPABOT0O y3J0B BTOPUYHOIO OXJIaKIeHUs. TakiKe CHUMAaIOTCS TPH JHOKa
B 0ara)xHbIX OTAEJICHUSIX UL OCMOTPA OCTANBHBIX YaCTeH CUCTEMBI.

Ha nanenu 60pTuHKeHepa yCTaHOBJIEHBI JATYUKH OTKa3a MOJACUCTEMBI 0TOOpa BO3/1yXa [0 KAKIOMY U3
JBUTATeseH (BKIIOUAIOTCS B CIIy4ae OTKa3a KJIalaHOB WIIM KPAaHOB 0TOOPA BO3/1yXa), 1aTYUK MOBBILICHHS
TEeMIIEpPaTypbl XBOCTOBOTO OTCEKa (BKJIFOYAETCS B CIIy4ae OTKa3a MPeBapUTEIbHOTO Y3J1a OXJIaXICHUs),
JMATYUKU TEMIEPATYPhl MO KaXKI0M MarucTpaiu, JaTYUKU TeMIepaTypbl A KaXJI0ro BTOPUYHOTO y3i1a
OXJIQX/ICHUS, 1aTUHK ITeperpeBa Bo3Iyxa B CaJIOHaX U KaOMHE U yKa3aTelb pacxojia BO3yXa, 10 KOTOPOMY
CYIAT O HEMCIPABHOCTH BO31yx03a0opHuKa. K ToMy ke uMeeTcs IUT Ha3eMHOM MPOBEPKHU C COOTBET-
cTBytomumu garunkamu. OH npumensiercsa npu TO HC.

KnanaHbi 5102

MacnadHaa
cucTema

Meperpes Tiok geuratens JlioK npasoro
BO3yaxas Ne3 nonykpbina
30He

Puc. 3. I'padmaeckoe oroOpaxkerne GpyHKIoHNpoBaHus MM nipu oTkasze kirananoB 5102
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B M HCJIA BO3MOHBI «CKPBITBIE)» OTKa3bl. [Ipn 0TKa3e 3aCIOHKM BTOPUYHOTO Yy3J1a OXJIKICHUS B
paboTy BcTynuT 1yOnupyrolas 3acioHKa U [eperpesa Bo3ayxa He MPOU30UaeT. AHAJIOTMYHO CYIIECTBY-
10T 1yOIMpoBaHUE CMECUTENEH U pacipeaenuTeseii CuCTEMbl BEHTHIIALNY KaOUHBI U CaJOHOB. JlaHHbIE
OTKa3bl MOTYT OBITh OOHAPYKEHBI TOJILKO B pe3yibrare npoBeaeHus TO ¢ 3a1aHHOI BEpOSITHOCTBIO.

Jlst 6GonpmmacTBa yacteit HC onpeeneHo cocTosHue BKIIFOUEHUS. Y KayKI0T0 2JIeMEHTa, B COCTOSTHUN
BKJIIOYEH, UMEIOTCS OTKa3bl IByX THIIOB: 110 HapaOOTKe (HOPMAaJIbHBII 3aKOH pacIipeesieHns) U BHe3al-
HbIE OTKa3bl (IKCMIOHEHILIMAJIbHBIA 3aKOH pachpeneneHus). [ BbIKIIOYEHHBIX 3JIEMEHTOB BO3MOKHBI
M3HOCOBBIE OTKA3bl B PE3y/IbTaTe XPaHEHUS.

3aMeHa IeMEHTOB IPOU3BOIUTCS ITyTEM CHSITHSI COOTBETCTBYIOIIETO IIIUTKA, AaJiee MOCIIEA0BATEIbHO
BBITIOJIHSIOTCS MIPOLIEAYPhI IEMOHTaKa OTKA3aBILIEro 3JIEMEHTa, MOHTAX HOBOT'O 3JIEMEHTA C MOCIIEYI0-
el HACTPOMKOM ero. 3aMeHa HEKOTOPBIX OTKA3aBIINX AJIEMEHTOB IIPOU3BOIUTCS ITyTEM 3aMEHBI 0JIOKa,
HanpUMep, MPU OTKA3€ MACIISIHON CUCTEMbI TYPOOXOIOAUILHUKA 3aMEHSETCSl JAHHBIN OJIOK LIETHKOM.

NMuTanmoHHbIe SKCIEPUMEHTHI MOTYT POBOAUTHCS KaK 110 MHOYKECTBY HE3aBUCUMBIX ITPOTOHOB, TaK
U 110 OHOMY JIJTMHHOMY MPOTOHY B MPEAINOJIOKEHUH BbIXOAA HAa CTALIMOHAPHBIN SproIndecKuil pekum
¢dbynkuuonupoBanus VM.

B otnagounom pexume MM mo3BosisieT OCyeCTBUTh HANVISIIHBIN (B rpad)iuecKOM BHU/IE) BBIBOJ MH-
dhopmanu 00 UBMEHEHUH COCTOsIHUS JTF000M rpyIbl yactei moaenmupyemoit HC. B wactHoCTH, Ha puc. 3
MIPEICTABIICH MPOIECC TEXHUUECKOTO 00CITy)KMBaHUs, BI3BAaHHBIN 0TKa30M KianaHoB 5102 y TpeTbero
JIBUTATEJIS.

Ha pucynke ucronb3yercs cienyroiiee BeToBoe oToOpakeHune coctosinuid yacrteid HC: ceprbrit iBet
— BBIKJIFOYCHO, 3€JICHBIHN [[BET — BKJIIOUEHO, HEMCIPABHOCTh — JKENTHIM, 0TKAa3 — KPACHBIH, BbIBEICH U3
coctaBa HC — cunuid.

Taxoi1 BBIBOJI ITO3BOJIICT ITPOBECTH JIOTMUECKHI aHau3 rporiecca pyHKimonupoBanus UM n yoenutbes
B €r0 aJIeKBaTHOCTH OnucaHus npoiecca ¢pynkunonuposanus HC.

Huxe npuBoasTcs B rpagueckoM BUJE CTATUCTHUECKHE PE3yIbTaThl, MOITYYEHHbBIE 10 MHOXKECTBY
poroHoB nporecca ¢pyukiuonuposanus HC ¢ 3a1aHHOTO Ha4aabHOTO COCTOSIHUS B BUJE PsAJa 4acTOT
otkasa Bceil HC Bo BpemeHH.

OO1as xapakTepUCTUKa IIaHa UMUTAIIMOHHBIX SKCIIEPUMEHTOB CIIEAyIOLIasl.

“o.0s00
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Puc. 4. I'papuk gactotrHOTO psima oTkazoB Bcerd HC crcTeMpl KOHAUITMOHUPOBAHUS BO BPEMEHHU
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N EE UCMNMOJIb3OBAHUE B 3AAYAX UCCJIEAOBAHUSA MPOLLEECCOB UX MOCJIENMPOAAXHOIO OBCJTY)KMBAHUS

Bpewms nporona — 2 rona. B reuenue 3toro Bpemenu npooautcs S00 nmoseroB u 10-15 monnsix TO.
JlmutenbHOCTh Kaxkaoro nojsiera 10 4. Bee ameMeHThl B HaYaJIbHOM COCTOSIHUM MMEIOT HapaOoTKy, HE
npesbimatontyto 10% pecypca. O6bem BoiGopku — 5000 mporoHos.

Pe3ynbTaThl MMUTAIIMOHHBIX SKCIIEPUMEHTOB I10 YaCTOTHOMY Psily 0TKa30B Bceil HC cucTeMbl KOHIU-
[IMOHUPOBAHMS TpecTaBieHbl Ha puc. 4. [l peanuzanuu UM nannoit HCJIA norpe6oBanocs 6,5 Mb
onepaTtuBHOM nmamsATu. [1o BpeMeHU MOJeTMPOBaHUA 3aHSIIO 8 MUHYT U 46 CEKyH]I.

Ha rpaduxke puc. 4 MOXXHO OTMETHUTH JBa TieproAa MUKoBoro otkaza HC u 1Ba mpoMexyTKa MOBBI-
LICHHOW MHTEHCHUBHOCTHM OTKa30B. [leranbHbiil aHanu3 coctosiHud HC Ha yka3aHHBIX BPEMEHHBIX WMH-
TepBaJlax MOKa3all, YTO MEPBbIil MUK BbI3BaH OTKAa3aMM Maclla CUCTEMbI OXJIaKIeHUs (IO pe3yibTraTam
MOJICITUPOBAHMS 3a BPEMs ITPOTrOHA MAcCjI0 OTKa3bIBaeT B cpenHeM 5,44 pasza u 10 12 pa3 MakCMMabHO).
BTtopoii nuk BbI3BaH OoTKazamu KjamaHoB 5102, oOecreunBaromux mojaady BO3ayXa OT JBUTATeIeH U
BCY. JlanpHeiiire npoMexyTKH MOBBIIIEHHOWM MHTEHCUBHOCTH OTKA30B BbI3BaHbI OTKAa3aMH CHUCTEM
OXJIAXKICHHUSI: 3aCIOHKaAMH, CUCTEMaMH TYypOOXOJIOMIIbHUKA, BIArOOTACIUTENS U CUCTEM BEHTUIISILIMU
caJloHa ¥ KaOWHBI: CMECUTEJICH, pactpeiesTuTe e U YCTPOMCTB yIpaBlICHHUS.

C ydeToM pe3ysabTaToB MPOBEIEHHOTO aHaIN3a MIPOU3BE/ICHBl U3MEHEHU B I1aHax nposeneHust TO:
YBEJIMUYEHO JI0 MATH pa3 IJIAHOBBIX 3aMEH Maciia; ONpeeNieHbl IIaHbl 3aMEHbI Ha HOBBIE HEKOTOPBIX
arperarosB €IIe B COCTOSIHUU UX pa00TOCIIOCOOHOCTH, HE OBOJIS MX JI0 COCTOSIHUSA OTKa3a. B pesynbrare
ATUX W3MEHEHUH yAaloCh CYLUIECTBEHHO CHU3UThH YacTOTy 0Tka30B HC cuctembl KOHIUIMOHUPOBAHHSL.
Pe3ynprarhl UMUTAIIMOHHBIX KCIIEPUMEHTOB TOCIIE YKa3aHHBIX U3MEHEHHH 110 aHAJIOTMYHOMY, OITMCaH-
HOMY BBIIIIE TUIaHY UX MPOBEACHUS MTOKa3aHbl HA pUC. 5.

00000 378 1752 2628 3504 4380 5256 6132 7008 7884 8760 9636 10512 11388 12264 13140 14016 14892 15768 16644

Puc. 5. I'paduk gactoTHOTO psima otkazoB Becerd HC crcTeMbl KOHIUITMOHUPOBAHUS BO BPEMEHHU
MOCJI€ MPOBEJECHHBIX U3MEHEHUH 1aHa rnposeaeHust TO

CpaBHenue rpadukoB Ha puc. 4 U 5 TOKa3bIBACT, IPOBEACHHBIE M3MEHEHHS TTO3BOJIMIIH CYIIECTBEHHO
CHHU3UTL 4acToThl 0TKa30B HC.

C npyroit CTOpOHBI, MOXKHO CI€TIaTh OYeHb BaXKHBIM BHIBOJ O XOPOIIIEM KauyecTBE pa3paboTaHHOI
UM, ee 4yBCTBUTEIBHOCTU K BapHallUsM MapaMeTpoB, U, CJIEI0BaTEIbHO, O BO3MOXXHOCTHU €€ HC-
MOJIb30BaHUS B MOJIeNId O0Jiee BRICOKOTO YPOBHSI JIJIsl aHAJIM3a MPOLIECCOB MOCIEMPOIaKHOTO 00CTy-
skuBanug JIA.
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Structural reliability. The theory and practice

Khakhulin G.F., Titov Yu.P.

SIMULATION MODEL OF MILITARY AIRCRAFT
DEPENDABLE STRUCTURE AND ITS USE IN THE
RESEARCH OF AFTER-SALE SERVICE PROCESSES

The paper examines the relevance of the development of a simulation model of aircraft dependability struc-
ture for the purpose of analyzing the processes of after-sale service of military aircraft. It also describes
the developed simulation model and the results of simulation.

Keywords: aircraft, after-sale service, simulation model.

Introduction

Following the decisions of the Government of the Russian Federation and respective orders and regu-
latory document of the Ministry of Defense, the after-sale service system of military facilities including
aircraft is undergoing a reform. As opposed to the strategy of service by organizations of the Ministry of
Defense, the new system is to entrust the service process to manufacturers. For that purpose, the manu-
facturing companies and components suppliers are establishing dedicated structures in order to support
the process that includes planning of production, storage and timely delivery of spare parts, routine main-
tenance and repair of failed equipment. These structures and units are to maintain close cooperation with
military units that operate the purchased weapon systems. In this context, the study of after-sale service
processes for development of an efficient management system is a relevant research and development
task. The related issues are covered in monograph [1] that analyzes the structure of the after-sale service
of complex engineering facilities and suggests mathematical tools for its research. The book highlights
the use of probabilistic and analytical methods. Those methods have well known limitations in terms of
capability to adequately represent the processes occurring in complex organizational and engineering
systems including the system of after-sale service. The monograph also highlights the applicability of
simulations that do not have any fundamental restrictions in terms of adequate representation of complex
processes. The authors attempt to create one of the key parts of the general simulation model (SM) of
after-sale service, namely the SM of the dependability structure of a complex engineering facility, i.e.
an aircraft, which is submitted to such service. The aircraft dependability structure (ADS) is defined by
a set of components (elements, units, subsystems and the aircraft as a whole) the operation of which is
considered in terms of fulfilling the aircraft dependability requirements (failure-free operation, scheduled
maintenance, occurrence of failures, performance of maintenance activities, use of spare parts, resources,
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etc.), described by a number of indices determining this dependability (for example, probability of failure-
free operation, availability, etc.).

The purposes and tasks of the specified simulation model are defined by the requirements of the upper
level simulation model representing the operation process of the whole system of after-sale service. From
this point of view SM of ADS should enable, on the one hand, estimation of aircraft dependability indices
within the established strategy of operation support by spare parts and repair resources, and on the other
hand, contribute to the development of the strategy of accumulation and use of spare parts, accumula-
tion and support of necessary repair resources by providing statistical information on failure-free times
of various ADS components, by quantitative estimation of demand for spare parts and repair resources
based on the information on failures and restorations of ADS components.

Below is the description of the process of ADS simulation: problem definition, stages of formalization,
development of the simulation program, carrying out of simulation.

Problem definition

The problem is defined as the development of an ADS SM to be used as part of the SM process of an
aircraft after-sale service.

Purpose of the SM:

- Estimation of aircraft dependability indices within the defined strategy of operation support with
spare parts and repair resources;

- Support of strategy development for accumulation and use of spare parts, generation and support of
required repair resources by means of statistical information on failure-free times of various ADS com-
ponents, quantitative estimation of demand for spare parts and repair resources based on the information
on maintenance, failures and restoration of ADS components.

Used assumptions.

At the initial stage of SM ADS development we shall assume the availability of unlimited quantities
of spare parts and repair resources.

ADS concept and operation process

ADS is represented as multilevel treelike structure, where at the upper level the component correspond-
ing to the whole ADS is placed. At the following lower level, the ADS system splits into components
corresponding to aircraft subsystems that perform individual vital and purpose functions (i.e. airframe,
engine, flight-control system, weapons control system, etc.). Subsystems in turn split into smaller func-
tional subsystems, then units. Units themselves consist of other units and elements. At the lowest level
of any branch, ADS elements are situated.

An element from the point of view of ADS operation process is considered to be indivisible. Laws of
failure-free time (FFT) distribution are defined for ADS elements. In their nature, the element failures
can be gradual (wear-out) and sudden. Both types of failures can occur in parallel [2, 3]. Various kinds
of distribution laws (DL) are used for formalized probabilistic description of FFT. The most commonly
used are the exponential, normal, lognormal, Weibull-Gnedenko ones, etc. [4].

An ADS element failure can lead to certain consequences (failure, malfunction or reduction of opera-
tional efficiency) affecting the condition of the components of the respective ADS branch (in chain order
upwards) to which the element belongs (including the highest level ADS components, i.e. the whole
ADS).

To enhance the dependability of individual ADS components, at its various levels certain types of re-
dundancy can be used: loaded (hot), semi-loaded, non-loaded (cold), moving redundancy, etc. Therefore,
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the failure of certain ADS component does not necessarily lead to the failure higher-level components.

If the failure of an element does not entail the failure of the respective ADS component, the status
of this part is defined as faulty [5]: i.e. it carries out all functional tasks (probably, less efficiently), yet
contains failed elements. Otherwise the ADS component turns into failure state.

Stress affecting an aircraft in operation influences the FFT of each element. Stress depends on the op-
erating mode: tactical mission, patrol, training, outdoor aircraft storage, aircraft storage in shed, aircraft
storage in heated hangar, etc. The operating mode is the list of conditions in which an aircraft operates.
Changes in aircraft operating mode normally happen routinely (air alert, tactical mission, maintenance,
etc.), but it can also be random (e.g., in case of unforeseen change in ADS condition). Generally, for
each mode there is a list of ADS components that ensure its implementation. For ADS elements of those
components their own FFT DLs can be defined.

For each ADS element the following statuses can be implemented:

1. On. The element performs all required functions. The initiation of this status the element must be
operable (absence of failure) and installed on the aircratft.

2. Off. The element is switched off and does not perform any functions. It is assumed that the element
awaits activation under certain conditions. A switched off element is assumed to be operable and installed
on the aircraft.

3. Failed. An element is in failure mode. It does not perform any functions and requires urgent recovery.
Upon recovery it switches off.

4. Removed from ADS (removed from aircraft). The element is dismounted for maintenance or repair.
The element can be both failed and operable.

Similar statuses can also be defined for other ADS components (that are not necessarily elements).

Besides the operating modes, an element’s FFT DS generally depends on its operating history, i.e. time
of operation in other modes. In addition, dependent failures can occur in some ADS components: failures
of certain elements caused by failures of other elements as the result of change of operation conditions.

In terms of dependability analysis, ADS it is a restorable system, i.e. after a failure event of an ADS
component, if it does not lead to catastrophic consequences, recovery is performed (repair or replacement).
A catastrophic situation is a very low probability event. Therefore, the development of the simulation
model considered here does not aim to model such situations.

The process of ADS component recovery consists of two procedures: failure detection and recovery
activities (repair or replacement of failed ADS component).

Failure events of some ADS component, generally, may not manifest instantly and if identified, usually
cannot be immediately eliminated. This means that failures of ADS components can be accumulated,
and this accumulation in certain combinations can lead to more severe consequences than each failure
of ADS component individually.

The ADS component failures can be detected in the following ways:

1. In operation with the help of special indicators. Such failures are called “explicit”.

2. During maintenance. Such failures are called “latent”. They are detected with special instruments
and monitoring devices.

The detection of an ADS component failure initiates the repair process (if required by technical regula-
tions) or replacement (if spare parts and repair resources are available). Generally, the restoration proc-
ess is random: events of “latent” failures detection, maintenance time, repair or replacement of failed
components can be random. However, when reliable statistical input information regarding the time of

recovery activities is not available, respective data given in corresponding engineering manuals can be
used [6,7].
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Note again that for the purpose of the SM development we assume that the required spare parts and
repair resources are unlimited, which allows simplifying the process of formalization at this stage. At
further stages of SM developed these assumptions will be removed.

Choice and substantiation of SM class

The ADS operation can be represented by means of SM based on the description of such event-trigger
phenomena as failures of elements and related failures of other ADS components, beginning and termi-
nation of various types of maintenance operations, detection of failures, beginning and termination of
repair and replacement of failed ADS components, etc. In this context, the ADS model can be represented
as a discrete SM that functions on the basis of model (time) events method (MEM) [8]. The list of key
model events and the diagram of their interaction that reflects the process of parallel event planning at
processing is shown in Fig. 1.

(1-2)
(2-2)

Fig. 1. Flow graph of events interaction

Names and codes of key time events:

1. Element failure;

2. Performance of operation on an ADS component (switching-on, switching-off in operation; termina-
tion of installation, removal or adjustment during maintenance);

3. Change of operating mode.

Conditions of event-scheduling:

(1-2) If the failed element has a functioning redundant element;

(2-2) If not all specified operations for an ADS operating mode initiation have been performed.

Indices of evaluation criteria for modeling results:

1. Implementation and statistical characteristics of spare parts and repair resources consumption in
repair and recovery operations:

- processing of a set of runs statistics: failure rate of individual ADS components in a single SM run;

- processing of one long run with stationary assumption and ergodic nature of the processes taking
place in the SM: evaluation of failure rates for individual ADS components.

2. ADS availability (the ratio of ADS FFT to the SM run time).

SM parameters

Below is the aggregative description without detailed discussion of data structures used for specifica-
tion and storage.

* ADS parameters reflecting its multilevel treelike structure, types of redundancy used in its individual
components, effects of the failure of each individual component (dependence of failures of ADS com-
ponents, the possibility of recovery operations of individual ADS components by replacement of failed
parts or recovery operations have been identified). Types and time characteristics of maintenance and its
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frequency. For the “latent” failures of elements, the types of maintenance that ensure “latent” failures
detection have been identified. For complex latent failures, the probability of detection, the list of main-
tenance operations and their time characteristics have been defined.

* The list of ADS operating modes.

* ADS components that should operate in each mode.

* Scenario of ADS operation mode change.

* Types and parameters of FFT DS of elements for each mode.

SM status

The key status variables of ADS SM are the ones that define the current status of individual ADS
components.

These variables are defined in the list structure of data unambiguously connected to ADS. According to
the above description, the list of statuses of ADS components includes: operational or faulty; in service
or out of service; included in ADS structure or excluded from it (uninstalled).

For the ADS and individual components, the type of mode is defined for current simulated time. Ac-
cordingly, the inclusion of ADS components in the operation is defined.

For each ADS element, the total operating time is identified (taking into consideration the load factors
depending on the current operating mode). For each ADS component, the total operational time is ac-
cumulated. For each ADS component, failure rates per simulation times are accumulated for each ADS
components and the ADS as a whole.

For the above basic time events, the list of information specified in the additional attributes of record
for those events is as follows:

Failure of an element event (1):

- Failed element indicator;

- Type of failure.

Operation on ADS component event (2):

- Indicator of the ADS component operated on;

- Name of operation;

- Time required to perform operation;

- Load factor on ADS component during operation;

- ADS status required for performance of operation.

Scheduled change of operating mode event (3):

- Number of mode from the set of possible ADS operating modes.

Initial SM status

Status of all components is operational. Operating mode is the first of the plan. All ADS components are
involved in operation according to the specified mode. Operation time for each ADS component is 10%
from maximum. Planned failures of all types of all ADS elements are recorded in the statistics database
(SDB). Variables for statistics gathering are in zero state.

Simulation of random events

The most important random event in the SM under examination is the random variable of failure-free
time of ADS elements. The complexity of simulation of this random event is due to the following:
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- ADS elements during its functioning operates in different modes that vary according to the specified
plan;

- each element in different modes has its own FFT DS parameters;

- failures of elements can be of two types: sudden failures (SF) and wear-out failures (WOF). It is as-
sumed, that the time of SF occurrence depends only on the ADS operating conditions (type of operating
mode), while the time of WOF occurrence also depends on the time of operation in certain modes (so-
called time to failure);

- there are dependent failures when a failure of some elements causes failures of other elements or
accelerates their failure by affecting the parameters of their FFT distribution law.

It is suggested to use different probabilistic descriptions of FFT for the above failure modes and, ac-
cordingly, different algorithms for identification of their occurrence time:

- for SF, the exponential law of FFT distribution (ELD) will be used. Its parameters will be defined
by the type of the element and the ADS operating mode. In theory, the ELD ‘“has no memory”, i.e. at
each change of ADS operating mode the parameters of the FFT distribution law in the next mode do not
depend on the operation time in previous modes. Using this property of ELD, it is suggested to carry out
simulation of the SF moment as follows: at each change of mode, an FFT occurs. It is compared to the
ADS operation time in this mode at the next stage; the moment of failure is registered if the FFT occur-
rence time is less than the operation time in the considered mode;

- for DF, the normal law of distribution (NLD) is used. For each mode the concept of “load factor” is
used. It is characterized by the ratio of an element wear rate in a mode to its deterioration rate in some
conditions for which NLD parameters are defined. Considering the above, it is suggested to perform the
simulation of the DF moment as follows: based on the NLD, the time to failure occurrence is identified;
then, during simulation, the actual times to failure obtained per operating modes are summarized (these
times to failure are weighed (multiplied) by the corresponding load factors. The DF moment is defined
by the equality of the above values.

Besides the moments of change of ADS operating modes, simulation of elements FFT occurrences
is also performed at replacement of failed ADS components during simulation of repair and recovery
operations as a consequence of dependent failures.

For simulation of dependent failures, in accordance with the structure of interaction of dependent
failures, defined in the SM parameters, when an element fails a number of other elements with possible
dependent failures are identified.

Ifit is SF, then according to the specified probability, failures of these dependent elements are simulated,
or parameters of FFS DS are redefined upwards in probabilities for smaller FFT values, and according
new FFT occurrences are identified.

If it is DF, then load factors increase for subsequent modes which again leads to a reduction of time
to DF occurrence.

Another random event, of which the occurrence must be simulated is the event of latent failures
detection. The simulation of these events is performed during the processing of model events related
to ADS maintenance operations according to the SM-specified probabilities of latent failures detection
events.

Algorithms of simulated events processing

During the processing of an Element failure event, the following operations are performed:
1. Recording of the time during which the component with the failed element was in the previous
status.
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2. Setting of the ADS component in the failure status.

3. Removal of all failure events of the given component from the SDB.

4. Search of the backup component or the switched off redundant component. Activation of the switched
off operational redundant component if possible.

5. Change of the FFT parameters of the elements the failures of which depend on the status of the failed
element, simulation of their FFT occurrence and updating of the SDB.

6. Activation of the failure indicators of the failed component if those are available.

7. If backup ADS components are not operational and the failure of this component should lead to the
failure of a higher level component, then execute the failure procedure of a new component (Recursive
performance of this operation upwards along the whole ADS branch).

8. Save statistics on the given component failures.

Operation on an ADS component

An event processing involves the performance of the following sequence of actions:

1. Definition of operation type.

a. For the Activation operation, the component activation procedure is initiated. This procedure activates
the component by creating the required failure events and removing the excessive ones.

b. For the Switching-off operation, the component switching-off procedure is initiated. This procedure
switches the component off by creating the required failure events and removing the excessive ones. After
that, the whole section graph (all components of the unit) of the given element switches off.

c. For the Uninstallation operation, the component status switches to not present in the ADS
structure.

d. For the Installation operation, the procedure is initiated that appoint the component as part of the
ADS. The procedure nullifies the operation time parameters for the component and switches it off.

e. For the Adjustment operation, the component is switched to the operational state and the components
that failed due to the failure of this component are recovered.

2. Activation of the “latent” failures search procedure.

3. Calculation of the execution time of the following operation in the respective sequence.

4. Event planning (K=2).

Change of operating mode event

An event processing involves the performance of the following sequence of actions:

- accumulation of statistics on the operation times of the active ADS components taking into account
the completed mode;

- adjustment of the FFT distribution laws of elements wear-out failures, updating of the SDB specific
to those failures;

- elements sudden failures FFT occurrence simulation and updating of the SDB subject to the scheduled
duration of the new operating mode.

Statistics gathering and calculation of the KORM values

The statistics gathering includes the following functions:

* Gathering statistics on the failure-free times of the ADS and its components;
* Recording of various spare parts use;

* Recording of various repair resources use;

22



SIMULATION MODEL OF MILITARY AIRCRAFT DEPENDABLE STRUCTURE
AND ITS USE IN THE RESEARCH OF AFTER-SALE SERVICE PROCESSES

* Calculation of the availability factor of the ADS and its components;

« Statistical processing of the results of spare parts and repair resources use and identification of the
statistical characteristics of these processes.

Using the simulation results, the required statistical characteristics are calculated:

* The availability factor of an aircraft is defined as the ratio of the time of operability to the time of
simulation;

» Statistical characteristics of spare parts and repair resources use are calculated. For this purpose it is
assumed, that by the time of failure detection it is required to have spare parts available, and for the time
of recovery it is required to involve necessary repair resources. As a result of the information processing,
the processes implementation is defined for required spare parts and repair resources of each kind for the
support of the aircraft availability.

General information on the simulation program

The SM software has been developed in the Borland Delphi 7.0 programming environment. The results
of the program’s operation are displayed in the main window in the form of the current model status
and tracing. For correct display of the model status it is recommended to keep the number of the ADS
components within 150, and the levels within 10. During the calculation of the simulation results after
a number of runs the tracing and graphic information is not displayed, therefore the dimension is not
restricted and the output information is saved in files.

Simulation results

This model was performance tested using the example of the DS of the TU-154 air-conditioning
and pressure regulation system (fig. 2) [7]. This system consist of a source of air in the form of three
motors and auxiliary power-plant (APP), primary cooler unit, two vent lines, two secondary cooler
units, flight deck ventilation system, two passenger cabin ventilation systems and various sensors
and regulators on the flight engineer’s panel and maintenance panels. The system uses cold backup
of the air bleed valves, valves in the pipeline, as well as hot backup of air lines, secondary cooling
units. The following dependent failures are possible: turbo refrigerating subsystems failure in case
of failure of the oil cooling subsystem; auxiliary power-plant failure in case of its cooling system
failure.
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Fig. 2. Structure of the TU-154 air-conditioning and pressure regulation system
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The total number of ADS components is 116, the number of elements is 87, the number of ADS
levels is 6.

The plan of ADS operating modes includes two modes: operation on the ground, operation in flight. In
the Operation on the ground mode only the main air radiator is on, in the Flight mode secondary radiators
are also on which defines various loads on the ADS elements.

The following sequence of operations is simulated during ADS maintenance: removal of hatches of
engine nacelles, inspection of pipelines, air bleed taps and valves; hatches of the left and right half-wings
are taken off for inspection of air inlets, turborefrigerating units with oil system and valves of the left and
right secondary cooling units. Three hatches in the luggage compartments are also removed for inspec-
tion of other parts of the system.

The flight engineer’s panel includes sensors of air bleed subsystem failure for each motor (activates in
case of failure of valves or taps of the air bleed subsystems), the sensor of tail compartment overheating
(activates in case of failure of the preliminary cooling unit), the temperature sensors for each airline and
for each secondary cooling unit and overheating sensors for passenger cabins and flight deck and the air
consumption indicator that signals air intake failures. In addition, there is an on-ground check panel with
corresponding sensors. It is used for ADS maintenance.

“Latent” failures are also possible in the ADS SM. In case of secondary cooling unit valve failure the
backup valve will activate preventing air overheating. Similarly, there are backup mixer taps and ventila-
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Fig. 3. Graphic representation of SM operation upon failure of valves 5102
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tion system distributors for the flight deck and the passenger cabins. Those failures can be detected only
by means of maintenance with defined probability.

For the majority of ADS components the activation status is defined. Each element in active state has
two types of failures: operation time (normal distribution law) and sudden (exponential distribution law).
For the inactive elements, wear-out failures caused by storage are possible.

Elements are replaced by removing the protective cover, uninstalling the failed element, installing the
new element and adjustment. Some failed elements are replaced by replacement of the respective units,
e.g. in case of oil system failure the whole turbo refrigerating unit is replaced.

Simulations can be performed with a set of independent runs or with one long run in the assumption
of coming to stationary ergodic mode of the SM operation.

In the test mode, the SM provides for a visual output of information on the changes of status of any
group of components of the simulated DS. In particular, fig. 3 presents the process of maintenance caused
by the failure of valves 5102 of the third engine.

The figure uses the following color representation of the ADS components statuses: grey is switched
off, green is activated, yellow is malfunction, red is failure, dark blue is excluded from the ADS.

Such information representation enables the logic analysis of the SM operation process and verification
of its compliance with the description of the DS operation process.

Below is the graphical representation of the statistical results obtained by a set of runs of the DS opera-
tion process from the specified initial state in the form of failure frequencies in time for the whole DS.

The general description of the simulation plan is as follows.

Run time is 2 years. During this time 500 flights and 10 to 15 full maintenances operations are per-
formed. Duration of each flight is 10 hours. All elements in the initial state have operation times of not
more than 10 % of the life time. Sample size is 5000 runs.

The results of simulation of the failure frequency of the whole air-conditioning system ADS are shown
in fig. 4. 6,5 MB of RAM were required for the implementation of this ADS SM. The simulation took 8
minutes and 46 seconds.
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Fig. 4. The diagram of failure frequency of the whole air-conditioning system ADS in time
In fig. 4 we can observe two periods of ADS peak failure and two intervals of increased failure rate. The

detailed analysis of ADS status in the specified time intervals has shown, that the first peak was caused
by failures of the oil in the cooling system (according simulation results, during the SM run oil fails 5,44
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times on the average and up to 12 times maximum). The second peak was caused by the failures of the
valves 5102 that ensure air supply from the engine and the auxiliary power plant. The other intervals
of increased failure rate were caused by failures of cooling systems: valves, turbo refrigerating units,
moisture separators and ventilation systems of passenger cabins and flight deck: mixer taps, distributors
and control devices.

In view of the results analysis, changes were made to the maintenance plans: scheduled replacements
of oil were increased by five times; some units were to be replaced by new ones even when the replaced
units are still in operating condition. These changes ensured significantly lower failure rates of the air-
conditioning system ADS. The results of simulations after the specified changes under the similar plan
are shown in fig. 5.
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Fig. 5. The diagram of failure frequency of the whole air-conditioning system ADS
in time after the changes to the maintenance plan

A comparison of the diagrams in fig. 4 and 5 shows that the changes ensured significantly lower ADS
failure rates.

It can also be concluded that the developed SM is of high quality, it is sensitive to variations of param-
eters, and, hence, it can be used in higher level models for the analysis of aircraft after-sale service.
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YNPABJIEHUE NPOLECCOM UCNbITAHUA
OBOPYAOBAHUA HA HAOEXHOCTb

[NoBbILLIEHNST SKOHOMUNYECKON 3 PEKTUBHOCTU CUCTEMbI UCTbITAHUS 000PYAOBaHUS HA HA[AEXHOCTb MOX-
HO A0BUTLCST COKPALLIEHNEM BPEMEHW UCTbITaAHWIA UM YMEHbLLIEHUEM KOJINHEeCTBA UCTbITYEeMbIX 06pa3LioB.
lNpu cokpalleHnn BPpeMeHW UCTbITAHWI BO3PacTaeT CTEeNeHb LIEH3YPUpPOBaHUs BbIOOPKM, a rnpu yMeHbLLe-
HUM KosimYyecTBa 006PAas3LIOB YMEHbLLIAEeTCss 0O0beM BbIOOPKM HapaboTok obopynaoBaHus. Cokpaluats napa-
MEeTPbl UCTbITAHUV MOXHO TOJIbKO B TOM CJjlyHae, ecsin MeTosabl 06paboTku vHpopMaLmm obecrne4ynBarT
JI0OCTOBEPHOCTb PacCYUTaHHbIX rokasaresieri HaaexXHOCTH.

B pesynbtate npoBeneHusi UCMbITaHWi OpPMUPYIOTCS Masible, LLeH3ypupoBaHHbIe BbIOOPKU Hapabo-
TOK obopynoBaHus Ha oTkas. PacuyeT nokas3areservi HafeXHOCTU o TakmM BblOOPKaM BbIMOJIHSETCS
MeToA0M MakcuMasibHOro rnpasaonongobus. B ctatbe npeactaB/ieHbl 3KCNepuMeHTaabHble UCCeno0-
BaHWS TOYHOCTU OLIEHKWN MakCcuMasibHOro rnpasaornoaobusi napamerpa 3KCMOHEHLUNaabHOro 3akoHa
pacnpeneneHuvsl no mMasbiM, OAHOKPATHO LIE@H3YPUPOBAaHHbLIM cripaBa BbibopkaM. VlccnenoBaHus Bbl-
MOJIHSIZINCb MOAEIMPOBAHNEM Ha KOMIbIOTEPEe LIEeH3YPUpOoBaHHbIX BblIOOPOK, NMoAOOHbIX BblOOPKaM,
PopMUPyOLLINMCS NPU UCMbITAHUSIX 000PYAO0BaHUS HA HAAEXHOCTb. OTU 3KCNEepUuMeHTaslbHble AaH-
Hble MoKa3bIBaloT, 4TO OOJIbLUIMHCTBO OLEHOK MakCumasibHOro rnpasaornonobus, rnojy4eHHbie rno ma-
JIbIM, OAHOKPAaTHO LIeH3YPUPOBaHHbLIM cripaBa BblOOpPKaM UMEIOT 3HaYUTEJIbHbI€ OTKJIOHEHWSI OT UC-
TUHHbBIX 3HAYEHUI.

B paboTte rnocTpoeHbl PerpecCuoHHbIe MOAEN, YyCTaHaBNBAIOLUNE 3aBUCUMOCTb MEXAY OTK/IOHEHUEM
OLIEHKMN MakCumMasibHOro rnpapaonoaobusi OT UCTUHHOIO 3Ha4YeHUsT U rnapameTpamMmu, XapakTepusyloLmmMmm
CTPYKTYPYy Bbl6Opkn. OHM MO3BOJISIIOT PacCyYUTaTb M BBECTU IOMPaBKu K OLEHKaM MakCUMaJslbHOro rpas-
zaornoagobusi. bl npoBeaeHbl IKCNepUMEeHTasIbHbIe UCC/IeA0BaHUS PE3YIbTAaTOB UX UCIOJIb30BaHus. Toy-
HOCTb OLIEHOK MakCumMasibHOro rnpasaornoaoousi nocae npuMeHeHus paspaboTaHHbIX MOAEseri N BBEAEHUS
rornpaBku K OLleHKaM MakCumasibHOro rnpaeaononobust 3Ha4nTesIbHO Bo3pacTtaeTt. PaspaboTaHo nporpaMmm-
Hoe obecrie4eHne a5l MPUMEHEHUsT PerpPeCcCUOHHbIX MOAEsIeN Ha MpakTuke.

KnoueBbie csioBa: KOMIMbIOTEPHOE MOAENPOBaHue, obpaboTka vHGopMauun, UCrbITaHus obopyaoBa-
HWS, HaOe>XHOCTb, LeH3ypupoBaHHbIe BblﬁOpKl/l, MeTo4 MakcumalsibHOro npas,qono,qoﬁl/m.

Ha Bcex aTamax mpoeKTHpPOBAaHMS M AKCILTyaTalluu oOOpYyHAOBaHUsS BEIETCS KOHTPOJb IMOKa3aTesel
HazexHocTy. [Ipu co3nannu HOBOro 00OpynOBaHUs JUIsl ONIPEESICHHs TI0Ka3aTeneil HaleXkKHOCTH IPo-
BOJISIT €0 UCIIBITAHMUS.

OnTumuzanus CUCTEMBbl UCTIBITAHUN 0OOPYIOBaHUS Ha HAJIEKHOCTh HAIpaBlieHA Ha YMEHBbIICHHE
3arpar Ha ux nposeaeHue. OQUH U3 MyTed UX CHUKEHUS — 3TO COKpAIlleHUe BPEMEHU IIPOBEACHHUS HC-
nelTanuid. Ecnu ucnbiTyeMble 00pasibl TOpOrOCTOSINE, TO CHUKEHNUS CTOMMOCTH MOXHO JOOUTBCS
YMEHBIIIEHUEM UX KOJIMYECTBA.
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B pesynbrare npoBeneHus UcnbITaHu (POPMHUPYIOTCS BBIOOPKH HApAOOTOK HA OTKa3 UCCIIEAYEeMOro
oOopynoBanus. IIpu cokpaiieHM BpeMEHU MPOBEJCHHUS UCIBITAHUNA U YMEHBIICHUM KOJIMYECTBA 00-
pa310B MBI OJTy4YaeM Malible [IEH3ypUPOBaHHbIE CIIpaBa BEIOOPKHU HApaOOTOK Ha OTKa3.

IIpn mapameTpuueckoM OLEHUBAHUM [OKa3aTeled HaJeKHOCTU II0 LIEH3YpUPOBaHHBIM CIIpaBa BbI-
00pKaM OCHOBHBIM MAaTEMAaTHUYECKUM METOJIOM SIBIISETCS METOJ MAKCUMAJIbHOTO MPABI0IOA00H.

B ycnoBusix cokpallieHus BpEMEHU MCIIBITAHUM M KOJIMYECTBA MCIBITYEMBIX W3JEIMI, CTAHOBUTCS
aKTyaJIbHbIM BOIIPOC MCCIIEIOBAHUS JOCTOBEPHOCTH OLICHOK MaKCHMalbHOro npasaononaodus (MII).

Cy1iecTByeT HECKOJIBKO pa3paOOTaHHbIX IJIAHOB UCHBITAaHWNA. B aHHOHN cTarbe paccMOTpeH ILIaH
[N,U,T], xoropslii npuBeaeH B ctanaapte [1]. ComtacHo 3ToMy IU1aHy, OZHOBPEMEHHO UCIIBITHIBAIOT N
00BEKTOB, OTKa3aBIIKME BO BPEMs UCIIBITAHUI OOBEKThl HE BOCCTAHABIMBAIOT U HE 3aMEHSIOT, UCIIbITA-
HUS [IPEKPAIIAIOT 10 OKOHYAHUU BpPEMEHM HaONIOACHUN WM AOCTHXKEHUs HapaOoTKu 1 JUis KaXkJ0ro
HE OTKa3aBIero oo0bekra. B oOHOBIEHHOM cTaHnapre [2], IefCTBYOMEM B HACTOSIIEEe BPeMs, TAKKe
CYIIECTBYET IVIaH UCIBITAHUH, MOXO0OHBINA 3TOMY. OH Ha3bIBa€TCS IUIAHOM, OTPAHUYEHHBIM MTPOIOJIKHU-
TEJIbHOCTHIO HAOIIOICHUH.

ITpu npoBenenun ucneitanuii no wiany /N, U, T] GpopMupyroTcs 0HOKPATHO LIEH3ypUPOBaHHbIE BbI-
00opku HapabOOTOK Ha OTKa3. B paboTe BhINOIHEHBI SKCIIEPUMEHTAIbHbIE UCCIIE0BAHNS TOYHOCTH OLIEHOK
MII >KCHIOHEHIIMAIBHOIO 3aKOHA PACHPENEIICHUs 110 MaJIbIM, OJHOKPATHO LIEH3YpPUPOBaHHBIM CIIPAaBa
BbIOOpKaM.

Jlnist mpoBeieHus UCCIIeI0OBaHNi pa3paboTaH ajJropuT™ M MOAIPOrpaMMa MOJECIMPOBaHUs IpoLecca
0TKa30B Ha OBM, BO3HMKAIOIKX IpU IPOBEACHUH UCIIBITAaHUM 110 11any /N, U, T/, k nporpamme mMoze-
JIMPOBAHUS OTKa30B 000pyA0BaHMS U 00pabOTKe MMOIYyUYSHHBIX Pe3yJIbTaToB, pa3padoTaHHOM B [7].

Vcnonb30BaH cienyromuil anroput™ (GopMUpPOBaHUS OJHOKPATHO LIEH3YPUPOBAHHON BBIOOPKU:

1. I'enepupyercs cirydaiiHasi BEIMUYMHA ¢, PaCIIPeIeICHHAs 110 SKCIIOHEHIIMAJIBHOMY 3aKOHY paclpeie-
JIeHUs1, pacCuuThIBaeMas 1o ¢opmyie [6]

z= —llnR,
A

rae R — ciyvaiiHas BelIMYMHA, paBHOMEPHO pacnpenenenHas Ha unrepsaie (0,1).

2. Ilony4yeHHsle caydailHble BETUYUHBI CPABHUBAIOTCS C 3aJJaHHBIM BPEMEHEM IIPOBEIEHUS UCIIBITA-
Huit 7. Eciu ¢ < T k Mozenupyemoii BbIOOpKe A00aBiseTCs cliyyaiiHas BeJIMYMHA £, COOTBETCTBYOILAS
HapaboTke /10 oTKa3a. Ecnu ¢ > T k Mozpenupyemoii BbIOOpKe 100aBiseTcs ciaydaiiHas BenuduHa 7, co-
OTBETCTBYIOIIAsi HApAOOTKE 70 LIEH3YPUPOBAHHUSL.

3. IIpouecc moaenupoBaHus MPOJOKAETCS A0 TEX MOP, II0KA YUCIIO TOJIyYEHHBIX CIIy4aliHbIX BEJIMYUH
HE CTAHET PaBHBIM 3a/IaHHOMY YHCIY 4JICHOB BBIOOPKU N (00beMy BBIOOPKH).

Ha 3BM MonenupoBaiuch OJHOKPATHO LIEH3YPUPOBAHHBIE CIIPaBa BHIOOPKM CIy4YalHBIX BEIUYHH
oobemoMm N=5, 10, 15, 20. I'enHepupoBaHue BbIOOPOK BBIMOJIHAIOCH IPU CIAEAYIOIIUX OTPAHUYCHUSAX

6<N<10,4>0,5
10<N<20,¢20,3
20<N<50,¢202,

IJe ¢ — CTENeHb [IEH3ypUPOBaHUs BbIOOpKH. OTpaHNYEHHUs MPUHATHI B COOTBETCTBUU C PEKOMEH/1a-
uusami [7].

KonmnuectBo cpopmupoBaHHBIX BEIOOPOK V 1i1st Kaskaoro 3HadeHus N paHo 3000. [To kaxkaoit BeIOOpke
METO/IOM MaKCUMAIIbHOTO MTPABIO0MO00MS PACCUUTHIBAINUCH OLIEHKH SKCIIOHEHIIMATIBLHOTO pacipeieTICHUS
Y UX OTHOCHUTEIbHBIC OTKIIOHEHHSI O OT UCTUHHBIX 3HAYCHH, KOTOPBIE UCTIOIB30BAINUCH IIPU TeHEPAINH
BBIOOPKH.
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7\' _ }\'OMH
6 = Ta ( 1)
rac A— HCTHUHHOC 3HAYCHUC ITapaMeTpa SKCIIOHCHIUAJIBHOTO PACIIPCACIICHNA,

A’OMH — OLICHKAa MaKCUMaJIbHOI'O HpaBL[OHO,[[Oﬁl/IH SKCIIOHCHIIUAJIbBHOI'O paClIpCACIICHUA. IIo pe3yjibTaTaM
MOACIIUPOBaHUA MOCTPOCHBI TMCTOIPAMMBI OTHOCUTCIIBHBIX OTKJIOHCHUH OLICHOK MaKCUMAaJIbHOTO IIpaB-
I[OHOI[O6I/I${ OKCITOHCHIHUAJIbHOI'O paCIIPCACIICHU . ITo ocu OpAXHAT OTJIOKCH NPOLCHT OLICHOK OT O6H.IGFO
KOJIN4YE€CTBA, IIO0IIaBIINX B I[ElHHbII‘/’I HUHTCPBAJI. HOqueHHLIe PEe3yibTaThl IPUBCACHBI HA PUC. 1.
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Puc. 1. OTHOCUTEIBLHBIE OTKIIOHEHUS OLCHKHN MaKCHUMAJIbHOI'O HpaB)IOHO)IO6I/I$I

OTH SKCTIEPUMEHTAITLHBIC JJAHHBIC TTOKA3BIBAIOT, YTO OOJIBIIMHCTBO OIICHOK MAKCUMAITLHOTO IPAaBIOTIO-
n00ust, TOJTy4eHHBIE TTO MAJIBIM, OTHOKPATHO LIEH3YPUPOBAHHBIM CITpaBa BRIOOPKAM, UMEIOT 3HAYUTEIb-
HbIE OTKJIOHEHUS OT UCTUHHBIX 3HaYeHui. Hanpumep, 2% O11eHOK 3KCIIOHEHIIMAIBHOTO pacipeeeHus
pu N=5 UMEI0T OTHOCUTENbHBIE OTKJIOHEHUs OT 3 110 5; 4% ot 2 10 3; 5% ot 1,5 o 2. C yBenuyeHuem
o0bemMa BBIOOPKH N TOYHOCTH OILIEHOK Bo3pactaer. [Ipu N=20 OTHOCHUTEIIbHBIE OTKJIOHEHHUS OIEHOK
SKCIIOHEHIIMAILHOTO 3aKOHa pactipesiesienust He npesbimatoT 1,5. Hecmotps Ha 310, 4% O1IEHOK UMEIOT
oTHOcHUTEIbHEIE OTKIIOHeHHs oT 0,75 mo 1; 8% ot 0,5 10 0,75; 12% ot 0,3 o 0,5.

B 11e110M MOKHO CclienaTh BBIBOJI, YTO TOYHOCTH METO/Ia MAKCHMAJTBHOTO MTPABIOIO00MS TIPH 3HAYCHHSIX
N <20 auzka. OTHOCUTEIIFHOE OTKIOHEHHE OIICHOK OT MCTUHHBIX 3HAYCHUM MOXKET JIOCTUTaTh 5 U Ooiee,
a MOJIOBMHA BCEX OLIEHOK MMeEET OTKJIOHEeHUs Oombine 0,3 B 3aBUCUMOCTH OT 00beMa BEIOOPKH.

B pabore [ 7] nmpennokeHa METOIMKA MTOBBIIIICHNSI TOYHOCTH OIICHOK MAaKCHMAJTBHOTO ITPABIOIIOI00MSI TT0
MaJIbIM, MHOTOKPATHO IICH3YPHUPOBAaHHBIM BBIOOpKaM, (DOPMHUPYIOIIUMCS B CUCTEME cOOpa HHPpOpMAITHH
00 0TKa3ax 00OPYIOBaHUS B IIPOIECCE €T0 IKCIUTyaTallui. B HACTOSIIINX HCCIIEIOBAHUSIX OCYIIIECTBIISIIACH
MIPOBEpPKa BOBMOXKHOCTH MPUMEHEHHUS 3TOM METOAMKY MPH NMPOBEACHUH HCIIBITAHUI 000pyI0BaHUS HA
HaJIeKHOCTH 1o 1any /N, U, T].

Pemenne nmocraBieHHON 3a/1a4X OCYILECTBISUIOCH B IISTh ATAIOB:

1. Mognenuposanue Ha OBM oHOKpaTHO 1IEH3YpUPOBAaHHBIX CIIPaBa BHIOOPOK CIIydallHbIX BEJIMYHH,
pacnpeesIeHHBIX 110 SKCIIOHEHLIMAJIbHOMY 3aKOHY, XapaKTepHbIX AJis M1aHa ucnsltanuii /N, U, T/, u pac-
YeT MapamMeTpOB BBIOOPKH, XapaKTEPHU3YIOIIUX €€ CTPYKTYPY.
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J1is onricanus CTPYKTYpbl ChOpMUPOBAHHON BEIOOPKH CITy4aiiHBIX BEIMYHMH B paOOTE HCIIOIB30BAINCH
CTaHJapTHBIC TApaMETPhl U UX IPOU3BOIHBIE:

- CTeTeHb 1IeH3YPUPOBaAHUS

€ k — 9MCII0 TIOJHBIX CIyYaiHBIX BEIUYHH, N — YHCIIO YJICHOB BRIOOPKH.
- K03 pureHT Bapuaun

X, =

N @

rae S — OleHKa CPEeTHEKBAAPATHIECKOTO OTKIIOHEHHUS BCEX CITyYalHbIX BEJIMYUH B BEIOOPKE;
Z — MaTOXHUIaHKUE BCEX YJICHOB BHIOOPKHU.

- KO3 PUIMEHT BapHaI|H MOJIHBIX CIyYalHbIX BETUYUH

rac S g — OLICHKAa CPEAHCKBAAPATHYICCKOI'O OTKJIOHCHUS ITOJTHBIX CJ'Iy‘IElfIHBIX BCJIMYHH.

- SMIIUPUYECKUH KOod(pPuimeHT acummerpuu [4]

7 3
X, =Z:—(Z_Z) -

-2y

- K03 pummeHT 3KCcIecca

e [[4 — IEHTpaJIbHBIH MOMEHT YE€TBEPTOTO MOPSIIKA.

Eme nsite mapameTpoB npeacTapisioT co00il MaTeMaTHuecKie BhIPaKEHUs, COCTABICHHbBIC U3 CTaH-
JAPTHBIX XapaKTEPUCTUK BHIOOPKHU:

- OTHOILIEHHE MaTEeMaTUYeCKOrO OXKUJAHUS MOJHBIX CIyYalHBIX BETUYMH K MaTEMaTUYECKOMY OXKU-
JTAHUIO BCEX YICHOB BHIOOPKHU

- OTHOIICHUEC MAaTEMAaTHYCCKOT'O OXKUJAHWA ICH3YPHUPOBAHHBIX CHy‘I&ﬁHBIX BCJIMYMH K MATEMaTHYCCKOMY
OXKHJaHHUIO BCEX YJICHOB BI)I60pKI/I
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- OTHOCHUTCJIIBHOC OTKIIOHCHUE MAaTOXUAaHU OT CEPECAUHBI BApHMAllTMOHHOT'0 pasMaxa

R_7

e R=Z_ —Z . — BapHallMOHHBIA pa3max,

Zmax Zmin — COOTBETCTBEHHO MAKCUMAJIbHOE 1 MUHUMAaJIbHOE 3HAYCHHUE CITyYallHOW BEJTMYMHBI.

- OTHOIINCHHUE MEAWAHbI K MATEMATHYCCKOMY OXKUAaHUIO CJIy‘IafIHBIX BCIIMYHH

e M. — MenaHa.

- OTHOIICHHE MOJIbl K MaTEMATHYCCKOMY OXKUIAaHUIO

e Mo — MOJIa.

Bce mapaMeTpbl U3MEpSIFOTCS B OTHOCHUTEIBHBIX SIMHHIIAX M HE 3aBUCAT OT aOCOJIFOTHBIX 3HAUCHUN
CITy4alHBIX BEJIMYUH. ITO TIO3BOJIUT MPUMEHSTD ITOTYYECHHBIC YPABHEHUS K 000PYI0BaHUIO CO CPEAHUMHU
HapaOOTKaMH Ha OTKa3 pa3HOW BEJIUYUHBI.

2. Pacuer o11eHOK MaKCHMaJIbHOTO TIPABIOIIOI00MS.

3. Pacder 3aBUCHMOTrO MapaMeTpa PErpecCHOHHON MOJEIN — OTKJIOHEHHE OIICHKH MaKCHMaJIbHOTO
MPaBAOIOA00MS OT UICTUHHOTO 3HAYEHUS 110 hopMyJie

A

)\’OMH

Y =

4. [locTpoeHue perpecCUOHHBIX 3aBUCUMOCTEN. B pesynbrare nccieoBaHuii HOCTPOESHBI pErpeCcCHOH-
HbIE MaTeMaTHYECKUE MOJICIH, YCTaHABIMBAIOIIME CBA3b MEXKAY OTKIIOHeHUEM olileHKu MIT ot uctunHoro
3HAYEeHUS U [TapaMeTpaMu, XapaKTepU3YIOLIUMU CTPYKTYpy BbIOOpKU. J1Jis KaXk10ro o0bema BIOOpKH N
MOCTPOEHO CBOE YpaBHEHHUE PErpecCuu.

Maremaruueckue MOZeNIu OCTPOCHBI B KJIacce JIMHEHHBIX YpaBHEHHH perpeccuu Buaa

Y(x)=by+bx; +---+ byyx. (2)

[Tony4yeHHbIE ypaBHEHHS PEIPECCHH MTO3BOJISIOT MOBBICUTH TOYHOCTH OILIEHKH MAaKCHMAaJIbHOIO IpaB-
nornoao0ust BBeacHHeM K orenke MIT monpaBku Y(x) o dhopmyite

Miorr = Mo - ¥(x), 3)
TJ1€ Ay, — KOHEYHAs OLIEHKA [apaMeTpa pacrpeielieHus.
5. B uccnenoBanusax ObLIa IIPOBEIEHA OLEHKA Y(P(PEKTHBHOCTH IIOCTPOECHHBIX YPABHEHUI PErPECCHH.

J11st KaXK10# creHeprpOBaHHOM BBIOOPKH 110 YPAaBHEHUSIM perpeccui (2) ObLIN pacCUMTaHBI OTPABKHU K
orneHke MIT u KOHeYHas OIleHKa ITapaMeTpa pacipeiesIeHUs 10 BhIpakeHUo (3).
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Puc. 3. HauanbHble B KOHEUHBIE OTKJIOHEHHS onieHOK MIT mia N=10

Pesynbrarsl uccnenoBanuii 3¢h(heKTUBHOCTH NMPUMEHEHHsI TOCTPOECHHBIX YPAaBHEHUN pErpeccuu st
HKCIIOHEHLIMAJIBHOIO 3aKOHA paclpeAe/eHus II0Ka3aHbl Ha puc. 2 — puc.S.

I'paduku, npuBeieHHBIE HAa PUC.2 — PUC.5 TIOKA3bIBAIOT, YTO TOYHOCTH o1leHOK MII nocie npumeneHus
pa3paboTaHHBIX MOZIeNICi U BBEACHUS TOMPABKH 3HAYUTENIBHO Bo3pacTaeT. [lociie BBeieHus MONpPaBKH,
OTHOCHTEJIbHBIE OTKIIOHEHNS OLIEHOK OT HCTUHHOTO 3HAaY€HNUs TapaMETPOB PACIIPEAEIICHNUS, B 3aBUCUMOCTHU
oT o0bema BeIOOpkH N, He npeBbiniaoT 0,3-0,5, B To BpeMs Kak Ha4aJIbHbIE OTKJIOHEHHS IPU MaJIbIX 3Ha-
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Puc. 5. HayanbHble 1 KoHeUHbIE OTKIIOHEHHS onieHoK MIT mima N=20

yeHusax N MoryT ObITh Oosiblie 3. Hanbonbmmii 3 ekt oT BBE1eHUS ONIPaBOK OLIEHKAM MaKCUMAaJIbHOTO
MPaBIONOA00HS HKCIIOHEHIIUAIBHOTO PACIIPEACTICHHS JOCTUTACTCS MIPH YHCIE WICHOB BBIOOPKH N=5.
OKoHYATETFHO MOYKHO CJIeNIaTh BBIBOJ O TOM, YTO BBEIEHHE IMOMPABOK MO3BOJISIET MTOBBICUTH TOYHOCTh
OIICHOK MaKCUMAJIBHOTO TPAaBIOIOI00Us, B 3aBHCUMOCTH OT 00beMa BEIOOPKH, B 1,5-3 pa3a.

Jnist pacyera mokasaresei HaJJe)KHOCTH IEKTPOOOOPYIOBaHUS ¢ IPUMEHEHUEM TIPEITIOKEHHON Me-
TOAMKH pa3padoTaHO mporpaMMHoe obecnieueHue 1yt DBM.
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Structural reliability. The theory and practice

EQUIPMENT DEPENDABILITY TEST MANAGEMENT

A higher economic efficiency of equipment dependability testing can be achieved by means of reduced
testing time or smaller quantity of test samples. The reduction of testing time increases sample censoring,
while a lower quantity of test samples decreases the volume of equipment operating times sample. Test
parameters may be reduced only if information processing methods ensure the validity of the calculated
dependability indicators.

As the result of the tests, small censored samples of equipment mean times to failure are generated.
Dependability calculation using such samples is performed through the maximum likelihood method. The
article presents the findings of experimental studies of precision of maximum likelihood parameter estima-
tion of exponential law over small singly right censored samples. The studies were performed by means of
computer simulation of censored samples similar to those generated as the result of equipment depend-
ability testing. These experimental data show that most maximum likelihood estimates obtained over small
singly right censored samples have significant deviations from true values.

This paper features regression models establishing dependence between deviation of maximum likelihood
estimates from true values and parameters defining the sample structure. They allow calculating and in-
troducing corrections to maximum likelihood estimates. Experimental studies of their application efficiency
were conducted. The accuracy of maximum likelihood estimates significantly increased upon application
of the developed models and correction of maximum likelihood estimates. Software for application of re-
gression models was developed.

Keywords: computer simulation, information processing, equipment testing, dependability, censored sam-
ples, maximum likelihood method.

Dependability parameters are controlled at all stages of equipment design and operation. To evaluate
the dependability parameters of newly developed equipment its is put to tests.

The optimization of equipment dependability testing system is aimed at reducing the associated costs.
One of the ways to reduce the costs is shortening the testing time. If test samples are expensive, a lower
cost can be achieved through reduction of their number.

As aresult of testing, samples of times to failure of the tested equipment are generated. Shorter testing
times and reduced number of samples result in small right censored samples of times to failures.

The method of maximum likelihood is the primary mathematical method used for parametric estima-
tion of dependability over right censored samples.

In the context of reduced testing time and number of tested items, validation study of the maximum
likelithood (ML) estimates is becoming more relevant.
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A number of fully developed testing plans exist. This paper examines the /N, U, T] plan that is presented
in standard [1]. According to this plan, N objects are tested simultaneously. The objects that failed during
the test are neither recovered nor replaced. The tests are stopped upon the expiry of the observation time
or achievement of time to failure 7 for each of the nonfailed objects. The more recent and currently valid
standard [2] also describes a similar test plan. It is called an observation time-limited plan.

Tests performed as per plan /N, U, T] generate singly censored samples of times to failure. This paper
presents the findings of experimental studies of ML accuracy estimation of exponential distribution law
over small singly right censored samples.

For the purpose of the research, an algorithm and subroutine for simulation of computer failures that
occur during tests as per plan /N, U, T] were developed and included in the software for equipment failure
simulation and data processing that is described in [7].

The following algorithm of singly censored samples was used:
1. A random variables ¢ distributed according to an exponential distribution law calculated using for-
mula [6] was generated

z= —llnR,
A

where R is a random variable uniformly distributed over the interval (0,1).

2. The obtained random variables are compared with the specified testing time 7. If £~T, the random
variable ¢ corresponding to the time to failure is added to the simulated sample. If £>7, the random vari-
able T corresponding to the time to censoring is added to the simulated sample.

3. Simulation process continues until the number of obtained random variables becomes equal to the
specified number of sample members N (sample size).

Singly right censored samples of random variables with size N=15, 10, 15, 20 were computer-simulated.
Generation of samples was performed under the following restrictions:

6<N<10,420,5
10<N<20,¢20,3
20<N<50,¢4202,

where ¢ is the degree of sample censoring. Restrictions were adopted as per the recommendations of [7].

The number of generated samples V for each variable N is 3000. For each sample, through the method
of maximum likelihood, exponential distributions and their relative deviations d from the true values that
are used in sample generation were estimated

A=\
§ = oMt 1
o, ()
where A is the true value of exponential distribution,
Aoy 18 the maximum likelihood estimate of the exponential distribution.

The results of the simulation are reflected in histograms of relative deviations of maximum likelihood

estimates of the exponential distribution. The Y axis shows the percentage of estimates from the total
number caught in the given interval. The results are shown in fig. 1.

36



EQUIPMENT DEPENDABILITY TEST MANAGEMENT

-1 0
14 1%
12_ i “
\ \
y N |
10 - NN N d ENE :
N N \ N H Nl B =
N (N N R E N E E
8 N N \ N \ N EN E B
Y NN NN N NENE :
g1 NMNINNeN NeNENERQE ©
N N (N INMEN NMENENMENE E BEN=5
N N\ N N BN M HNE HN HNE B =
N 8 BENE ENE ENE ENE ENE ENE HNE B =
N (N EN ENENEN EN EN ENL B E
6 - N - NMENENENNEN EN ENE ENE  E ON=10
HiM BN HENE HENRE ENE HNE ENE ENE HNR B =
N EN EN  ENNENN ENN ENN EN ENNE E
N ER ER ER EBR ER ER ER ERE H = N N=15
H N :\ :\ :‘ :N :\ :\ :‘ E\ = = =
H N :§ :§ := :: :‘ := :: :: H H H
4 - HN ENI ENNENEN EN ENNEN ENl Em B B
SN ENEN ENNENN EN EN EN ENN EEN E| B E BN=20
SN BN ENNENNENRENI EN EN ENE ENR E z z
HMN BN ENE ENE ENE ENE ENE ENE ENE ENE ER H =
HIM HEN ENE ENE ENER ENE ENE ENE ENE ENE EN B =
HIM HN ENE ENRE ENR ENE ENE ENE ENE HENE BEN B =
2 SN BN BN ENE EN BN EN EN ENE BN E N E z
HMNMENMENMENMENMENM EN ENE ENE ENE ENB H H =
HIM HN HEN HEN R ENR ENE ENE ENE ENE ENE HNE B = =
HIM BN BENE ENE ENE ENRE ENE ENE ENE ENE ENE B = =
< HMNE HN R HENR HENE ENE HNE HNE ENE ENE ENE ENE Ba B =
YER ER ER ER ER ER ER ER ER ER ER s|§ H| H
0 - NEEN ENM ENNENMENMENM ENEN BN EN EN BN B z
T T T 1

w

-0,8-0,5-0,3-0,2-0,10 0,10,20,30,50 5 10 20

RN
v
[ty
[

5 2

Fig. 1. Relative deviations of the maximum likelihood estimate

These experimental data show that the majority of the maximum likelihood estimates obtained
from small, singly right censored samples have significant deviations from the true values. For
example, 2 % of the exponential distribution estimates for N = 5 show relative deviations from 3
to 5; 4 % from 2 up to 3; 5 % from 1,5 up to 2. As sample size N increases the accuracy of estima-
tions improves. For N =20 the relative deviations of exponential distribution law estimations do not
exceed 1,5. Despite that 4 % of estimations show relative deviations from 0,75 to 1; 8 % from 0,5
to 0,75; 12 % from 0,3 to 0.5.

It can be concluded that the accuracy of the maximum likelihood method for variables N<20 is low.
The relative deviation of estimates from the true values can be 5 or higher, while half of all estimates
show deviations above 0,3 depending on the sample size.

Paper [7] suggests a technique to improve the accuracy of the maximum likelihood estimates for
small multicensored samples generated in the equipment failure data collection system in the course of
its operation. The described studies were aimed to verify the applicability of this method in equipment
dependability tests as per plan /N, U, T].

The task was solved in five stages:

1. Computer simulation of singly right censored samples of random variables distributed exponentially
typical to test plan /N, U, T] and the calculation of sample parameters defining its structure.
The structure of the generated sample of random variables was describer using standard parameters

and their derivatives:

- the degree of censoring

where £ is the number of complete random variables, N is the number of sample members.

- coefficient of variation
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S
X2 27,

where § is the estimation of the mean-square deviation of all random variables in the sample;
Z is the mathematical expectation of all members in the sample.
- coefficient of variation of complete random variables

where §, is the estimation of the mean-square deviation of random variables.

- empirical coefficient of skewness [4]

X, :Z:—(Z_E)S

]

- coefficient of excess

where T4 is the fourth central moment.
Five more parameters are mathematical expressions composed of standard sample characteristics:

- the ratio of the mathematical expectation of complete random variables to that of all members of the
sample

- the ratio of the mathematical expectation of censored random variables to that of all members of the
sample

- the relative departure of the mathematical expectation from the middle of the range

§ _7
Y=ty
where R=7 _ —Z . istherange, Z max, Z min 41€ respectively the maximum and minimum values of

the random variables.

- the ratio of the median to the mathematical expectation of the random variables

where M. is the median.
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- the ratio of the mode to the mathematical expectation

N

Xy =

NI

where Mo is the mode.

All parameters are measured in relative units and do not depend on absolute values of random vari-
ables. That will allow applying the obtained equations to equipments with different mean time to failure
values.

2. Calculation of maximum likelihood estimates.

3. Calculation of the dependent parameter of regression model, deviation of the maximum likelihood
estimate from the true value using the following formula:

A

)\’OMH

Y=

2

4. Development of regressions. The study resulted in the generation of regression models that establish
a connection between the deviation of ML estimates from the true value and the parameters defining the
structure of the sample. For each sample size N, its own regression equation was designed.
Mathematical models were developed as linear regression equations as shown below:

Y(x)=by +bx; +---+ byyx. (2)
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Fig. 2. Initial and final deviations of ML estimations for N =5
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Fig. 4. Initial and final deviations of ML estimations for N =15

The resulting regression equations enable higher accuracy of maximum likelihood estimation by in-
troducing correction data y(x) to the ML assessment using the following formula:

7\'1(011 = 7\’OMH ~;(x),

where A, 1s the final estimation of the distribution parameter.
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5. The effectiveness of the developed regression equations was evaluated as part of the study. For each
sample generated using regression equations (2), the correction data for ML estimation and the final
distribution parameter estimate were calculated using expression (3).

The results of application effectiveness study of the developed regression equations for the exponential
distribution law are shown in fig. 2 — fig. 5.
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Fig. 5. Initial and final deviations of ML estimations for N =20

The diagrams given in fig. 2 — 6 show that the accuracy of ML estimation significantly improves with
the application of the developed models and introduction of the correction data. Upon introducing the
correction data, the relative deviations of estimations from true values of distribution parameters, depend-
ing on sample size N, do not exceed 0,3 — 0,5, while initial deviations at small values of N can be more
than 3. The maximum effect of the correction data introduction to the maximum likelihood estimate of
the exponential distribution is achieved when the number of members of the sample is N = 5. It can be
concluded that the correction data introduction allows improving the accuracy of maximum likelithood
1,5 — 3 times depending on the sample size.

In order to ensure calculation of electrical equipment dependability using the suggested method com-
puter software was developed.
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CTpyKTypHasi HaaeXHocTb. Teopusa U NpakTuka

[ o

Sflky6oBuy 5. U.

DNTYKTYALUUOHHbIA HEPA3PYLLUAIOLWWUA KOHTPOJ1b
TBEPObIX MATEPUAJIOB

lMpoaHann3nupoBaHbl 3KCrepPUMEHTAal/IbHbIE U TEOPETUYECKUE UCCIIeA0BaHVs 3/1EKTPUYECKUX HU3KOo4Ya-
CTOTHbIX QIIyKTYyauui B TBepAbix Tenax. [lokazaHa BO3MOXHOCTb LLUNPOKOro UCMN0JIb30BaHUSI HU3KOYacToOT-
HbIX GAYyKTyaumi A8 HepaspyLualoLero KOHTPOIsS TBepabix marepuanoB. O60cHoBaHa 3¢ PEeKTUBHOCTb
GAYKTyaLMOHHOro Hepa3pyLuarLLero KOHTPOIS TBepAblix martepuanoB. OTMe4YeHa nepcrnekTMBHOCTb Mpy-
MeHeHUs1 QIYKTyaLuMOHHOro HepaspylLuarLlero KOHTPOJIS A8 MNOBbILLUEHUST HaAeXHOCTU 3J1eKTPOHHbIX
npubopos.

KnioueBbie cnoBa: gaykTyaumu, LyM, HEPA3PYLLAIOLLNK KOHTPOb, TBEPAbIE MaTepuarssl.

YcnoxHeHne COBpEMEHHON AIEKTPOHHOM arnapaTypbl, yBeIHnueHHe ee (PyHKIIMOHATbHON 3HAUUMOCTH,
a Tak)ke He00X0IMMOCTh padOThI annapaTypsl MpU BO3IEHCTBUU Pa3IMUHbIX BHEIIHUX (PaKTOPOB TPeOy-
eT oOecrieyeHus BBICOKOW HaJEKHOCTH KaXkJI0To U3 €€ A1eMeHTOB. Jlj1 3Toro Heo0XxoaumMo o0ecreunThb
BBICOKOE Kau€CTBO MaTepHasioB, UCIOIb3YyEMbIX /ISl U3TOTOBIEHUS AIEKTPOHHOM TeXHUKHU. [TockoabKy
AIIEKTPOHHBIE TPUOOPBI U YCTPONCTBA MPOU3BOIATCS, IPEUMYIIIECTBEHHO, HA OCHOBE TBEPJIbIX MaTe-
puanoB, TpeOyeTcsi pa3BUBaTh METOABI HEPA3PYyIIAIOIIEro KOHTPOJIS TBEPAbIX MaTepuaios. s 3toit
L[EJIM MOXKET OBITh MPUMEHEH (PIYKTYyallMOHHBIM HEpa3pylIalonuii KOHTPOIIb. B Takom ciyyae kauecTBo
MaTepHaioB OLIEHUBAETCS M0 XapaKTepUCTUKAM (IyKTYalIMOHHBIX IPOLIECCOB, MPOTEKAIOIINX B TBEPIBIX
tenax. Hanbomnee 3ppeKTHBHO NPUMEHEHNE MEKTPUUECKUX HU3KOUACTOTHBIX (PITyKTyallii. DTO CBA3aHO
CO CJIEYIOIIMMH 00CTOSITENIbCTBAMU: AIIEKTPUUECKUE (PIIyKTYallud MOXHO JOBOJIBHO IPOCTO U OBICTPO
U3MepuTh. B 001acTH HU3KUX YacTOT B Pa3IMYHBIX TUIIAX TBEPABIX T€JI OOBIYHO JOMUHHUPYET OJUH BHU]L
1ryMa — u30bITouHbIA. ETo criekTpanbHble CBOMCTBA XOPOIIO W3y4€HbI. MI30BITOUHBIN HU3KOUACTOTHBIN
IIIyM BO MHOTOM CBfI3aH € Ae(eKTaMu CTPYKTYpbl TBEpAbIX Tel. CTeneHb qe(eKTHOCTH MaTepraa Bo3-
MO’KHO OIIEHMBATh IO CHEKTPAJIbHBIM XapaKTepUCTUKaM U30bITouHOrO ryMa. [Ipuposa sanekrpuaeckux
¢GuykTyaluii B TBEpAbIX TeJIaX U BONPOCHI MPpUMEHEHUs (PIyKTyaluii 11 Hepa3pyllaoero KOHTPos
ANIEKTPOHHBIX MPUOOPOB pacCMOTPEHbI aBTopoM B [1-3]. Jlanmee geTanbHO pacCMOTPUM BO3MOXKHOCTH
MIPUMEHEHHUS AMEKTPUUECKUX HU3KOYACTOTHBIX (PIYKTyaruii Jisl Hepa3pyIIaroiero KOHTPOJIs TBEPAbIX
MaTepHuaoB.

OnexTpuyeckue (QpayKTyallMu B TBEPABIX TellaX HA HU3KUX YACTOTaX, KaK MPABUIIO, OMPEIEIISIIOTCS
M30BITOYHBIM IIIYMOM, KOTOPBIA OOBIYHO MpEBAIMPYET HaJ APYTMMH TUIIAMU ITYMOB B Uaa30HE HU3-
KHMX 4acTOT. I30bITOYHBIM Ha3bIBAIOT IIYM, CIIEKTPaJIbHAS MJIOTHOCTh MOIITHOCTH KOTOPOT'O UMEET BU/I:
S( f)~1/f?, tne a, kak npaBuio, 6im3ko kK 1 (ero Takke Ha3bIBatoT IryMoM 1/f'). N30bITOUHBII HU3KO-

43
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YaCTOTHBIHI IIyM HIUPOKO UCCIICAYCTCS B TCUCHUC AJIMTCIIBHOI'O BPEMCHU U SKCIICPUMCHTAJIBHO JOCTA-
TOYHO XOpOHIO U3YUCH [1-5] YacToTHast 3aBUCUMOCTb U MOPAAO0K BCIIMYNHBL CHCKTpaHBHOﬁ IIJIOTHOCTH
ryMa MU3BCCTHBI IJII MHOTHUX KJIACCOB TBCPABIX TCJI U DJICKTPOHHBIX yCTpOfICTB. SKCHepI/IMeHTaHLHO
H3YUCHBbI CBOMCTBA U30BITOYHOTO mryma B OOJIBIIIOM YHCJIC pa3HOO6pa3HBIX 0OBEKTOB. HpOI/ICXO)K)IeHI/IC
HU30BITOYHOTO 1rymMa CBA3bIBACTCA C I[e(beKTaMI/I CTPYKTYPbI TBEPABLIX TCIIL. Ha s10 YKa3bIBarOT pC3yJibTa-
Thl MHOI'OYMCJICHHBIX HCCHCﬂOBaHHﬁ, ux O630p IMPUBCJCH B [1-5] PaCCMOTpI/IM OKCIICPUMCHTAJIbHBIC U
TCOPCTUYICCKUC UCCIICAOBAaHUA, ICMOHCTPHUPYIOIIUC CBA3b HU30BITOYHOTO mryma ¢ I[e(peKTaMI/I CTPYKTYPhI
TBCPABIX TCII.

HOJ'Iy‘-IeHBI MHOT'OYUCJICHHBIC PA3HOIIJIAHOBBIC SKCIICPUMCHTAJIbHBIC PC3YJIbTATHI, ITIOKA3bIBAIOLIUC CBA3b
M30BITOYHOTO HU3KOYACTOTHOTO mryma € ,Z[G(I)eKTaMI/I CTPYKTYPBI TBEPAbIX TCII. P aCCMOTPpUM HanOoee
3HAUMTENIbHBIC U3 HUX. Hanbomee paHHHE PE3YJIbTAThl B 3TOM HAlIPpABJICHUHN [6-8] IIoKa3saJid, 4ToO I1J1aCTH-
YCCKUC )Ie(l)OpMaI_lI/II/I TBCPABIX TCJI, BBI3BAHHBIC NABJICHUCM U BBICOKOM TeMnepaTypoﬁ, YCUIIMBAKOT H30bI-
TOYHBIN rym. Bnocnencreuu OBLIO IMOJIy4YCHO 0OJIBIIIOE KOJIMYECTBO ApPTYMCHTOB, CBUJACTCIILCTBYIOIIUX
O BJIMSAHHUN ,Z[e(beKTOB CTPYKTYPhBI TBEPAbIX TCJI HA CBOMCTBa DJICKTPUYCCKOTO HU3KOYACTOTHOTO IIyMa.
PaCCMOTpI/IM OCHOBHBIC PE3YJIbTATBI TAKUX HUCCIIeIOBaHUM AJIs Pa3JIMYHbIX TUIIOB TBCPABIX TCII.

B meramnax oqHUM U3 yOeAUTENbHBIX apryMEHTOB CBSI3U MeXaHU3Ma (POPMHUPOBAHUS U30BITOYHOIO
nryma ¢ iepekraMu CTpyKTYphl SIBJISETCS 3aBUCUMOCTD LIIyMa OT MEeXaHU4eCcKUx Jedopmannii. B mien-
Kax pas3IMyYHBIX METAJJIOB — CBUHIIA, OJIOBA, IJIATUHBI, 30JI0Ta, cepedpa — 0OOHApYKEHO yBEINYECHUE
M30BITOYHOTO IIyMa MPUOIU3UTENFHO Ha MOPSAIOK BeIUUUHBI IpH ux nedopmanuu [9]. Ilocne cuarus
nedopmanuii ypoBeHb IlIyMa B IUIEHKAX CHIDKAJICS, HO OCTaBaJICs BbIlIe NepBoHayasibHOro. OOHapy-
JKeHHbIE 3P PEKTbI MOTYT OBITh CBS3aHbI C 00PA30BaHUEM U AaHHUTWIISILIMEH MUKPOAE(PEKTOB CTPYKTYPBI.
Pesynprarel n3y4yeHus 3aBUCUMOCTH CIIEKTPaJIbHON IUIOTHOCTH IIyMa OT MEXaHUUYECKUX HAIPSIKEHUN B
obnactu ynpyroi nedopmanuu Ui iIeHOK Xpoma npuseeHsl B [10]. C yBenuueHueM pacTsIruBaromnx
HanpspKEeHUH HabrogaeTcss 00paTuMoe BO3pacTaHue MHTEHCUBHOCTH HU3KOYaCTOTHOTO 1ryMa. Takoe mo-
BE/ICHUE MOXET ObITh OOBSCHEHO TEM, UTO C POCTOM PACTATMBAOLINX HAPSHKEHUH yBEJIIMUUBACTCS pac-
CTOSIHME MEXJly aTOMaMH, BCJIICTBUE ITOTO YMEHbIIAETCS SHEPT sl aKTUBALMK 00pa30BaHUs BaKaHCUH,
U YBEJIMUMBACTCS KOHIIEHTpaLus AeeKToB JaHHOTro Tuna. Bo3aeiicTBue mnactuueckux aedopmariuii Ha
IUIEHKU XpOMa IIPUBOUT K TOMY, UTO [1OCJIE CHATHS Harpy3KH YPOBEHb U30BITOUHOTO IITyMa OKa3bIBAETCS
BbIle McxoaHOro [10]. 310 MOXeT ObITh OOBSCHEHO MOSBICHUEM JIONOJIHUTEIBHBIX MUKPOJE(PEKTOB
BCJIEZICTBHE TNIACTUYECKUX Je(pOpMaLuii.

W3BecTHO, 4TO BaXKHBIM (DaKTOPOM CTPYKTYPHOM HEPAaBHOBECHOCTH BaKYyMHBIX KOHJICHCATOB SIBJISIFOTCS
cOOCTBEHHbIE MaKpoHarnpspkeHus. VccienoBanuch 3aBUCUMOCTH M30BITOYHOTO IIyMa OT BHYTPEHHUX
MEXaHNYECKUX HANPSIKEHUN B TOHKUX aJIOMUHUEBBIX IJICHKAX, MOJTYYEHHBIX METOAOM TEPMUUYECKOTO
ucnapenus B Bakyyme [11,12]. B pe3synbrare ycTaHOBIIEHO, YTO IIPH YBEJIWYEHUH YPOBHS MaKpOHa-
IIPSDKEHUI BO3pAcTaeT BEJIMUYMHA CIIEKTPAJIILHOM IUIOTHOCTH IIyMa. PacTaruBaroniyue HanpsoKeHUs, Kak
M3BECTHO, YBEJIMUMBAIOT KOHLIEHTPALMIO BAKAHCU, YeM U O0BSACHSETCS MOBBIIICHUE YPOBHS U30BITOU-
Horo mymMa [12]. YeraHoBineHo Takke BO3pacTaHUE I10KA3aTENsl CTEIIEHU YaCcTOThI IPU YBEIUUYEHNUN KaK
MOJIOXKUTENIBHBIX, TAK M OTpULIATEIbHBIX HanpshkeHuil. Habmonaemoe yBenuuenue nokasarens (opmbl
CIIEKTPA C POCTOM MEXAHMYECKUX HANPSIKEHUH yKa3bIBaeT HA TO, YTO IIPU 3TOM YBEIMUYUBAETCS BKJIAJ
HECTAIlMOHAPHBIX MEXAHW3MOB BO3HUKHOBEHUS IIyMa. AHAJIOTUYHbIE Pe3ysbTaThl ObUIN YCTAHOBIICHBI
JUIsl IJIEHOK XpoMa. W3 mpuBeneHHbIX B [13] sSkcieprMeHTaIbHBIX PE3yIbTaTOB CIEAYET, YTO B INIEHKAX
XpOMa CYILIECTBYET CBS3b MEX/Y YPOBHEM U XapaKTepOM HU30BITOYHOIO IIyMa M BEJIMYMHON BHYTPEH-
HUX MEXaHMYeCKHX HampspkeHui. IIpu 3ToM B ruieHkax ¢ OOJBIIMMU BHYTPEHHUMHU HANPSKEHUSAMU
HaOmofaercs U 0osiee BEICOKUHN ypOBEHb HU3KOUACTOTHOTO I1yma. [Ipuuem rokaszarens GopMbl CIIEKTpa
OouiblIe JUIsl TUICHOK C O0Jiee BBICOKUMH 3HAUYCHUSMU BHYTPEHHHUX HANpsOKEHUH. DKCIIepUMEHTaIbHOE
U3y4YCHHE CBSI3U M30BITOYHOTO IIyMa C MEXaHUUYECKUMHU HAIPSDKEHUSAMHU B METAJIMUECKUX TUIEHKAX Mo-
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Ka3aJlo, YTO 3aBUCHMOCTbD CIIEKTPaJIbHON INIOTHOCTH IIyMa OT MEXaHUUYECKUX HaNPSIKECHUH IS IJIEHOK
AMIOMHUHMSL, MONTMOIeHa U TaHTana [12,14,15] moguuHseTcs SKCIOHEHITMAILHOMY 3aKOHY. Bo3pacranue
CIEKTPAJIbHOM MJIOTHOCTH LIyMa C YBEIMYCHUEM HANPSIKEHUN MOXKET ObITh OOBSICHEHO MHTEHCHUBHBIM
POCTOM KOHIIEHTPALUH JIe(PEKTOB B IUICHKE IPH IOCTATOUHO OONBIINX MEXaHNYECKUX HAMIPSKEHUAX. ITO
MOATBEPXKIAETCS TEM, UTO IPU PACTATUBAIOIIUX Ae(POPMALUAX SJIEKTPUUECKOE COPOTUBICHHUE TUIEHKU
00paTMO BO3pACTaET.

YcraHOBIIEHA CBSA3b MOLIHOCTH M30BITOYHOIO LIyMa CO CTPYKTYPHBIMH (hakTopamu MeTayuioB. [lpu
MCCIIEIOBAHUN TOHKHMX aJFOMHHUEBBIX IJICHOK ObLIIO 0OHapy:keHo [12], 4To crekTpanbHas MIOTHOCTh
M30BITOYHOTO IIIyMa BO3PACTAET C YBEIMUEHHEM CKOPOCTH KOH/ICHCALIUH TUICHOK, IPUYEM 3TOT pe3ynbTar
HaOIIOAAJICS MPU OCAXIEHUH Ha TMOAJIOXKKH, 00Iaaiolue CyIeCTBEHHO Pa3IMYHbIMU (PU3UUYECKUMU
cBoicTBaMU. BMmecTe ¢ TeM ObUIO BBISICHEHO, UTO Pa3iIMyuHas TEXHOJOTHs MOJYUYEeHHUs IJICHOK (pa3Has
CKOPOCTb OCa)KJCHMS AJIFOMUHUS ) BIUSET HA UX CTPYKTYpy. MccnenoBanus MUKpOCTPYKTYpbl 00pa31ioB
AJIFOMUHUS TOKA3aJIM, 4TO OOJIbIIEH TOBEPXHOCTHOM IIIOTHOCTHU 3€PEH COOTBETCTBYET OOJIbIIIast BEIMYMHA
CIEKTPaJIbHOM IUIOTHOCTH 1yMa. [1o100HbIe 3aKOHOMEPHOCTH OBLIIM YCTAHOBIICHBI AJIS TNIEHOK XpOMa,
monuobaeHa [10] u cepebpa [16]. Takum 06pa3oM, yCTaHOBIEHO, YTO AUCIEPIUPOBAHUE KPUCTATITUTOB
IIPUBOJUT K MOBBILICHUIO YPOBHS LIyMma. [Ipu uccrienoBaHuu MiaeHOK XpoMa 0OHapYKEHO, YTO UHTEH-
CHUBHOCTb N30BITOYHOTO IIIyMa 3aBUCUT OT KOHIICHTPALIMU BaKaHCHI BHYTpH 3epeH. OTMeUeHHbIE (PaKThI
MOKA3bIBAIOT CBSA3b M30BITOYHOTO LIyMa CO CTPYKTYPHBIMU (DaKTOPaMH.

Brnusiaue oTxura Ha n30BITOYHBIH IITYM SKCIIEPUMEHTAIBHO UCCIISIOBAHO B TUIeHKaX amoMuHust [11,17]
u xpoma [18]. [IpoBoaunuces u3MepeHus ypoBHs IIymMa 10 U nmocie oTxura aedekron. [lokazano, yto B
pe3yabTaTe OTHKUTA, IPUBOSIIETO K YMEHBIICHHUIO 1€(PEKTHOCTU CTPYKTYPbI, H30BITOYHBIN IITYM MJICHOK
cHIKancs. V3ydyeHue BIUSHUSA OTKHra HaBEJCHHBIX Ae(PEKTOB HA MHTEHCHUBHOCTh HHU3KOYACTOTHOTO
[IyMa aJllOMUHUEBBIX TUIEHOK TpoBeieHo B [19,20]. [ledekThl B MIeHKaX CO3/1aBaUCh B pe3yibTaTe 00-
mydyeHus snekrpoHamu. [locne obmyueHus HaOIIONAIOCh 3HAYUTENIBHOE YBEIMYCHHE UHTEHCUBHOCTH
mryma. OTxur 1e(heKToB IPUBOAUI K BOCCTAHOBJICHHIO YPOBHSI HU3KOYAaCTOTHOTO IryMa. B paGore [21]
MIPY U3YYCHHUH BIUSHUS OT)KUTA HA U30BITOYHBIN IIIyM METAUTMUYECKHUX IJICHOK MOJIYYEeHbI Pe3ylbTaThl,
CBUJICTEIILCTBYIOIIHE B TIOJIb3Y TOTO, YTO LITYM BBI3BaH JBUKEHHUEM JIe(heKTOB CTPYKTYpbl. HiccrienoBanus
M30BITOYHOTO IITyMa B OOJIBIIOM YHCIIE ICHOK PA3TUYHBIX METAJUIOB [22] MOKa3aliu, 4TO C yBEINYCHHEM
IUIOTHOCTH MIPUMECEi U AePEeKTOB B IUICHKE, IIIyM BO3pPACTaeT. YCTAHOBIEHO, YTO OOIy4YEHHE IMICHOK
MeIH TTOTOKaMH AIIEKTPOHOB MPUBOIUT K YBEIWYCHHUIO CIIEKTPAIBHOMN MJIOTHOCTH U30BITOYHOTO IIIyMa
Oonee yem Ha mopsiiok. B [23] oOHapyskeHO, YTO paiualliOHHbBIE TTOBPEKACHHUS IIJICHOK MEIH, JIETHPO-
BaHHBIX UHJIMEM, BBI3BIBAIOT YBEITMUECHUE U30BITOUHOTO tyMa. B [24] n3ydeHo BAUSHUE Y-U3IyYSHUS Ha
M30BITOUHBIN IITyM MJIEHOK HHOOUS. Bo3nelicTBre Y-U3TydeHHs MPUBOIUT K MOSIBICHUIO JOTIOJHUTEb-
HBIX J1e(DeKTOB B KpucTauMueckoi pemetke. [locne oOmydyenns n30bITOUHBIN IIYM IJICHOK BO3PACTAeT.
OTMmeueHHBIE pe3yNabTaThl CBUACTEIBCTBYIOT 00 OMpEAESIOnIe poiu AePEeKTOB CTPYKTYPhl METAIIOB
B (hOpMUPOBAHUU U3OBITOUHOTO IITyMa.

HmeroTcst MHOTOYHCIICHHBIE 3KCIIEpUMEHTabHbIE (DAKThI, TO3BOJISIOIIUE CBA3aTh U30BITOUHBINA HU3-
KOYaCTOTHBIH IIyM CO CTPYKTYPHBIMHU Jie()eKTaMH B OITYIPOBOAHUKAX. PaccMOTpUM Takue pe3ysbTarhl.
HccnenoBanue BIUSHUSA Ha U30BITOUHBIN IIIyM KOHTPOJIMPYEMO BBOJUMBIX JUCIOKALUI B KPEMHHIA MO-
Kazajo cieaytomiee. B pabore [25] ycTaHOBIEHO, YTO BBEIEHHE JUCIOKALUN BBI3BIBAET BO3pACTaHUE
ypoBHs 1yma. [lpu 3ToM yBenndeHue 1yMa CylecTBEHHO 3aBUCUT OT Temneparypsl. B [26] BBeneHue
JMCTIOKALUI TPUBOANIO K CEPhE3HOMY POCTY MHTEHCUBHOCTHU M30BITOYHOIO IIyMa, IPUYEM UHTEHCHB-
HOCTb IIIyMa MOHOTOHHO BO3pacTajia ¢ yBEJIMYEHUEM IUIOTHOCTH AMCIOKanuil. BiausHue nedextoB Ha
LIyM [I0Ka3aHO B 3KCIIEPUMEHTAX, IJI€ CTPYKTYpHbIE HECOBEPIIEHCTBA BBOJATCS METOJOM MOHHOW MM-
wiantanuu. B paborax [27,28] ycTaHOBIEHO, YTO CTPYKTYPHbIE HapyILICHUs, BbI3BAHHBIC HOHHOW MM-
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IUTAaHTalUed, IPUBOASAT K 3HAYUTEIIbHOMY YBEIMUEHUIO U30BITOYHOTO IiIyMa B kpeMHuu. [locnenyrommii
OT>KUT, BOCCTaHABJIMBAIOIIUN CTPYKTYPHOE COBEPIICHCTBO MaTepuaa, BbI3bIBAET CHUKEHHE [ITyMa.

OOGHapyxeHo [29], uTo ynpTpa3BykoBasi 00paboTKa AMUTAKCHAIBHBIX 00pa3oB GaAs BBI3BIBACT
POCT UHTEHCUBHOCTHU HU3KOYACTOTHOTO Iyma. [lomydeH psij pe3ylbTraroB, MOKa3bIBAIOLIUX CBS3b
M30BITOYHOTO HU3KOYACTOTHOTO IIyMa B MOJYIPOBOJAHUKAX CO CTPYKTYPHBIMH Je(eKkTamMu, BO3HU-
KAaIOU[MMHU MPH CUIBHOM (IeCTPYKTUBHOM) CokaTuu. HapylieHus: pemerku noiaynpoBOJHUKOB, BO3-
HUKAIONIME B XOJI€ JECTPYKTHUBHOTO CKaTHs, KAYECTBEHHO M3y4YEHBI AOoCTaTo4HO Xxopoiio [30,31].
Pa3znuuHbIMH MeTOJaMM W3YUE€HHUS CTPYKTYphl TBEPHABIX TeJ MOKAa3aHO, YTO BO3AECHCTBUE HA IO-
JyIPOBOJIHUKOBBIE MaTepUalibl MEXaHUYECKUX HArpy30K MPUBOJUT K 0Opa30BaHUIO AMCIOKALIHM,
JTUCKJIMHALIMKI, BaKAHCUH M KJIACTEPOB BaKaHCUU, IpyTrux THIOB AedekToB. B [32] mpuBenens! pe-
3yJIbTAThl, CBUIETEIbCTBYIOIINE O BIUSHUU AECTPYKTUBHOIO CKAaTUA Ha U30BITOYHBIHN 1IyM B GaAs.
YCcTaHOBIIEHO, YTO MO MEpPe HapacTaHUs AECTPYKIIMHU BO3PACTAET HHTEHCUBHOCTh HU3KOUYAaCTOTHOTO
mryma. Habmronanocs yBennueHre HHTEHCUBHOCTH 11IyMa, JOCTUTarollee ABYX MopsakoB. BeneacTeue
BO3/ICICTBHS MEXaHUYECKUX HArpy30K HaOJII01aeTCs HEKOTOpOe U3MeHeHHe GOPMBI CIIEKTpa IIyMa,
CBSI3aHHOE C U3MEHEHHEM IT0Ka3aTelist CTeNeHU 4acToThl. OOHApYKEHO, UTO MPU JECTPYKTUBHOM CKa-
TUH yPOBEHb U30BITOUHOTO LITyMa BO3PACTAET B TAKOM e CTENEHU, KaK M KOHLIEHTPAIUs JTOKAJIbHbBIX
YpOBHEH, 00yCIOBICHHBIX CTPYKTYPHBIMH Aedekramu. [Ipu nuzyueHnnn n30bITOYHOrO IyMa B KpEMHUU
00HaPYXKEHO, YTO C MOHMKEHUEM CTEIIEHU CTPYKTYPHOI'O COBEPIIECHCTBA MaTeprajia UHTEHCUBHOCTD
myma Bo3pactaet [33]. OTMeueHHbIe 00CTOATEIHCTBA YKA3BIBAIOT HA CBSI3h M30BITOYHOTO IIyMa B
MOJIYTIPOBOAHUKAX CO CTPYKTYPHBIMHU J1e(pEKTaMU.

OO6Hapy>keHO BO3pacTaHue HU3KOYACTOTHOT'O IIIyMa B IOJTYPOBOIHUKAX 110]T BO3IEHCTBUEM U3ITyUEHHS
onTH4eckoro nuamnazona. B [34] nabmronancs 3¢ deKT nepecTpoiKu CreKTpa HU3KOYacTOTHOTO ITyMa B
GaAs nop neiictBueM cBeta. [Ipu 7TOM yCTaHOBIICHO, YTO B 00JIACTH HU3KUX TEMIIEPATyp BO3ICHCTBUE
OCBEIICHUS IPUBOJIUT K CYIIECTBEHHOMY YBEJIMYEHHUIO YPOBHS LyMa. /laHO 0ObsICHEHHE TaHHOTO SIBJIe-
HUSl, CBA3aHHOE C TEM, YTO OCBEIICHHE 3HAYUTEIILHO U3MEHSET KOHIICHTPAII0 HEOCHOBHBIX HOCHUTETIEH,
KOTOpbI€, 3aXBaThIBAsICh HA pa3pelICHHbIC YPOBHU B 3aIlPEIIEHHON 30HE, CIOCOOHBI CHIIBHO MOBJIUATH
Ha 3apsJI0BOE COCTOSTHHE JIOBYIICUHBIX IIECHTPOB U, CJIEZI0BATEILHO, HA MHTEHCUBHOCTD U CIIEKTP HU3KO-
YaCTOTHBIX IIIyMOB. B pabote [35] ucciieroBaHO BIUSHUE JIA3EPHOTO U3TyUYCHUS Ha U30BITOYHBIN IITYM B
kpuctamiax Cd Hg, Te. YCTaHOBIEHO, YTO C yBEITMIEHUEM SHEPIHHU OOIyYEHHUs BO3PACTAET MHTEHCHB-
HOCTb LIIyMa. B COOTBETCTBHM € 3TUM JI€JIa€TCsl BBIBOA O TOM, YTO 00Jiee BBICOKUN YPOBEHb LITyMa COOT-
BETCTBYET MOBBIIIEHHOMY KOJMYECTBY AC(PEKTOB. DTO NOMOIHUTEIBHO MMOATBEPXKIAETCS pe3ylibTaTaMU
pabothl [36] , B KOTOpOH MOKa3aHO, YTO NEe(PEKThI SABJISIOTCS MPUYUHON M30BITOYHOTO ITyMa B TaKHX
Marepuanax. OOHapyKeHHBIN XapaKTep BIUSAHUS ONTUUYECKOrO U3TYyUYEHUS HA M30BITOUHBIH IIyM B IO-
JYTIPOBOAHMKAX TaKXKE YKa3bIBA€T HA CBA3b IIyMa ¢ JAeeKTaMu CTPYKTYPHI.

BaxHbIM CBUIETENBCTBOM B 10JIb3Y TOTO, UTO MPOUCXOXKICHHUE U30BITOYHOTO LITyMa CBSI3aHO C AedeK-
TaMU CTPYKTYpBI, SBISETCS 3aBUCUMOCTh €r0 CBOMCTB OT COCTOSIHUSI IOBEpXHOCTU. Ha moBepxHOCTH
Marepuana 0coOeHHO MHOTO Je()eKTOB, MOCKOJIbKY OHA SIBISETCSA I'paHullel pasaena o0bem-cpena, u,
CJIeI0BATENIbHO, HA HEH 13-3a KOHEYHOCTH T€OMETPUUYECKUX pa3MepoB 00pasiia COCPE0TOUEHO O0IIbIIOoE
KOJIM4YE€CTBO OOOpPBAaHHBIX AIEKTPOHHBIX CBs3eil. KpoMe TOro, 4acTe 3THX CBSI3el MOXET 3allOHATHCA
3a CUeT MPUCOETUHEHUS aTOMOB XMMUYECKH aKTUBHBIX BEILIECTB U3 aTMOC(Ephl, 4TO MPUBOAUT K XH-
MHUYECKUM PEAKIMAM Ha MOBEPXHOCTHU. [Ipu M3yueHnr M30BITOYHOTO IITyMa TeépMaHUEBbIX HUTEH [37]
ObLI10 OOHAPYKEHO, YTO IPH 3aMEHE OKPYIKAKOIIETO CyXO0ro a30Ta xuakum CCl, nrym 3HaYMTENLHO YBe-
JUYUBACTCA, IPUYEM 3TO COMPOBOKAACTCS M3MEHEHHUEM YaCTOTHOM 3aBUCHUMOCTHU cHeKTpa. B apyrux
HCCIIEI0BaHMSIX OBLIO YCTaHOBIIEHO [38], uTo BiaskHast aTMoc(depa MOKET yCHIIMBATD U30BITOYHBIN IITyM
Ha HECKOJIBKO MOPSIKOB.
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YCcTaHOBIEHO, YTO YPOBEHb M30BITOYHOIO IIyMa CBsi3aH C ajcopOIueil u xemocopOiueil BeuecTB
MOBEPXHOCThIO MaTtepuaioB. [logobHoe siBIeHne HaOM0AaeTCs B ANEKTPOHHBIX JIAMIIaX U MOJIYIPOBO-
JTHUKOBBIX CTPYKTypax. O030p Takux paboT npuseneH B [39].

B [40] Ob1ma ycTaHOBIEHA KOPPEJISIHSA H30BITOYHBIX IITYMOB IIOBEPXHOCTHO-0APhEPHBIX MEPEXO/I0B
C TUIOTHOCTBIO TUCIIOKALIMM, YTO TAKKe MOJITBEPKIACT BIUAHUE Je(EKTOB CTPYKTYPhl HAa CBOMCTBA U3-
OBITOYHBIX IITYMOB.

[Tonyden psisi 9KCIIEpUMEHTAJIBHBIX PE3YJIbTaTOB, CBUJIETEIBCTBYIOIIUX O CBSI3M HU3KOYACTOTHOTO
IIyMa B TUIIEKTPHUKaX ¢ fedexramu cTpykTyphl. B padotax [41-47] ucciaenoBaH 3JeKTPUYECKUI HU3KO-
YAaCTOTHBI IIIyM B TOJUMEPHBIX TUAIEKTPHUUECKUX IJICHKaX. YCTaHOBJIEHA XOPOIIast KOPPESILIHS MEKTY
YPOBHEM H30BITOYHOTO IIyMa M AJIEKTPUUECKON MPOYHOCTHIO MOJUMEPHBIX AUIIEKTPUUECKUX IIICHOK
[41,42]. VI3BecTHO, YTO AIIEKTPUYECKAs IPOYHOCTH IUAIEKTPUKOB CBsI3aHa ¢ uX edekTHOoCThIO. [TokazaHo,
YTO JJIUTENIBHOE BIMSIHUE IEPEMEHHOT0 3JIEKTPHUUECKOTO MOJISI Ha JUAJIEKTPUUECKHE IICHKU BhI3bIBACT
o0paruMoe yBEIMYEHHUE IIyMa, U, BCICICTBUE TAKOTO YBEIUYCHHS, YCUIUBACTCA KOPPEIALU MEXIY
YPOBHEM IIIyMa U SJIEKTPUYECKON MPOYHOCTHIO [43]. I3yueHOo BIUSAHUE TOBPEKIAIOIINX BO3CHCTBUI Ha
HU3KOYACTOTHBIN IIyM IJICHOK [44,46,47]. YcTaHOBIIEHO HEOOpAaTUMOE BO3pACTaHUE H30BITOYHOTO IITyMa
JURJIEKTPUYECKUX IICHOK B PE3yJIbTaTe BO3ACUCTBHUS HA HUX CHJIBHBIX (IECTPYKTUBHBIX ) NEKTPUUECKUX
TOJICH, KOTOPOE YKa3bIBaCT HA CBSI3b ITyMa C Je(PeKTHOCTHIO IIIeHOK [44,46].

Pa3paboranbl pazHOOOpa3HbIe TEOPETUUECKUE MOJIENIH, B COOTBETCTBUU C KOTOPHIMHU MPUYHMHON BO3-
HUKHOBEHUSI U30BITOYHOIO HU3KOUACTOTHOTO IIIyMa SIBJISIOTCS 1e(heKThl CTPYKTYphl TBepabIX Ten. [1o-
N0OHBIE MOJIEIIH OOBSACHSIOT IPOUCXOXKACHNE U30BITOYHOTO IITyMa B TBEP/BIX TeJaX Pa3INYHbIX THUIIOB.
PaccMotpum Haunboliee 3HaUUTENbHbBIE TTOAXOAbI OObSICHEHHS N30BITOUHOTO LITyMa C TAKUX MTO3UIUH.

PaccMoTpuM M30BITOUHBIN HU3KOYACTOTHBIN LIYM B MOJYNPOBOAHUKAX. VIMEIOTCS MHOTOUHCIICHHbBIE
TEOPETUUYECKUE MOJICITH, CBS3BIBAIOLIHE €T0 IPOUCXOKICHHE C Ae(PeKTaMU CTPYKTYPbI OTYITPOBOJHUKOB.
Bbonbas rpynna mojeneit cBI3bIBaeT U30BITOUHBIN IIyM B MOJYIPOBOJHUKAX C 3aXBAaTOM U AYMHUCCHEH
HOCHTEJIeH 3aps/ia JOoBylIKamMu. B 3ToM citydae cyTh OObSICHEHHS M30BITOYHOTO IIyMa 3aKJII0YaeTcs B
cienyromeM. JledekTsl MOryT 00pa30BbIBaTh pa3pellleHHbIe YPOBHH B 3aIllPEILIEHHON 30HE MOIYIPOBO-
JHHUKA (JIOBYIIKH). 3aXBaT HOCHUTEJEH 3apsiia Ha JIOBYLIKU BBI3bIBACT (PIYKTyallMHM YUCIIa CBOOOJHBIX
HOCHTEJICH, BCIIEICTBUE KOTOPHIX BOZHUKAIOT (DIIyKTYyalluy IPOBOAMMOCTH 00pa3iia, 4To SBISIETCS IPUYIH-
HOM 3JIeKTprUYeCcKoro nryma. Eciu cuurtars, 4To UMEET MECTO PAaBHOMEPHOE PacIipe/ieieHHe BEPOATHOCTH
M3MEHEHUS 3apsA0BOr0 COCTOSIHUSI JIOBYIIKHU, TO CHEKTpP (PIyKTyalluii, BI3BAHHBIX OJHOM JIOBYIIKOM,
MMEET BU/JI JIOPEHIIEBCKOTO CIIeKTpa. B monynpoBogHNKe UMEETCs] COBOKYITHOCTh JIOBYIIEK C pa3TUYHBIMU
MOCTOSIHHBIMU BpeMeHH T. CUUTaeTCsl, YTO JIOBYIIKH SIBJISIOTCS He3aBUCUMBIMU. CriekTp (aykryaruii
yrciia CBOOOHBIX HOCUTENICH B MOIYIPOBOIHUKE OMUCHIBAETCS POPMYIIoit

1+4n’ 1>~

s(N~|—2Y g ()

rae g(T) — IIOTHOCTh pacHpeielIeHUs MMOCTOSHHBIX BpeMeHu. [Ipu ycimoBuu g(T) ~ 1/71 B Ananasone

1 1 .
4acTOT ——— << f << ——— cHeKTp (uykryanuii usmensercs no 3akony: S(f)~1/ f. Takum oGpa-
2 f1, 2n f1,
30M, J1aeTCs 00BSICHEHNE N30BITOYHOTO IIIyMa 33 CYET MPOIECCOB 3aXBaTa U YMUCCHH HOCUTENEH 3apsiia
Ha JIOBYIIKax. POPMUPOBAHHUE IIyMa CO CIIEKTPOM THIa 1/f OCHOBaHO Ha CYMEPIIO3HUIIMU IPOLECCOB
Ha JIOBYIIIKaX, UMEIOIIUX [IMPOKOE paclpeieieHue MOCTOSHHBIX BpeMeHU. KoHKpeTHble (uzndeckue
MEXaHU3MbI, MTO3BOJISAIOIINE JaTh TAKOE O0ObSICHEHHE M30BITOYHOTO ITyMa, MOTYT OBbITh CBSI3aHBI KakK C
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aKTUBAIL[MOHHBIM, TaK Y TYHHEJIbHBIM I1€PEX0J0M HOCUTENIEH B CBA3aHHbBIE COCTOSHUSA Ha JTOBYIIKU. [11u-
pokuii 00630p OJOOHBIX TEOPETUUECKUX MoJienel cnenaH B [2-4]. Ceituac HampaBiieHHE, CBSI3bIBAIOIIECE
00bsiCHEHHE N30BITOYHOTO [ITyMa C 3aXBaTOM HOCHUTEJIEH JIOBYIIIKaMU MIPECTABIISAETCS Hauboiee BaKHbIM
JUTSI TIOJTYIPOBOTHUKOB.

DnexTpuueckue (payKkTyaluu B MOJIYNPOBOJHUKAX, BbI3BAHHBIE 3aXBAaTOM U SMUCCHEN HOCHUTENEH
3apsna aedeKTaMu CTPYKTYpBI, B Oojiee 0011eM BHIe pacCMOTPEHBI aBTOpoM [2,3,48,49]. [Ipoananusu-
poBaH (UIyKTYallMOHHBIN MpoLiecc, KOT/Aa BEPOSTHOCTh 3aXBaTa HOCUTENS HA JIOBYIIKY CTaTUCTHUYECKH
CBSI3aHA CO BPEMEHEM HaXOXKJCHMS JIOBYIIKH B HE3allOJHEHHOM COCTOSHHH, a BEPOATHOCTh SMUCCUU
HOCHTEJISl CTATUCTUYECKH CBSI3aHA CO BPEMEHEM €r0 HaXOXKJCHHS B CBA3aHHOM COCTOSIHUU Ha JIOBYIIIKE;
CTaTUCTUYECKHUE CBSI3U 3a/1aHbl B 0011eM Bu/jie. B utore nomyueHo cienyroliee BhIpaKeHUe A7 CIIeKTpa
HU3KOYACTOTHOTO IIyMa B MOJXYIPOBOIHUKE, BEI3BAHHOTO JIOBYIIIKAMHU:

S(f) V& oN,
NVZ _E,._Ef)cbl-(f), )

1+—e ( "T
8i

i=1

31ech [ — TOK B 00pasiie, v — CpeqHssl CKOPOCTh TEIIOBOTO ABM)KEHUS HOCUTENEH, N — UnuCI0 HOCHUTe-
neii B obpasiie, V' — o6bem 00pasia, 6, — 53GPEKTUBHOE CEYSHHE 3aXBaTa JIOBYLIKH, IV, — YMCIIO JIOBYLIEK
K&KJI0T0 THIIA, [ — YHCIIO TUIIOB JIOBYLIEK B 00pasie, g; — GaKTop BLIPOKIAEHUS, £, — SHEPIUsl JIOBYIIKH,
E.— ypoBenb ®epmu, k — nocrosiunas bonbimana, 7' — temneparypa, @ (f) — byHkuus, onpenensoas
3aBHUCHUMOCTb CIEKTPAJIbHOM MIIOTHOCTH (QIIyKTyalluil OT 4aCTOThI, CBA3aHHASI C paclpeesieHUsIMU Bpe-
MEHU HaXOKJCHHUS JIOBYIIKHA B CBOOOTHOM M 3aIIOJTHEHHOM COCTOSIHUSIX. PaccMmarpuBaeMblii MexaHU3M
MO3BOJISIET CHOPMHUPOBATH IIIYM CO CIIEKTpoM 1/f.

[Ipennoxena Monenb U30BITOYHOTO IIyMa B TOJTYIIPOBOIHUKAX, CBSA3BIBAIONIAS €0 C (IIyKTyalusIMu
3aCENICHHOCTH SHEPTreTUUYECKUX YPOBHEH B «XBOCTE» (PYHKILIUHU IJIOTHOCTH COCTOSIHHUM, POHUKAIOIIEM
B 3aIlpelICHHYI0 30HYy noyiynpoBoaHuka [S0]. [I[puunHON 3E€KTPUYECKOTO IIymMa B pacCMaTpUBacMOM
cily4ae SIBJISIOTCS (DIyKTyalluu KOHUIEHTPALUU CBOOOAHBIX HOCUTENECH B CHIIBHO JIETUPOBAHHBIX IOITY-
MIPOBOJIHUKAX, BbI3BAHHBIE OOMEHOM HOCHTEJICH MeX1y 30HOH MPOBOAMMOCTH U YPOBHSIMH xBocTa. K
(GbOopMUPOBAHUIO XBOCTOB IJIOTHOCTH COCTOSTHUI, CIaJIaI0MIMX B TIIyOb 3allpelieHHON 30HbI, MPUBOJISAT
HECOBEPIIEHCTBA CTPYKTYPbI IMOIYIPOBOJHUKA: IPUMECH, A€(PEKThI, JIOKATbHbIC HAMPSKEHUS PEILIETKH
¥ TaK jgainee. B 1aHHOM MOJIeM NPEAonaraeTcs, 4To CEYEHHE 3aXBaTa Ha YPOBEHb XBOCTA G, OKCIIOHEH-
LMAJILHO YOBIBAET C POCTOM dHEPruu €. II0CTOsIHHAS BPEMEHU T,(€) 3aXBaTa HA yPOBEHb C DHEPIUEH &:

To(g) ~

, CIIE/IOBATENBHO T, (€) =T €" " e Too — HOCTOSHHAs BpeMEHH 3axBara 1pu € = 0, £, — 110-
n

CTOSIHHAsI, XapaKTEePU3YyIOoIlas YMEHbIIIEHWE CEUEHHUs 3aXBaTa C pOCTOM dHepruH €. [Ipeanonaranock, 4To
XBOCT INIOTHOCTH COCTOSTHHI 3KCIIOHEHIIMAIIBHO CIIAJIAeT B IIIyOb 3anpenieHHO# 30HbI Kak p = p (0)e™® ! &,
IJ1€ P — IWIOTHOCTh COCTOSIHUH, €, — IIOCTOHHAS, XapAKTEPU3YIOIIast CKOPOCTh CIaja IIOTHOCTH COCTOSI-
Huii. B ciyyae, Korna ¢ yBeNMYEHUEM DHEPIUH MOCTOSIHHAS BPEMEHH T, PACTET ObICTPEE, YEM MalaeT
IJIOTHOCTh COCTOSIHHM, U TEMIIEpaTypa OTHOCUTEIHHO BEJIMKa, B 00J1aCTH HU3KHUX YacTOT CTIICKTpaIbHas
IJIOTHOCTh OTHOCHUTEIBHBIX (MIYKTyallii KOHIICHTPAIMK CBOOOIHBIX HOCHUTENEH (2 COOTBETCTBEHHO, U
OTHOCHTEJIbHAS CIIEKTPAJIbHAS TUIOTHOCTH (UIYKTyaIluii COMPOTUBIICHHUS 00pasiia) UMeeT BHI:

Se() _S,(f) AN kT 1
R? ng V]Vj(‘tooewe‘)r_1 €, @er )t

3)
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rae N, = Jp(s yde, I'=1-¢,/e,—¢,/kT, €, — yposenb depmu, n, — pABHOBECHAs KOHLECHTPALUS
0
3JIEKTPOHOB, N, — KOHIIEHTpaLus JOHOPOB, V' — 00bem oOpasua. Ilpu ycnosun €, << €, u €, << kT crex-
TpasibHas MJIOTHOCTb LIyMa U3MEHSETCs M0 3aKoHy 1/f.

N30b1TOuHBIHN 11yM, 00yCIOBICHHBIA (MIyKTyallUssMUA KOHLIEHTPAIMM HOCUTENIeH 3apsiaa, MOXKET Ha-
OJIOAaThCsl B CUCTEMAX C MPBDKKOBBIM MEXaHU3MOM MPOBOAMMOCTH. B [51] BeIunceHa CrIeKTpasibHAS
IUIOTHOCTH (PIyKTyaluii CONpOTUBIICHHS c1ab0 JIETUPOBAHHOTO KOMIIEHCUPOBAHHOT'O TIOIYIIPOBOITHUKA B
o0J1acTu TeMIieparyp, pu KOTOPBIX MPOBOAUMOCTb HOCUT NMPBIKKOBBIN XapakTep. YacToTa TyHHEJIbHBIX
MPBIKKOB HOCUTEJIEH MEX1y IBYMS IPUMECHBIMU LIEHTPAMH SKCIIOHEHIIUATBHO 3aBUCUT OT PACCTOSHUS
MexTy HUME: V () =V e "“, re o — 5 deKTuBHbIH 60poBCKMii paauyc, v, — koohdunuent. B cBsasu ¢
TEM, UTO PACCTOSTHHE MEXKIY IPUMECHBIMU IIEHTpaMH — CiIy4aiiHas BeTU4HUHA, TIOTYITPOBOJHUK B YCIOBU-
X MPBBKKOBOM MPOBOAMMOCTH MPEACTABISET cOO0M HeynopsiioueHHyto cpeny. [Ipu yacrorax, koropele
MaJibl 10 CPAaBHEHUIO C YAaCTOTOM MPBDKKOB HOCUTENEH 3apsijia M0 KPUTUYECKON ceTKe (OECKOHEUHOMY
KJIacTepy, OMPEIEIIAIOIEMY IIPOBOIUMOCTE MOIYIIPOBOAHUKA) f <<V, (IIyKTyaIliK IPOBOIMMOCTH CBSI-
3aHbI ¢ (PIyKTyalMsIMHM YKClia HOCUTeNeH Ha KpuTudeckon cetke. [Ipu 3ToM criekrpanbHasi INIOTHOCTD
IIyMa BO3pacTaeT C MOHMKEHUEM YacTOThI M CBA3aHa C KOHIIEHTpalel npumMecei. B mupokom auanazone
YacTOT CIIEKTpabHas INIOTHOCTH (ryKTyanuii nposoaumoctu S(f) ~ f~° rae nokasaresb a<l ¥ 3aBUCUT
oT BenuuuHbl Na® (N — koHLeHTpauus npuMeceii). B npenene ouenb Manbix KoHueHTpamuil (Na>—0)
CHEKTpaJibHas IUIOTHOCTD IIyMa BO3PACTAET C MOHM)KEHUEM YaCTOTHI 110 3aKOHY, MPUOIMKAIOIIEMYCS K
1/f. OnHako Npy peanucTUYECKUX 3HaYeHuAX Na> 1oKas3aTellb o 3aMETHO MeHbIe 1.

HMeroTcst MHOTOUMCIIEHHBIE TTOIXO0/IbI, CBSA3BIBAIOIINE IPOUCXOKICHHE U30BITOUHOTO HU3KOYaCTOTHOTO
1Iyma B MeTajuiax ¢ ieekraMu CTpyKTypbl. Cpesiu pa3IuuHbIX TUIIOB Je(eKTOB Hanboiee CyleCTBEHHOE
3HAYEeHHUE JIJIsl METAJJIOB UMEIOT BaKaHCUH, TAaK KaK JUIsl KX BOSHUKHOBEHUS U MUT ALK TPeOyeTCsl CpaB-
HUTEJIbHO HeOoubias 3Heprusi. B cBsi3u ¢ 3TuM 0coOblil nuHTEpec At 00bsICHEHHSI U30BITOYHOTO IIyMa
B METaJUIaX BBI3BIBAIOT MOJIEJIH, CBSI3BIBAIOIINE IIYM C BakaHCHsMHU. [IpeioskeHsl Moaenu, B KOTOPBIX
HU3KOYACTOTHBIN IIYM B METAJUIMUECKHUX IJICHKaX 00yCIIOBIEH (PIyKTyalusIMi CONTPOTUBICHUS BCIIE-
cTBUE (DIyKTyal|ii 4rciia BAKaHCHA B oOpasiie. BpeMst )Ku3HM BakaHCHUH SIBIISIETCS CITydailHOM BETMUMHOMN
U OTIPECIISETCS CPETHUM PACCTOSIHUEM MEKIY UCTOUYHHKAMU (CTOKaMH) BakaHcuil. B mozenu, pa3sutoit
JUTSI OTHOPOJTHBIX METAIIJIOB [ 52 ] CTOKM BaKaHCHI pacipe/ieeHbl 10 00beMy paBHOMEpHO. B aToM cimyuae
IUIOTHOCTh BEPOSATHOCTH YHUUTOXKEHHS Ka)K[I0M BaKaHCHUU B TEUCHHE €€ >KU3HH MocTossHHA. CoObITUA
POXKACHUS U YHUUTOKEHUSI BAaKAHCUI CTaTUCTUYECKH HE3aBHCHMBI, a CPEIHEEe BpeMs OCEIJION KU3HU

. E
BAaKaHCHUI OINpeeNIeTcsl COOTHOLIEHHUEM: T, , =T, eXp k_;" , 31eCh E — BHeprus akTupanuu o0pa3oBa-

Hust BakaHCcuU. CIEKTP MOLIHOCTH LIyMa, BO3HUKAIOIIETO P NPOTEKAHUH TOKA [, Y€PE3 OHOPOIHBIN
METAJTHYCCKHUI 00pa3ell Co CPEeHUM YHCIIOM BaKaHCHM N, umeer cnenyrommi Bux [52]:

TvO

S (f)=48R*I’N, ——x0
u(f) 0 \Y 1+4n2f2,cv20

(4)

rae R — conpotuBiieHre 00pasia. B peanbHBIX METAINTMYECKHUX TUICHKAX BCIICCTBUE HEOTHOPOIHOTO
pacrpesiesieHrs CTOKOB B 00pa3Iie CyIIeCTBYET OOJIBIION HAOOp BpEMEH peslakcalluy, CBI3aHHBIX C Me-
XaHU3MOM POKJICHUS U YHUUTOXKEHUS BAKAHCHI, KOTOPHIM MOYKHO OOBSICHUTH IIyM THIIA 1/f B IIUPOKOM
nuanasoHe 4yactoT. [Ipu aTom, kak ciemyeT u3 Gopmyisl (4), ypOBEHb IITyMa BO3PACTaET C YBEIUUCHUEM
YKCJIa BaKaHCUH.
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JpyruM 10CTAaTOYHO OOIIMM MOAXOAOM JIJIsi OOBSICHEHUS! M30BITOYHOIO HU3KOYACTOTHOIO IIyMa B
MeTajuiax SBJIseTCs] KOHLEUS, CBA3bIBAIOIas IyM Tumna 1/f ¢ BHyTpeHHUM TpenueM. Ha Hu3kux va-
CTOTaxX BHYTPEHHEE TPEHUE CO3/1aeTCs Pa3IMUYHbIMU IBHKEHUSIMU A€ (PEKTOB: IIepeopUeHTAIeH, MUTpa-
uueit u tak ganee. COOTBETCTBEHHO, HU3KOYACTOTHBIH 11IyM, BEI3BAHHBIM BHYTPEHHUM TPEHHUEM, MOXKET
MPOSIBJISITHCSL B PA3HOOOPA3HBIX MeTaiaX U ObITh CBSI3aH C Je(eKTaMu X CTPYKTYphl. Bo3aMoxkHOCTD
(dbopMupOBaHUs CIIEKTPa AEKTPUUYECKOTO LIyMa Tuma 1/f3a cueT BHYTPEHHETo TPEHHUsI pacCMOTpEHa B
[53]. AHanu3upoBaauck GIyKTyaluu, BeI3BaHHBIC CIIyYaHBIM XapaKTEPOM IePEOPUECHTAINH ASEKTOB.
[lepeopuenrtanus aedeKkToB, CHMMETPHSI KOTOPBIX HU)KE TOUEYHOUW CUMMETPUU KPHUCTAIIa, BHI3bIBACT
M3MEHEHHUE PacCestHUSI DJIEKTPOHOB Ha HUX. BeiencTBue 3Toro BO3HUKAIOT (PIyKTyaluu 3JeKTPUYECKOTO
COIPOTHUBJICHUS MeTaJIOB. Eciii nMeeTcs pacripeneneHre KOHIeHTpauuu 1eQexToB n(E) mo sHeprusm
axtuBarmu E Takoe, 4to BpeMs penakcamuu gedextoB T =T, exp (E£/kT'), Torna BO3HHKACT IEKTpHye-
CKHH IIIyM CO CIIEKTPOM, OJU3KUM K 1/f, a *MEHHO:

Su(f) _ n(Elo (E)T kT
U? Vf ’ (5)
E, =kTIn(ort,)”

III€ G, — CEYEHUE PACCESHUSA IIEKTPOHOB NE€PEKTOM, [ — JutHa CBOOOIHOIO MpOGeTa 3IEKTPoHa, V —
00wveM oOpasiia. Takum oOpa3om, JTaHHBIA MEXaHU3M (MITYKTyalluid MPOBOIMMOCTH MO3BOJISIECT OOBSICHUTh
IIyM CO CIIEKTPOM Tuna 1/f B METa/NTMYECKHX TJICHKAX.

Pestomupyst skcriepuMeHTaNbHbIE U TEOPETUUECKUE HCCIIEI0BAHUS, MOXKHO CAENAaTh CIEAYIOLIUE BbI-
BOJIbl. Pe3ynbprarhl MHOTOUMCIIEHHBIX UCCIIEOBAHUN MOKA3bIBAIOT, YTO M30BITOUHBIM HU3KOUACTOTHBIN
IIyM CBsI3aH ¢ e eKTaMu CTPYKTYpbl TBEpbIX Tell. [Ipruem Takue pe3ynbTarhl HOTy4YeHbl IPU U3YYeHUN
Pa3IMYHBIX TUIIOB TBEPBIX Tel. DKCIEPUMEHTAIbHbIE UCCIIEIOBAaHUS MHOTOKPATHO CBHUJIETEIbCTBYIOT
0 CBSI3M CHEKTPAJIbHBIX XapaKTePUCTUK M30BITOYHOrO IIyma ¢ aedekramu cTpykTypbl. Hanbonee 3Ha-
YUTENbHbIE (DAKTHI CIEAYIOLIHUE:

— Bo3pacranue nu30bITOYHOTO IITyMa C YBEJIMUYEHUEM ITUIOTHOCTU IpUMecel U 1e(peKTOB CTPYKTYPHI;

— Ycusenue uryMa npu MexaHudeckux JieopManusix Kak B 00J1acTH TIACTUYECKUX, TaK U B 001acTu
yOpyTux aedopmaiuid;

— YBenMueHue 1ryMa BCJIEACTBUE BO3ACHCTBUS IPOHUKAIOIIMX U3JTYUYCHUM;

— PocT uHTEHCHBHOCTH U30BITOUHBIX (DIYKTyalluid B pe3yJbTare BO3/1eHCTBUS CHIIbHBIX (1€CTPYKTHUB-
HBIX) JIEKTPUYECKUX TOJIEeH;

— IloBbllIeHNE YPOBHS 1lIyMa, BEI3BAHHOE M3IyYEHHEM ONTHYECKOTO JUara3oHa;

— BnusiHue ynpTpa3ByKoBOW 00pabOTKM HA MHTEHCUBHOCTD (DIIyKTyaInii;

— CHuKeHue 1ryMa B pe3yJibTare OT)KUTa, MPUBOASILEr0 K YMEHbIIECHUIO 1e(EKTHOCTU CTPYKTYPHI;

— CuibHast 3aBUCUMOCTD U30BITOYHOTO 1IyMa OT TEXHOJIOTUU MOTy4YeHUs: 00pas3IoB.

Pazpabotanbl TeopeTHUECKUE MOAEIH [Tl pa3IMYHBIX TUIIOB TBEP/IBIX TEJl, B COOTBETCTBUU C KOTOPHIMU
MIPOUCXOXKICHIUH U30BITOUHOTO HU3KOYACTOTHOTO IITyMa 00y CIIOBIEHO fedekraMu cTpyKTypbl. C mo3uuui
ATUX MOZEeNeH yaeTcst 00bSICHUTh MHOTHE PE3yJIbTaThl SKCIEPUMEHTAIBLHOTO U3YYeHHUS [ITyMa 3TOTO TUIIA.
COBOKYITHOCTh SKCIIEPUMEHTAIbHBIX U TEOPETHUECKUX UCCIIEIOBAaHUM H30BITOYHOIO HU3KOUYACTOTHOTO
IyMa IIOKa3bIBAET €T0 CBSI3b C AeeKTaMU CTPYKTYPbI U TO3BOJISET OMPEASIUT BUJ] 3aBUCUMOCTEH CIIeK-
TpaJIbHBIX XapaKTEPUCTHUK IIyMa OT KosindecTBa AedekroB. KpoMe Toro, H30bITOYHBIN ITYM MOXKET OBbIThH
CBSI3aH CO CKOPOCTBIO YBEJIIMUCHHUS KojndecTBa aedekToB [54]. Takum o6pa3om, CieKTp H30BITOUHOTO
[IyMa COIEPKUT MH(POPMALIUIO O CTENEeHH AS(PEKTHOCTU TBEPIOro MaTepuaa U MOXKET ObITh MOJIE3eH
JUTS OLIEHKH CKOPOCTH JIeTpajiallii ero CTPyKTyphl. ClieoBaTebHO, H30BITOUHBIN HU3KOYACTOTHBIH IIyM
MOKET OBbITh 3(h(HEKTUBHO UCTIOIB30BAH ISl OLIEHKU KaueCTBa TBEP/IbIX MaTepHAIOB.
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Taxkum 06pa3om, dIEKTpUUECKHEe HU3KOUYACTOTHBIE (PIYKTyalli BO3MOXKHO MCIOJIb30BATh AJIs HEpa3-
PYLIAIONIET0 KOHTPOJISE TBEP/IbIX MAaT€pUAOB, KOTOPBIE SABISIOTCS OCHOBOW M3/IEINUN IIEKTPOHHOM TeX-
Hukd. [ToaTOMyY QryKTyalIMOHHBIN Hepa3pyIIAIOUTHil KOHTPOIb MOXKET ObITh IPUMEHEH ISl HOBBIIICHUS
HAJEKHOCTH AJIEKTPOHHBIX MPUOOPOB M YCTPOHCTB. Takoi MeTo/ Hepa3pyLIAIOUIEr0 KOHTPOJS HUMEET
CJICAYIOINE JOCTOMHCTBA. BO MHOTHX CiTydasx 3JIeKTpUUeCcKre HU3KOYaCTOTHBIE (PIIyKTyaIluu MO3BOJISIOT
MOJyYUTh O0JIee MOJIHYI0 HHPOPMAIHIO 0 eeKTax CTPYKTYPhl TBEPABIX TN, YEM 3TO BO3MOXKHO APY-
rumMu MetoiaMu. OOBIYHO M30BITOUHBIN 1IyM 3HAYUTENIBHO NPe0biaaeT Hajl APYTUMHU TUIIAMH IIIyMOB
B HM3KOYACTOTHOM 001acTU. DTO MO3BOJSIET HAACKHO ONPEAEIATh XapaKTepPUCTUKH IIyma. Bricokas
YYBCTBUTEJIHLHOCTb CHEKTPOCKONUU (PIYKTyallil JaeT BO3MOKHOCTh C OOJIBIION TOYHOCTBIO U3MEPATH
CHEKTpbI Iryma. i3mMepeHus lyMOB MOJKHO, KaK IPAaBUII0, IPOBOJIUTH AOCTATOUHO OBICTPO. M310)keHHbIE
BblIIIe (haKThl YKA3bIBAIOT HA BHICOKYIO A3(()EKTUBHOCTD (PIIYKTYAlIMOHHOTO HEPa3pyIIAI0OIIEero KOHTPOIs
TBEP/bIX MaTEpPUAJIOB.
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FLUCTUATION NONDESTRUCTIVE TESTING
OF SOLID MATERIALS

The paper presented analysis of experimental and theoretical studies of electric low-frequency fluctuations in
solids. The possibility of extensive use of low-frequency fluctuations for solid material nondestructive testing
is shown. Effectiveness of fluctuation nondestructive testing of solid materials is justified. The paper also high-
lights the applicability of fluctuation nondestructive testing to increase dependability of electronic devices.

Keywords: fluctuations, noise, nondestructive testing, solid materials.

The increasing complexity of modern electronic equipment and its functional importance, as well as the
need to operate when subjected to various external factors requires high dependability of all components.
This requires high quality materials to be used in electronic equipment. As electronic devices and equip-
ment are manufactured mainly of solid materials, there is a need to develop methods of nondestructive
testing of solid materials. For that purpose, the fluctuation non-destructive testing can be used. In this
case, the quality of materials is evaluated by the behavior of fluctuation processes occurring in solids.
Electrical low-frequency fluctuations are the most effective method to solve that problem. This is due to
the following circumstances. Electric fluctuations can be quickly and easily measured. One type of noise,
usually excess noise, dominates in different types of solids at low frequencies. Its spectral properties are
well learned. Low-frequency excess noise is largely connected with structural defects in solids. The de-
gree of imperfection can be evaluated according to spectral-response characteristics of the excess noise.
The author examines the nature of electric fluctuations in solids and their application in nondestructive
testing of electronic devices in [1-3]. The paper also analyzes the applicability of electrical low-frequency
fluctuations in nondestructive testing of solid materials.

At low frequencies, electric fluctuations in solids are generally identified by excess noise that usually
prevails over other types of noise in the low frequency range. Excess noise is a noise the power spectral
density of which has the following form: S( /')~1/f® where a is usually close to 1 (it is also referred to
as noise 1/f). Excess low-frequency noise has been extensively investigated and is well studied experi-
mentally [1-5]. The frequency dependence and the order of magnitude of the noise spectral density are
well known for many classes of solids and electronic devices. The properties of excess noise in a large
number of different objects are experimentally studied. The origin of excess noise is associated with
defects in the structure of solids. The findings of numerous studies indicate that as presented in [1-5].
Let us examine the experimental and theoretical studies that demonstrate the connection between excess
noise and structure defects of solids.

53



FLUCTUATION NONDESTRUCTIVE TESTING OF SOLID MATERIALS

Numerous and diverse experimental findings showing the connection between excess low-frequency
noise and structure defects of solids have been obtained. Let us consider the most important of them. The
earliest results in this area [6-8] showed that the plastic deformations of solids caused by pressure and
high temperature increase the excess noise. Later, a large body of evidence of the impact of structural
defects of solids on the properties of electrical low-frequency noise has been obtained. Let us consider
the key findings of such studies per various types of solids.

In metals, one of the convincing arguments supporting the relationship between the mechanism of
excess noise generation with structural defects is the dependence of the noise on mechanical deforma-
tions. In films of different metals such as lead, tin, platinum, gold, silver, an increase of the excess noise
by approximately an order of magnitude with their deformation has been identified [9]. Upon relief of
deformation, the noise level in the films decreased, but remained higher that the initial value. The observed
effects may be associated with the formation and annihilation of structure microdefects. The results of the
study of the spectral noise density dependence on mechanical stress in areas of elastic deformation for
chromium film are given in [10]. With the increase of tensile stresses, reversible increase in the intensity
of low-frequency noise is observed. This behavior can be explained by the fact that with growing tensile
stress the distance between the atoms increases, thereby decreasing the activation energy for vacancy
formation and increasing the concentration of defects of this type. The effects of plastic deformation on
the chromium film lead to excess noise levels above initial values upon relief of the stress [10]. This can
be explained by the appearance of additional microdefects as the result of plastic deformations.

It is known that the structural disequilibrium of vacuum condensates is largely due to own macrostresses.
The dependence of excess noise on internal mechanical stress in thin aluminum films obtained by thermal
evaporation in vacuum have been investigated [ 11, 12]. It was found that growing macrostress leads to the
increase of noise spectral density. As it is known, tensile stress increases the concentration of vacancies,
which explains the increase of excess noise level [12]. An increase of frequency exponent with growing
positive and negative stress was also observed. The observed growth of the spectrum shape exponent with
increasing mechanical stress indicates that in this case, the contribution of non-stationary mechanisms of
noise initiation increases as well. Similar results were obtained for the films of chromium. Experimental
results presented in [13] how that in chromium films there is a relationship between the level and nature
of the excess noise and the quantity of internal mechanical stress. In the films with high internal stress a
higher level of low-frequency noise can be observed. In addition, the spectrum shape exponent is higher
for films with higher values of internal stress. Experimental study of relationship between excess noise
and mechanical stress in the metal films showed that the dependence of noise spectral density of mechani-
cal stress for films of aluminum, molybdenum and tantalum [12, 14, 15] obeys an exponential law. The
growth of the noise spectral density with increasing stresses can be explained by intense growth of defect
concentrations in films at sufficiently high mechanical stress. This is confirmed by the fact that electric
resistance of the film reversibly increases when tensile deformations are applied.

The connection between the excess noise power with structural factors of metals was identified. The
study of thin films of aluminum has shown [12] that the spectral density of the excess noise increases
with the acceleration of film condensation, and this result was observed at deposition on substrates with
substantially different physical properties. Moreover, it was found that the type of film production process
(different aluminum deposition rate) affects their structure. The study of the microstructure of aluminum
samples showed that a higher surface density of grains corresponds to a larger value of the noise spectral
density. Similar behavior was identified in films of chromium, molybdenum, [10] and silver [16]. Thus,
it was found that the dispersion of the crystallites leads to an increase of noise level. In chromium film,
the intensity of excess noise was found to depend on the concentration of vacancies in the grains. These
facts show the connection of excess noise with structural factors.
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The effect of annealing on the excess noise was studied experimentally in films of aluminum [11, 17]
and chromium [18]. Noise measurements were made before and after annealing of defects. It was shown
that excess noise of films decreased as the result of annealing that lead to the reduction of structural de-
fects. An investigation of the effect of annealing of induced defects on the low-frequency noise intensity
in aluminum films is given in [19, 20]. Defects in the films were created by means of electron bombard-
ment. After bombardment, a significant increase in noise intensity was observed. Annealing of defects
led to the restoration of the low-frequency noise level. Paper [21] examines the influence of annealing
on the excess noise in metal films and shows that the noise is caused by the motion of structural defects.
Studies of excess noise in a large number of films of various metals [22] demonstrated that with increas-
ing density of defects and impurities in the film the noise increases. It was established that the bombard-
ment of copper films by electron beams leads to an increase of the excess noise spectral density by more
than an order of magnitude. The study [23] has found that the radiation damage of indium-doped copper
films cause an increase of the excess noise. The effect of y-radiation on the excess noise in niobium films
was studied in [24]. The impact of y-radiation leads to additional defects in the crystal lattice. After the
irradiation, the excess noise in the films increases. The reported results demonstrate the decisive role of
metal structure defects in the generation of excess noise.

Numerous experimental facts support the connection between excess low-frequency noise and structural
defects in semiconductors. Let us consider these results. The research of the influence of controllably
introduced dislocations in silicon on the excess noise revealed the following. Paper [25] shows that the
introduction of dislocations causes an increase in the noise level. The increase in noise strongly depends
on the temperature. In [26] the introduction of dislocations led to a significant increase of the excess
noise intensity, and the noise intensity increased monotonically with increasing dislocation density. The
influence of defects on the noise were shown in experiments where structural imperfections were intro-
duced by means of ion implantation. In [27,28] it was established that the structural damage caused by
ion implantation leads to a significant increase in the excess noise in silicon. Subsequent annealing that
restores structural perfection of the material causes a noise reduction.

It was established [29] that the ultrasonic treatment of epitaxial samples of GaAs (gallium arsenide)
causes an increase of low-frequency noise intensity. A series of results has been obtained showing a con-
nection between the excess low-frequency noise in semiconductors and structural defects arising under
strong (destructive) compression. Semiconductor lattice disruptions arising in the destructive compression
were well studied in [30, 31]. Various methods of studying the structure of solids show that the impact
of mechanical stress on semiconductor materials leads to the generation of dislocations, declinations,
vacancies, vacancy clusters and other types of defects. The study [32] presents the findings indicating the
effect of compression on the destructive excess noise in GaAs samples. It was established that with the
growth of destruction the intensity of low-frequency noise increases. The increase of the noise intensity
was observed to reach two orders of magnitude. Due to the impact of mechanical stress a certain change
in shape of the spectrum of the noise associated with the change of the frequency exponent is observed.
It was found that under destructive compression the excess noise level increases to the same extent as the
local concentration levels due to structural defects. The study of excess noise in silicon shown that with
decreasing degree of structural perfection of the material the noise intensity grows [33]. These circum-
stances point out to an association of excess noise in semiconductors with structural defects.

An increase of low-frequency noise in semiconductors under the influence of radiation in the optical
range has been detected. In [34] the effect of low-frequency noise spectrum readjustment in samples of
GaAs under the impact of light was observed. It was also found that at low temperatures the effect of
lighting results in a substantial increase in the noise level. The given explanation of this phenomenon is
that the lighting significantly changes the concentration of minor carriers that being caught at permitted
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levels in the band gap can strongly influence the charge state of the trap centers and, consequently, the
intensity and spectrum of low-frequency noise. Paper [35] studied the effect of laser radiation on the
excess noise in crystals Cd Hg, Te. It was found that with the growth of irradiation energy the noise
intensity increases. Accordingly, it is concluded that a higher noise level corresponds to an increased
number of defects. That further confirms by the results of the study [36] that shows that defects cause
excess noise in such materials. The discovered nature of the influence of optical radiation on the excess
noise in semiconductors also points to a relationship between noise and structural defects.

An important evidence in favor of the fact that the origin of the excess noise is connected with the
structural defects consists in the dependence of its properties on the surface condition. The surface of the
material has especially many defects as it is the interface between volume and environment and, there-
fore, there is a high concentration of broken electron couplings due to the finiteness of sample geometric
dimensions. Furthermore, some of these couplings can be filled by atoms of chemically active substances
in the atmosphere which leads to chemical reactions on the surface. When studying the excess noise of
germanium strings [37], it was found that upon replacement of ambient dry nitrogen with liquid nitrogen
the noise increases significantly, and this is accompanied by a change in the frequency profile of the
spectrum. Other studies established [38] that humid atmosphere may amplify excess noise by several
orders of magnitude.

It was also found that the level of the excess noise was associated with adsorption and chemical ad-
sorption of substances by the materials’ surface. A similar phenomenon is observed in electron tubes and
semiconductor structures. An overview such studies is given in [39].

Paper [40] established a correlation between excess noise of surface-barrier transitions with the dis-
location density, which also confirms the influence of structural defects on the properties of the excess
noise.

A number of experimental results showing the connection between low frequency noise in dielectrics
with structural defects have been obtained. Electrical low-frequency noise in polymer dielectric films
was investigated in [41-47]. A conclusive correlation between the level of excess noise and dielectric
strength of polymer dielectric films was established in [41, 42]. It is known that the electric strength of
dielectrics is related to the presence of defects. It was shown that the long-term exposure to alternating
electric field causes a reversible noise increase in dielectric film, and therefore as a result of that increase,
the correlation between noise level and dielectric strength becomes stronger [43]. The effect of damaging
actions on the low-frequency noise in films was investigated in [44, 46, 47]. An irreversible increase of
excess noise in dielectric films due to exposure to strong (destructive) electric fields, which indicates a
relationship between noise and defects in films, was established [44, 46].

A variety of theoretical models, according to which the cause of the excess low-frequency noise are
the defects in the structure of solids, has been developed. These models explain the origin of the excess
noise in solids of various types. Let us examine the key premises of the explanation of excess noise from
that perspective.

Let us consider the excess low-frequency noise in semiconductors. There are numerous theoretical
models associates the origin of the excess low-frequency noise with structure defects of semiconductors.
A large group of models associates the excess noise in semiconductors with the capture and emission of
charge carriers by traps. In this case the excess noise is explained as follows. The defects can generate
permitted levels in the gap band (traps). The capture of charge carriers by traps causes fluctuations in
the number of free charge carriers which entails fluctuations of sample conductivity and electrical noise.
Assuming that there is an even probability distribution of change of the charge state of the trap, then the
spectrum of the fluctuations caused by one trap has the form of the Lorentzian spectrum. In a semiconduc-
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tor, there is a set of traps with different time constants . It is believed that the traps are independent. The
spectrum of fluctuations in the number of free carriers in a semiconductor is described by the following
expression

s(N~|—20 g ()

1+4n’ /1>~

where g(1) is the density distribution of time constants. Provided that g(t) ~ 1/7 in the frequency band

<< f<< fluctuation spectrum obeys the law: . Thus is S(f)~1/ f explained the excess

2r f7, 2w f7,

noise due to the processes of capture and emission of charge carriers on traps. Noise generation with the
spectrum of the type 1/f1s based on the superposition of processes on traps having a broad distribution of
time constants. Specific physical mechanisms that substantiate that explanation of excess noise may be
associated with the activation and tunneling of carriers into bound states on traps. An extensive overview
of these theoretical models is presented in [2-4]. As of today, the theory connecting the explanation of
excess noise with carrier capture by traps is the most important in semiconductor studies.

Electrical fluctuations in semiconductors caused by capture and emission of charge carriers by struc-
tural defects are more generally analyzed by the author in [2, 3, 48, 49]. The fluctuation process has been
analyzed, when the probability of a carrier capture by the trap is statistically associated with the trap
empty time, and the probability of the carrier emission is statistically associated with the bound time on
the trap; the statistical relationships are defined in general terms. As a result, the following expression for
the spectrum of low-frequency noise in the semiconductor caused by traps was obtained:

— () )
{5)

here / is the current in the sample, v is the average thermal velocity of carriers, N is the number of car-
riers in the sample, V is the sample volume, o, is the trap capture cross-section, N, is the number of traps
of each type, / is the number of trap types in the sample, g. is the degeneracy factor, £ is the trap energy,
E . is the Fermi level, & is the Boltzmann constant, 7'is the temperature, @ (f) is the function defining the
dependence of the spectral density of fluctuations on the frequency associated with distributions of the
trap empty and filled times. This mechanism allows generating noise with a spectrum 1/f.

Paper [50] suggests a model of excess noise in semiconductors linking it with the fluctuations of the
energy levels’ population in the tail of density-of-states function penetrating the gap band of the semi-
conductor. The cause of the electrical noise in this case are the fluctuations in the concentration of free
carriers in heavily doped semiconductors caused by exchange of carriers between the conduction band
and the levels of the tail. The formation of tails of density of states falling into the depths of the gap
band is a result of semiconductor structure imperfections. These are impurities, defects, local stress of
lattice and so on. In this model it is assumed that the level of the capture cross-section of the tail level o,
decreases exponentially with increasing energy €. Time constant t,(¢) of capture per level with energy &:

e/g

T,(€)~ ,consequently T,(€) =T,e " where 1 is the capture time constant at €=0, ¢, is the constant

c,(€)

n
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defining the capture cross-sections decrease with increasing energy €. It was assumed that the tail of the
density of states decreases exponentially into the depth of the gap band as P =P (0)e™™'® , where p is the
density of states, g, is the constant characterizing the droop rate of the density of states. In the case where
with the increasing energy the time constant t, is growing faster than the density of states decreases, and
the temperature is relatively high, the low-frequency spectral density of the relative fluctuations of the
free carrier concentration (and, correspondingly, the relative spectral density of fluctuations of the sample
resistance) has the following form:

S,(f)_S,(f) __ ANe kT 1

e /e - s (3)
R’ my  VNj(@ee™ ™) g, 2nf)

where N, = J p(e)de,I'=1-¢,/e,—€, /kT, ¢ is the Fermi level, n,, is the equilibrium concentration of
0
electrons, N, is the concentration of donors, V' is the sample volume. Provided thate, <<€, and &, << kT
noise spectral density varies as 1/f.

Excess noise due to fluctuations of the charge carrier concentration can be observed in systems with
hopping conduction mechanism. The spectral density of the resistance fluctuations of lightly doped
compensated semiconductor in the temperature range at which the conductivity is of hopping nature was
calculated in [51]. Frequency of carriers’ tunnel hopping between two doped centers is exponentially
dependent on the distance between them: v (r) =v e, where a is the effective Bohr radius, v, is the
factor. Because the distance between the defect centers is a random variable, the semiconductor under
the hopping conduction represents a disordered medium. At frequencies that are low compared to the
hopping frequency of charge carriers on critical grid (infinite cluster determining the conductivity of
the semiconductor) / <<V, conductivity fluctuations are associated with fluctuations in the number of
carriers on the critical grid. The spectral noise density rises with decreasing frequency and is related to
the concentration of impurities. In a wide frequency range spectral density of conduction fluctuations is
expressed as S(f) ~ f % where the exponent a<1 and depends on the value Na> (N is the concentration
of impurities). In the limit of very low concentrations (Na> — 0) the noise spectral density increases with
decreasing frequency according to the law, approaching 1/. However, with the realistic values Na> of the
exponent o is significantly less than 1.

There are numerous approaches that associate the origin of excess low frequency noise in metals with
structural defects. Among various types of defects the most essential to metals are vacancies, since their
formation and migration requires relatively little energy. In this regard, models linking noise with vacan-
cies is of particular interest to explain the excess noise in metals. Models exist which the low-frequency
noise in metal films is conditioned by resistance fluctuations due to fluctuations in the number of vacancies
in the sample. The lifetime of vacancies is a random variable and is determined by the average distance
between sources (drain nodes) of vacancies. In the model developed for homogeneous metals [52] drain
nodes are uniformly distributed throughout the volume. In this case, the probability density for each va-
cancy destruction during its lifetime is constant. Events of generation and annihilation of vacancies are
statistically independent, and the average vacancy settled lifetime is given in the following expression:

T, o =T, €Xp (k—}], where E is the activation energy of a vacancy generation. The power spectrum of the

noise generated when a current / flows through a homogeneous metal sample with the average number
of vacancies N, has the following form [52]:

58



FLUCTUATION NONDESTRUCTIVE TESTING OF SOLID MATERIALS

ASplg2 Tyo

SN =ASR N, e )
where R is the resistance of the sample. In real metal films due to the heterogeneous distribution of

drain nodes in the sample there is a wide range of relaxation times associated with the mechanism of

generation and annihilation of vacancies, which explains the type of noise 1/fin a wide frequency range.

Thus, as follows from formula (4), the noise increases with the number of vacancies.

Another sufficiently common approach to the explanation of the excess low-frequency noise in metals
is the concept that associates the noise of type 1/f with internal friction. At low frequencies, the move-
ments of defects create the friction reorientation, migration, etc. Accordingly, the low-frequency noise
caused by internal friction can be revealed in a variety of metals and be associated with defects in their
structure. The possibility of electrical noise spectrum of type 1/f due to internal friction is considered
in [53]. Fluctuations caused by the random nature of reorientation of defects have been analyzed. The
reorientation of defects whose symmetry is lower than the point symmetry of the crystal causes a change
in the scattering of electrons on them. Consequently, fluctuations of the electric resistance of metals take
place. If there is a distribution of the concentration of defects n(E) in activation energies £ such that the
relaxation time of defects is expressed as T =7, exp (E/kT), then the electrical noise with a spectrum
close to 1/f occurs, namely:

Su(f) _ n(E,)llo (E,)I’kT
U? Vf ’ (5)
E, =kT In(ort,)”

where o is the electron scattering cross-section by defect, / is the electron mean free path, V' is the
sample volume. Thus, the given mechanism of conductivity fluctuation can explain the noise with a
spectrum of type 1/fin metal films.

Summarizing the experimental and theoretical studies, we can draw the following conclusions. The
results of numerous studies show that excess low-frequency noise is associated with structural defects in
solids. Those results were obtained in the study of different types of solids. Experimental studies have
repeatedly demonstrated the connection between the spectral characteristics of the excess noise with the
structural defects. The most important facts are as follows. The excess noise grows with increasing den-
sity of impurities and structural defects. Noise amplification takes place due to mechanical deformations
both in the areas of plastic and elastic deformations. There is an increase of noise due to the impact of
penetrating radiation. Growth of the intensity fluctuations is observed due to excessive exposure to strong
(destructive) electric fields. There is an increase of noise level caused by optical emission. Ultrasonic treat-
ment affects the intensity of fluctuations. Noise reduction occurs as the result of annealing that decreases
structural defects. Excess noise strongly depends on the samples manufacturing technology.

Theoretical models for different types of solids, whereby the origin of the excessive low-frequency
noise is conditioned by structural defects have been developed. These models allow explaining many
results of experimental studies of this type of noise. The experimental and theoretical studies of excess
low-frequency noise show its relation to structural defects and allow determining the dependence of
noise spectral characteristics on the number of defects. In addition, excess noise may be associated with
the speed at which the number of defects grows [54]. Thus, the spectrum of excess noise contains in-
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formation on the degree of solid material defectiveness and may contribute to the evaluation of the rate
of degradation of its structure. Consequently, the excess low-frequency noise can be effectively used to
assess the quality of solid materials.

Thus, electrical low-frequency fluctuations can be used for nondestructive testing of solid materials that
are the foundation of electronic products. Therefore, the fluctuation nondestructive testing can be used to
improve the dependability of electronic devices. This nondestructive control method has the following
advantages. In many cases, the electrical low-frequency fluctuations provide more complete information
regarding the defects of solid materials structure than it is possible with other methods. Usually, excess
noise dominates over other types of noise in the low-frequency range. This allows reliably evaluating the
noise characteristics. High sensitivity spectroscopy of fluctuations enables high-precision noise spectra
measurement. Noise measurement can usually be carried out sufficiently fast. The above facts highlight
the high efficiency of the fluctuation nondestructive testing of solid materials.
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CTpyKTypHas HageXXHoCTb. Teopus U NnpakTuka

Aywko O.B., MbiununHckas U. X.

NOBbLILLEHUE KAYECTBA USAEJIUA
N3 BbICOKOTBEPO,OM KEPAMUKU
ONSA TAXXEJIOHAIPY)XEHHbIX MAP TPEHUSA

B cTatbe rnoka3aHo, 470 0AuH 13 CcriocobOO0B roJ1ly4eHus1 6eCcroprCTbIX KePaMNYECKMX MaTepuaioB Ha OCHO-
Be kapbuaa KpemMHusi cCocTouT B AobaBke okcuzaa antomMmuHus. [peanoxeHa MeToamMka rnporHo3MpoBaHus
OLIeHKM Ka4eCcTBa BbICOKOTBEPAbIX N XPYINKMUX KEPaMUYECKUX MaTepUaioB o KPUTEPUIO nX NoBEepPXHOCTHOM
XPYrKOCTH.

Knro4yeBbie cnoBa: kapbua KpeMHus, OKCUZ aloMUHUS, MUKPOBAABIVBAHUE, ropsiyee rnpeccoBaHne
(criekaHue), NOBEPXHOCTHas XPYNKOCTb, asMa3Hass obpaboTka, BbICOKOTBEpAAas kepamuka, b6ecriopu-
CTble MaTtepuvalisl.

J4 K] MPAKTHUKU ITPOCKTUPOBAHUA U CO3JaHUA MallIMH U MEXaHHU3MOB CJICAYCT, YTO HaﬂbHeﬁIHee pa3BUTHUC
HAYYHO-TEXHUYECKOTO TPOTpPecca HEBO3MOXXHO 0€3 MPUMEHEHHUsT BBICOKOA(D(DEKTHUBHBIX TEXHOJIOTHIH,
BBICOKOITPOYHBIX 1 U3HOCOCTOUKHX MarcpuaioB U OPpUIrnHAJIbHBIX HHKCHCPHBIX peIHeHI/Iﬁ.

Oco0eHHO 0CTPO BOMIPOC MOBBIICHHSI HAJEKHOCTH U JOJITOBEYHOCTH OT/CIIBHBIX Y3JIOB, arperaTroB U
IICJIBIX KOMIIJICKCOB CTOUT B He(l)Tel"a30B0fI U XUMHYECKOU MPOMBIIIJICHHOCTH, a4 TAKKC B CTpOI/ITeJ'II)HOI\/JI
oTpaciu, rae o0opynoBaHue padoTaeT B KpalHe HEOIAronpHUsSTHBIX YCIOBUSIX: arpeCCUBHBIE CPEbl,
abpa3uB, BBICOKHE KOHTAKTHbIE TEMIIEpaTyphl U T.I. Hanbosee nepcrieKTUBHBIM MaTepHaioM, Mo HalleMy
MHCHUIO, IJId IPUMCHCHH B OTUX OTPACIAX HNPOMBIIIIICHHOCTH MOXHO CUUTATh KCPAMUKY.

[IpoBenéHHbIe HAMU HCCIIEIOBAHUS TTOKA3aJIM BBICOKYIO d(PPEKTUBHOCTh MCTOIB30BAHUS W3ICITUN
13 BBICOKOTBEPION KEpaMUKHU B TsDKEJIOHATPY>KEHHBIX y3Jax (mapax Tpenus). OmHako, HaI€KHOCTh U
JTOJITOBEYHOCTH M3JICTTUH U3 KEPaMUKH BO MHOTOM OIIPEICIISIFOTCS KauyeCTBOM pabodeil MOBEPXHOCTH,
c(hopMHUpOBaBIIIEHCS HA KOHEYHOM dTare MEXaHUYECKOH 00paOOTKH H3ACIIHS.

N3 mpakTHyecKoro onbITa M3BECTHO, YTO B IIPOIIECCE CHIATHUS CTPYKKHU MPH alIMa3HOM IITH(QOBAHUN
KepaMHUKH yUYaCTBYIOT OT/ICJIbHBIC aJIMa3HbIC 3€pHA B COBOKYITHOCTH CO CBSI3KOM kpyra. Ho B ocHOBHOM
ChEM MPHUITYCKA C TTOBEPXHOCTHU 3arOTOBKHU OMPENEIICTCs ACHCTBUEM CaMUX aJIMa3HBIX 3€PEH, KOTO-
phI€ UTPAIOT TTIABHYIO POJIb B MpoOIlecce AucneprupoBanus matepuana [1 — 2]. Hamu Obuti mpoBeieHsl
WCCIIEIOBAHMS TI0 U3YUYEHUIO pe3aHus-IlapanaHus eIMHUYHBIM aJIMa3HBIM 3€PHOM B BHUJIE alIMa3HOU
MUpPaMUIbI, 2 TaK)Ke HEOOpaOOTAaHHBIM aJIMa3HBIM 3€PHOM €CTECTBEHHOUN IN€OMETPUM C MCXOIHBIM
cyOMHKpopebedhoM.

62



MOBbILLEHUE KAYECTBA USAOEJINIA U3 BbICOKOTBEPAOW KEPAMUKU OJ19 TSXKEJIOHATPY)XEHHbIX NMAP TPEHUSI

Bb110 ycTaHOBJIEHO, UTO 3€PHO B Hayasle U B KOHIIE apallHbI OCTABIISACT YETKUH cies 6e3 IBHBIX CKO-
JIOB TIO €T0 KpasiM, a 30Ha CKOJIBKECHMSI, IPEALLIECTBYOIIAs BHEAPEHUIO aJIMa3HOTO 3€pHA, OTCYTCTBYET
(puc. 1.). OGnanas BbICOKOHM TBEpAOCThIO, AIMA3HOE 3€PHO, HAUYMHACT CPE3aTh CTPYKKY Cpasy ke MpHu
KOHTAKTE C MaTe€pUasoM, Cpe/IHss e YacTh LapalMHbl UMEET [0 KPasiM 3HAYUTEJIbHbIE BHIPHIBBI HA BCEM
CBOEM IPOTSKEHUHU TaK, YTO Kpasl LlapalHbl OYEPUYEHBI IOMAHOM JIMHUEHN B CPEIHEN YaCTH.

Puc. 1. Bug napanuisl Ha TOBEPXHOCTH KapOUKPEMHUEBON KEPaMHUKH
[IpYU pE3aHuuU VHp = 38 M/C eAMHUYHBIM aJIMa3HBIM 3epHOM, X 300

[Ipu nocTmwkeHnn OnpeAeNeHHON ITyOUHBI BHEIPEHUS 3epHA MOSBISIIOTCS CKOJIBL. DTO MOXKHO 00B-
SICHUTH TEM, YTO C YBEJIMYCHHUEM TITyOUHBI pe3aHusi, B pabOTy BCTYMAIOT BCE HOBbIE KPOMKH aJIMa3HOTO
3epHa, U MPU STOM CHJIBI MUKPOPE3aHHs BO3PACTAIOT B 30HE €ro KOHTAKTa ¢ MaTepraioM oOpasiia: Ha-
OFOIArOTCS KPYITHBIE YYaCTKH BBIPHIBOB M 00pa30BaHUE BHICOKOAMCIIEPCHOM CTPYKKH.

I'myOGuna BHeApEeHUS aJMa3HOTO 3€pHA, MPU KOTOPOW HAUYMHAIOT MOSBISATHCS CKOJBI O OOKam
[[aparuHbl, 3aBUCAT OT MHOTHX (akTopoB. OHa ompeesieTcsi MPOYHOCTHBIME CBOMcTBaMH 00paba-
THIBAEMOTO MaTepuaja U COCTOSHUEM ero paboueil MOBEPXHOCTH MPHU MPOYNX PABHBIX yCIOBUsAX. To
€CTh, MPU OJJMHAKOBOI CKOPOCTH pE3aHUsl XapaKTEPUCTUKH aIMAa3HOTO 3€pHA HE JOJDKHBI 3aBUCETh
OT TIIyOUHBI pe3aHUs, HE CYUTAsi HUYTOXXHOTO BIUSHUS HE3HAYUTEIHLHOTO U3MEHEHUS TEPEHETO yIiia
IIPH 3aX0J1€ ¥ U3MEHEHUH yTIIa pe3anus. s mpoBepKH ATOTO MOJIOKEHUS IPOBENIN U3MEPEHUS ITTHHBI
pUCOK napanuu [ (puc. 2) Ha IpeIBAPUTENBHO NPOILTH(OBAHHBIX 00pa3lax M [ Ha MpeBapUTEIbHO
OTHOIMPOBAHHBIX 00pa3lax, U JUIMHBI CPETHETO YIACTKA PUCOK CO CKOJIAMHM [, ~Ha NPEABAPUTEILHO
pouLTHOBaHHBIX U [, Ha IIPEJBAPUTETLHO OTIIONMPOBAHHBIX 0Opasuax. I1o 5TumM 1aHHbBIM ObLIH pac-
cuuTaHbl (paKTHYIECKas IyOUHa PUCKH £ (¢ ) ¥ TiIyOMHA BHEAPEHUS 3€PHA, IIPH KOTOPOH MOSBIIAIOTCS
CKOIIBI Z, (1) O hopmyIIam:

4R’ -1,
tm n = R _—’;
’ 2
\/4R2 - 122m,2n - \/4R2 - 11424,n
t2,3 = 5 .
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Pesynbrarsl pacyeToB npejacTaBieHsl B Ta0n.1 u tadm. 2.

B npouecce nmpoBeneHust AUCIEPCUOHHOTO aHalW3a AJI ONPEACIICHHUs] 3HAYMMOCTH IOJIyYEHHBIX
pe3yJIbTaToB OBbLIO BBISBICHO ACWCTBUE ABYX (DAKTOPOB: MEPBbI — IIyOMHA MUKPOpE3aHHsl — IITyOHHa
BHE/IPEHUS MH/ICHTOPA B LIapanaeMylo NOBEPXHOCTh ((akTop A), BTOPOi — COCTOSHUE 11aparnaeMoi mo-
BEPXHOCTH — TM(OBaHHAs WK nosMpoBaHHas (pakrop B). @akrop B uMeeT ABa YpOBHS, U1 GaKTopa
A Ob110 IpUHATO 16 YpoBHEH — 001U AMana30H ITyOUHBI pUCOK-LAPANH Ha NUTH(OBAHHOM U MOJINPO-
BAaHHOH [MOBEPXHOCTAX. 3HaUEHUsI INTyOUHBI 3aJIeTraHnsl O0€CCKOJIOBON YaCTH PUCOK-L[APAIIMH IIPU BXOJIE U
BBIXO/I€ 3€PHA U3 KOHTAKTA C I1aparnaeMoil MOBEPXHOCTHIO CUUTANIN NapaljIeIbHbIMU HAOIIOIEHUSIMH.

, Vi \

EER S CE

11
N «

s W I

,_lrw‘__ bw | bn ban___| | lin
,_HfJW_, ——f ,ﬂ
a 6

Puc. 2. Cxema pe3aHnsi-naparnatus eIMHIIHBIM aJIMa3HBIM 36pHOM, COOTBETCTBYIOIIAS TNIOCKOMY
nurgoBanuio nepudepueii amMa3zHoro Kpyra: g — Ha MPeABApUTEIHHO MPONUTN(OBAaHHBIX 00pa3Iax;
0 — Ha TIpe/IBApUTEIHHO OTIOIMPOBAHHEIX 00pa3nax

Tabauua 1. Pe3yabrarsl onpeneeHusi 0eCCKOJI0BON INIyOMHBI PHCOK
NPH MUKPOPE3aHUH HITH(OBAHHON NOBEPXHOCTH KepPaMHUKH

I'nyouna pucku- I'myOuHa 3aeranusi 6eCCKOJI0BOM YaCTH PUCKU-IIAPATIMHBI
HapanaHus, MKM HA BX0Jle, MKM Ha BbIX0Jl€, MKM
13,1 12,3 11,3
22,2 6,4 12,7
20,1 17,6 13,3
25,3 19,9 17,9
20,6 9,9 20,2
20,8 9,5 16,9
32,7 23,6 12,3
21,8 14,5 13,2
11,0 8,1 9,2
16,0 7,4 7,6
24,0 9.1 23,2
17,9 11,1 12,9
15,2 14,7 9,5
38,2 9,3 17,2
45,6 18,2 4,5
57,8 4,8 30,1
50,4 20,0 23,2
44,2 24,1 20,2

Takum 00pa3zom, TaHHAs 3a/1a4a MPEACTABISIET COOON KITACCHYECKHI 00pa3elr 71l MPUMEHEHUS JIBYX-
(akTOpHOrO JUCIEPCHOHHOIO aHaN3a, C OLEeHKo! ¢ dekra B3aumoaencTsus GpakropoB 4 u B.
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Tabauua 2. Pe3yabrarsl onpeaenaeHusi 0eCCKOJI0BON INIyOMHBI PHCOK
NPH MUKPOPE3aHUM NOJMPOBAHHONH NMOBEPXHOCTH KepaMHUKH

nyouna pucku- I'nyOuna 3ajieranus 0eccKo/10BOI YaCTH PUCKH-LAPATTHHBI
nmapamaHusi, MKM Ha BXO0/1e, MKM HAa BBIX0]1€, MKM
11,7 6,2 6,2
48,3 33 3.3
47,6 3,2 4,6
42,9 33 33
34,2 3,2 3,4
26,3 3,0 3,2
21,2 2,4 2,4
14,5 5,6 5,5
7,0 5,2 5,1
14,2 3,2 3,1
11,9 5,0 3,0
9,9 1,8 1,5
20,7 3,1 3,0
16,0 3,5 3.3
15,2 5,7 5,8
16,9 1,8 2,2
27,6 2,9 2,3
26,8 2,0 2,4

[lopsimok cpaBHEHUs AUCHEPCUN BBIOJIHWIN B COOTBETCTBUU C PEKOMEHJALMIMU MO KPUTEPHIO
Ouiepa:

T1e G .U G ,— TUCTepChH NEePBOM U BTOPOI BEIOOPKH COOTBETCTBEHHO.

CornacHo ycnoBHIO KpUTEpHUs BETUUMHA YUCIUTENS JOJKHA OBITH OOJIbIlIEe BETUYMHBI 3HAMEHATEI,
nosromy F_ Bcerna OyZIeT paBHO WUJIU OOJIBIIIE €TUHHUIIBI.

[TpoBeneHHBIN aHAIN3 TTOKA3aJl 3HAYUMOCTH (pakTopa B Ipu HE3HAYUTEIHHOM BIUSHUH (akTopa 4 u
HUX B3aUMOJIEUCTBUSI:

2
b _113<2,1, F(0,95:15:32)=2,1;

0 =
=0,55<1,6, F(0,9515;15)=1,6;
=85>-1,8,F(0,95;1;15)=1,8;

2

2
4

2

0

2
=B

2

0

2 o
e S, — COBMECTHAs UCTIEPCHs BOCTIPOM3BOAMMOCTH 1 B3aUMOJIEHCTBHS;
2
S? — nucTepcus BOCTPOM3BOIMMOCTH;
S2, S, — BLIGOPOUHBIE TUCTIEPCHH.
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Taxum oOpazom, HaMH OblIIa TTOJTyYEeHA CTaTUCTUYECKAsi 3HAUMMOCTD BIMSHUS (hakTopa crocoda moj-
TOTOBKU MOBEPXHOCTH (IUIM(GOBAHUE WM TIOJUPOBAHKE) HA O€CCKOJIOBYIO TIIYOMHY PUCKHU-IIapPAITHHBI.
[Tpu 3TOM, CTAaTUCTUYECKON 3HAYMMOCTH BIUSIHUA (PakTOpa — MTyOMHa [[apaliHbl HA TOT XK€ IapaMeTp He
MOJTYYMJIH, YTO, B CBOIO OUYepe/ib, MOATBEPIUIIO BBICKa3aHHOE BhIIIE MpeiokeHue. bbio ycTaHoBIIEeHO,
YTO MpeaeabHas yOruHa BHEIPEHUSI 3epHa, IIPU KOTOPOil 00pa3yrOTCs CKOJIBI IO KpasiM PUCKH B Cllydae
nponuTuOBaHHBIX 00PA3IOB COCTaBWIA B cpeHeM 14 MKM, a B ciiydae MOJIMPOBAaHHBIX — 4 MKM. bein
MIPOBEICHBI JIEKTPOHHOCKOIINYECKOE N3yUYE€HHE TOBEPXHOCTHOTO CJI0S U OIIPEJIeIICHHE €r0 MUKPOTBED-
JIOCTH Ha MUKpOTBepAoMeTpe. OnucaHHbIE BhIIIE UCCIIEIOBAHMS MTOKA3aJId HAJTHUME B TOBEPXHOCTHOM
cioe nponuii(oBaHHBIX 00pa3oB Ae(EKTHOTO cI1osl, (puc. 3), 00JaAaF0IIETO MOBBIIEHHOH BI3KOCTHIO U
MOHIKEHHOW XpYyIKOCTHI0. B citydyae 00pasiia, y KoToporo noiupoBaHUEM yJaleH BHEIIHUHN Jie(heKTHBIH
CIIOH, ITpe/ieNbHas IyOuHa CKOJI000pa3oBaHus £, , B CIIy4ae Xe ITH(POBaHHBIX 00Pa310B OHA CKJIA/IbIBa-
€TCsl U3 TIyOMHbI IE(EKTHOTO €10 £, MaTEpHAIl KOTOPOIO B OOJIbIIEH MEPE CKIOHEH K BA3KOMY ILIACTH-
YeCKOMY TEUCHHIO HEXKEHM K XPYNKOMY pa3pyLICHHIO U TIIyOUHBI BHEAPEHUS B UCXOJHBINA MaTepual f,,
COOTBETCTBYIOILEH #, Ul MOIMPOBaHHOro 00pasua. M3 sTux coobpaxenuii Obla onpezenena riryorna
Ae(QEKTHOTO ¢Iost £| = £y — t,, KOTOpas cocTaBuia B cpeaHeM 10 M.

Puc. 3. [ToBepXHOCTh KapOUAKPEMHHEBOH KEPAMUKHU TOCIIC PA3JIMIHBIX CIIOCOO0B 00PabOTKU MOBEPXHOCTH:
a — nocne untudosanust, X 7800; 6 — nocie moauposanus, x 7800; ¢ — mocie monupoBanust, X 7800

Takum 00pazom, Ha ocHOBaHUH KpuTepusi Duniepa TeopeTHUECKH OnpeesieHa U MPaKTHIECKH yCTa-
HOBJICHA 3aBUCHMOCTb BIUSHUS (haKTOpa Crioco0a MOATOTOBKH IIOBEPXHOCTH BEICOKOTBEPAOH KEPAMUKH
(mmudoBaHue, MOIUPOBAHUE) HA OECCKOJIOBYIO TIIYOMHY PUCKH-IIApaniaHus MPU ajaMa3HOM iU oBa-
HUH.

[IpenenpHas TiryOWHA BHEIPEHUS 3epHA, TIPU KOTOPOH 00pa3yrOTCsl CKOJIBI MO KpasiM ciieqa IJis pas-
JUYHBIX CIIOCOO0B MPEIBAPUTETHLHON 00pabOTKH MOBEPXHOCTH KEPAMHUKHU COCTABISIOT 4 — 14 MKM, 4TO
BITOJTHE JIOITyCTUMO TIPY U3TOTOBIICHHH BEICOKOTOYHBIX JIETaJICH.
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Structural reliability. The theory and practice

Dushko O.V., Mishlinskaya I.H.

QUALITY IMPROVEMENT OF PRODUCTS MADE OF HIGHLY
RIGID CERAMICS FOR HEAVY-LOADED FRICTION PAIRS

The paper shows that one of the ways of getting non-porous ceramic materials based on silicon carbide
can be using aluminum oxide as an additive. The paper also offers the quality assessment forecast method
for highly rigid and brittle ceramic materials using the criterion of their surface fragility.

Keywords: silicon carbide, aluminum oxide, micro-indentation, hot pressing (clinkering), surface fragility,
diamond polishing, highly rigid ceramics, non-porous materials.

The practice of designing and making machinery shows that further development of scientific and tech-
nological progress is impossible without the use of high-tech, high-strength and wear-resistant materials
and ingenious engineering solutions.

The issue of increasing the dependability and durability of individual components, assemblies and whole
complexes is particularly urgent in the petroleum and chemical industries, as well as in the construction
industry, where the equipment operates in extremely unfavorable conditions, corrosive environment,
abrasives, high contact temperature, etc. We believe that ceramics can be considered as the most promis-
ing material for use in these industries.

Our studies have shown high efficiency of products made of hard ceramics in heavily loaded subassem-
blies (friction pairs). However, the dependability and durability of ceramics articles is largely determined
by the quality of the working surface formed at the final stage of product machining.

From field experience it is known that in the chip-cutting operation during diamond grinding of ceramics
individual diamond grains together with an aggregate of wheel bond take place in the process. However,
basically the removal of outsize from stock surface is defined by the action of diamond grains themselves,
which play a major role in the dispersion of the material [ 1 —2]. We carried out a study of cutting-scratching
by a single-point diamond in the form of a diamond pyramid, as well as by a raw single-point diamond
of natural geometry with the original submicroscopic relief.

It was found that at the beginning and at the end of scratching the grain leaves a clear trace with no ap-
parent chipping at the edges, and a sliding zone preceding the penetration of the diamond grain is absent
(fig.1.). Possessing the high hardness, the diamond grain begins to cut the chip immediately upon contact
with the material, and the middle part of the scratch has a large tear-out on the edges of its entire length
so that the scratch edges are delineated by a broken line in the their middle part.
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Fig. 1. The view of scratch on the surface of silicon carbide ceramics
In case of cutting VrIp =38 m/s by a single diamond grain, x 300

Chips emerge when the grain reaches a certain depth of penetration. This can be explained by the fact
that with increasing depth of cutting, new edges of the diamond grain come into play and here micro-
cutting forces increase in the area of the grain contact with the sample material: large sections of tear-outs
and the formation of highly dispersed chips are observed.

The penetration depth of a diamond grain in which the chips are beginning to appear on the scratch
sides, depends on many factors. It is determined by the strength properties of the machined material
and the condition of its working surface, all other things being equal. That is, at the same cutting speed
characteristics of a diamond grain should not depend on the depth of cutting, except for an insignificant
effect of a slight change in a front angle at start and change of a cutting angle. To verify this statement,
we carried out measurements of the length of scratch marks /  (fig. 2) on the preliminary ground samples
and /_ on the preliminary polished samples and the length of the middle section of marks with chips /, on
the preliminary ground and /, on the preliminary polished samples. Using these data, the actual depth of
the mark 7 (¢) and the depth of grain penetration, in which chips 7,(¢,) appear, have been calculated by
the following formulas:

w.,n —2 N
o JAR =L, — AR =12,
23 2 ‘

The results of the calculation are presented in table 1 and table. 2.

In the process of variance analysis to determine the significance of the obtained results, the action of
two factors has been revealed: the first factor — micro-cutting depth — the depth of the indenter penetration
into the scratched surface (factor 4), the second factor — the surface condition of the scratched surface —
ground or polished ones (Factor B). Factor B has two levels, and 16 levels were adopted for factor 4 —a
total range of depth of mark-scratches on ground and polished surfaces. The values of the bedding depth
of the chipless part of mark-scratches for the grain going in and out of contact with scratched surface
were calculated by parallel observations.

68



QUALITY IMPROVEMENT OF PRODUCTS MADE OF HIGHLY RIGID CERAMICS FOR HEAVY-LOADED FRICTION PAIRS

) 7
/
L o
11
3
~ 1
T Ta l
lw __"L_L’L&_._
FH*J‘W_? ] ln
a b

Fig. 2. Scheme of cutting-scratching by a single diamond grain corresponding to surface grinding by diamond wheel
periphery: @ — on the preliminary ground samples, b — on the preliminary polished samples

Table 1. The results of determining the chipless depth of scratches in case
of micro-cutting of ground ceramic surface

Depth of scratching The depth of the bedding depth of the chipless part of mark-scratch
mark, micron in, micron out, micron
13.1 12.3 11.3
22.2 6.4 12.7
20.1 17.6 13.3
253 19.9 17.9
20.6 9.9 20.2
20.8 9.5 16.9
32.7 23.6 12.3
21.8 14.5 13.2
11.0 8.1 9.2
16.0 7.4 7.6
24.0 9.1 23.2
17.9 11.1 12.9
15.2 14.7 9.5
38.2 9.3 17.2
45.6 18.2 4.5
57.8 4.8 30.1
50.4 20.0 23.2
44.2 24.1 20.2

Thus, this problem is a classic example of the use of two-factor analysis of variance with the assess-
ment of the effect of the interaction of factors 4 and B.
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Table 2. The results of determining the chipless depth of scratches in case
of micro-cutting of polished ceramic surface

Depth of scratch- | The depth of the bedding depth of the chipless part of mark-scratch
ing mark, micron in, micron out, micron
11.7 6.2 6.2
48.3 3.3 3.3
47.6 3.2 4.6
42.9 3.3 3.3
34.2 3.2 34
26.3 3.0 3.2
21.2 24 24
14.5 5.6 5.5
7.0 5.2 5.1
14.2 3.2 3.1
11.9 5.0 3.0
9.9 1.8 1.5
20.7 3.1 3.0
16.0 3.5 3.3
15.2 5.7 5.8
16.9 1.8 2.2
27.6 29 23
26.8 2.0 24

The order of variance comparison has been performed in accordance with the recommendations by
Fisher’s criterion:

where 6 , and G .are variances of the first and the second sample respectively.

According to the criterion, the quantity of the numerator should be greater than the quantity of the
denominator, therefore F_ _F will always be equal to or greater than 1.

The performed analysis showed the significance of factor B with a minor impact of factor 4 and their
interaction:

2
nS,

2 =1,13<2,1, F(0,9515;32)=2,1;
2

SZ

—4-0,55<1,6, F(0,95;15;15)=1,6;
SO

S2

—£ =85>-1,8,F(0,95;1;15)=1,8;

SO

where S, 1s combined variance of reproducibility and interaction; S is variance of reproducibility;
S2, S, are sample variances.
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Thus, we obtained a statistically significant influence of the factor of surface preparation method (grind-
ing or polishing) on the chipless depth of a mark-scratch. At the same time, we did not detect any statisti-
cal significance of the influence of the factor — the scratch depth — on the same parameter, that, in turn,
confirmed the proposal made above. It was found that the maximum grain depth of penetration at which
the chips are formed on the mark edges of ground samples makes up at the average 14 microns, and in
case of polished samples — 4 microns. The electroscope study of the surface layer and the determination
of its micro-hardness were carried out on micro-hardness testing machine.

The studies described above have revealed the presence of the defective layer in the surface layer of
grounded samples (fig. 3), which has a higher viscosity and reduced fragility. In case of the sample, the
outer defect layer of which was removed by polishing, the maximum depth of chip formation makes up
tz, but in case of the ground sample the maximum depth is formed by the sum of the defect layer depth

t,, the material of which is more inclined to the viscous plastic flow rather than to brittle fracture and
the depth of penetration in source material #, corresponding to 7, for the polished sample. From these
considerations, the depth defective layer was determlned ast, t 1~ which made up at the average
10 microns.

Fig. 3. The surface of silicon carbide ceramics after various surface treatment:
a — after grinding, x 7800; b — after polishing, x 7800 ¢ — after polishing, x 7800

Thus, based on the Fisher criterion, the relation of influence of the method of highly rigid ceramics
surface preparation (grinding, polishing) on chipless depth of grinding mark at diamond polishing has
been theoretically determined and practically established.

The maximum depth of grain penetration, which leads to chips’ formation on the trace edges for
various methods of ceramic surface pretreatment makes up 4 — 14 mm, which is quite acceptable in the
manufacture of high-precision articles and components.

References

1. Dusko O.V. Durable (wear-resistant) ceramic face compactions for the petrochemical industry /
O.V. Dusko, D. A. Pushkarev // Abrasive machining processes, abrasive tools and materials. Grinding
abrasive — 2004: The collection of papers of international scientific and technical conference. — Volga:
VISTeh (branch) VolgGASU, 2004. — pp. 61 — 63.

2. Dusko O.V. Optimization of parameters of diamond machining silicon carbide ceramics / O.V. Dusko,
V.M. Shumyacher, D. A. Pushkarev // Science and Technologies: Proceedings of the XXIV Russian
school. -: Saratov State Technical University, 2004. — pp. 112 — 114.

71



dyHKUMOHaNbHaA HaAEeXHOCTb. Teopusa U NpakTUKa

CemenHoB C.C., lNontascknin A.B., Maknakos B.B., KpsiHeB A.B.

OB30P METOA40B NPUHATUA PELLEHUN
NMPU PASPABOTKE CJ1I0OXKHbIX
TEXHUYECKUX CUCTEM

C nepexoaom Halluew CTpaHbl HA PbIHOYHbIE OTHOLLUEHUS CYLEeCTBEHHO BO3pOoc/a poJb 3Tana npu-
HSATUS PELUeHn rnpu co3a4aHun BbICOKOTEXHOJAOMMYHOM rnpoAaykumn. B gaHHOW cTtaTtbe paccMoTpeHa
maremarmyeckasi MoOAes b NMPUHSTUS PELUEHWI NPy CO3A4aHUN C0XHOV TexHu4yeckor cuctemsl (CTC),
rnos3posisioLas Bblbpatb npeanoqYTuTesIbHble BapuaHTbl peanndaumn CTC n3 yucna aibTepHaTUBHBIX.
JaHbl onpeneneHuss noHATUS «3¢dekTuBHOCTb» CTC 1 OCHOBHbIE KpUTEPUUN 3POEKTUBHOCTHU, NpUBE-
JAEHbl pasJjindHble TUrlbl Knaccupukaumm MeTon0B NPUHATUS PeLUeHUi, OCHOBHbIE CBOKCTBAa U MpoBe-
J€H CPaBHUTE/bHbIN aHain3 Hanbosee M3BEeCTHbIX METOAOB MPUHSATUS PELUEHWI, a Takxke pe3y/bTa-
Thl CPABHUTE/IbHOIO aHasinida pas3/iMyHbiX METOAO0B MPUHSTUS PeLUeHUN NPy OLEeHKe MHHOBAaLMOHHbIX
rPOEeKTOB.

Knro4eBble cnioBa: CUCTEMHBbIVI aHaIn3, C/I0XKHas TEXHUYecKas cucTema, rnpoueaypa rpuHITUS PEeLLIeHN,
MEeTOAb! MPUHSITUS PELLUEHUM, JTNLIO MPUHUMAKLLIEE PEeLLIeHNEe, aslbTePHATUBHbIVI BaPUAaHT (asbTepHaTnsa),
9PPEKTUBHOCTb, KpUTEPUN 3PPHEKTUBHOCTU, CPABHUTEJIbHbIVI aHasIn3.

1. BBegeHue v NnoCTaHOBKA 3aaa4um

3aTparsl Ha ocyniecTBICHUE petennit, cBsiz3anubix ¢ CTC u mpoiieccamu, HENPEPHIBHO BO3PACTAIOT,
a MOCJIEICTBUS HEYAAuHbIX PELICHHUN CTAHOBATCS BCE Cepbe3Hee. B COBPEMEHHBIX YCIOBUAX OINBIT U
MHTYUIUSI HE BCET/Ia OKA3bIBAIOTCS B COCTOSIHUU OOECIEUUTh BHIOOp HAWIYUIIEro pemeHus. B cBs-
3M C 3TUM CTaJld NUHTECHCUBHO Pa3BUBAThCs HAYYHBIC METO/bI MPUHATUS PELICHHI, BOZHUKIO HOBOE
HAay4yHOE HAIpaBJI€HUE — TEOPUsI MPUHATHS perieHril. OCHOBHOE Ha3HAYEHUE TEOPUU IPUHATUS pe-
[ICHUH — TIOMOYb JIMILY, IPUHUMAIOLIEMY pelleHne, pa3o0parbcs B CBOEM OTHOIICHUH K BO3MOXKHBIM
MOCJIEICTBUSIM BBIOOpA.

[TocnencTBus BHIOOpa pa3nUYHBIX BAPUAHTOB AIBTEPHATUBHBIX PEIICHUI XapaKTepU3yIOTCs onpeie-
JICHHOM CTETIEHBIO TOCTHYKEHUS 1IETTH BBIOOPA 1 OLIEHUBAIOTCSA JIMIIOM, TpuHUMaromemy pemenune (JIITP).
B cnoxHBIX peanbHbIX cuTyarusax npeacrapieHus JIIP o 3amaue 0o0bIYHO OKa3bIBAIOTCS HEMTOIHBIMU U
HEYETKUMH. ITH 00CTOATEIBCTBA HE TTO3BOJISIIOT €MY allpHOPH MOJTHOCTHIO MTPOAHATU3UPOBATh PA3IUy-
HBIE ACTIEKTHI ITOCIEACTBUN CPABHUBAEMBIX BAPUAHTOB PEIICHUM, YCTAHOBUTD UX CYIIECTBEHHOCTD IIPU
BbIOOpE, C(HOPMHUPOBATH LIETOCTHOE OTHOIICHUE K aJbTEpPHATUBHBIM BapuUaHTaM, a 3HAYHT, U cHopmy-
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JIMpOBaTh KPUTEPHUH BbIGOpa WK LeseByto GyHkuuo!. Takum 00pa3oMm, cucTeMa NPEANoYTEHHUI A,
IPUHUMAIOILETO pellIeHHe, IBISETCS cl1abo CTPYKTYpHUpOBaHHOM [1].

Jlns perieHust 3a7a4 BbIOOpa pazpabaThIBalOTCS MaTeMaTHueckue Mojenu. Vcronb3oBaHue MOenu
MO3BOJISIET IPOBECTH OOBEKTUBHBIM aHAIM3 M CPABHEHUE AJIbTEPHATUBHBIX BAPHMAHTOB C YUETOM pa3-
JIMYHBIX aCIEKTOB UX MOCJIEICTBUH, a Takke oTHoweHUs JIIIP, k 3TuM nocnencTBusaM, CTpyKTypU3aLuio
MCXO/IHOM conieprKaTeabHOM 3a1auu U c(hopMupoBaTh KPUTEPHUIl HITH, Yallle BCEr0, CUCTEMY KpUTEpUEB
BbIOOpa. B TakoMm BHie 331a4a NPUHATHS PEILICHUH CTAHOBUTCSI MHOTOKPUTEPHAIIbHOM.

BypHoe pa3BuTHE KOMIBIOTEPHBIX U HH()OPMALIMOHHBIX TEXHOJIOT U IPUBEIIO K TOMY, YTO HAaUUHAS
¢ 90-x ronoB XX B. Ha OCHOBE COBPEMEHHOI0 MaTeMaTHYeCKOro annapara B 00J1acTH TEOPUHU MPHU-
HATUS pELICHUI B pa3iIMYHbIX 00JaCTAX 3HAHUM U TEXHUKU OBLIM CO3JaHbl aBTOMATU3UPOBAHHBIE
cuctemsl noaaep:kku npuHatus pemennit (CIIIIP). [Ipu 3ToM coxpaHseTcs akTyaabHOCTb IPOOIEMbI
MCII0JI30BaHUs TOTO MJIM MHOTO METOAa TEOPUM NPHUHATHUS pelIeHul, Ha 0a3e KOTOPOro co3aaeTcs
CIIIIP [2-10].

Lenbto naHHOM 0030pHON CTaThbU SABISIETCS PACCMOTPEHHE METOAOB TEOPUHU MPUHATHUS PEILCHUi,
KOTOpBIE MOT'YT OBITh MCIIOJIb30BaHbl IpH co3nanuu CTC, B TOM Yuciie U MpH OLIEHKE UX TEXHUYECKOrO
ypoBHs. Tpebyercs moka3zarb 3Ha4MMOCTh METO/IOB U MOJIEJIEH IPUHATHUS pellieHUH npu GopMUpoBaHUN
HOBBIX HallpaBJICHUH pa3BUTHs TEXHUKHU U TexHuueckoro oonuka CTC; paccMoTpeTs mpoueypsl U Ma-
TEMaTU4eCKyI0 MO/Ieb puATus pemenuit npu cozganuu CTC; natb nousatus 06 sgpdexrusoct CTC
Y OCHOBHBIX KpUTEPHsIX 3(P(PEeKTUBHOCTH.

2. MatemaTuyeckoe MoaesiMpoBaHue B npouecce NPpUHAaTus
pelueHuii Npn co34aHuN U MO4EePHN3aLUN 00bLEKTOB
CJIOXHbIX TEXHUYECKUX CUCTEM

2.1. OcobeHHOCTU MogenimpoeaHUMsa MHOroKkputTepuasibHbiX 3agay

XapakrepHoit ocooeHHOCTBI0 CTC sIBIIsSIETCSI MHOTOKPUTEPHUAIBHOCTD, KOTOPasi 03HAYAET, YTO CTETICHb
COBEPIIICHCTBA CUCTEMbI, KAY€CTB BHITIOJHEHUS €10 CBOMX (DYHKIIMI 3aBUCHUT OT HECKOJIBKHUX BBIXOTHBIX
xapakTepucTuk. [IoaToMy 1 TPy MPOSKTUPOBAHUK CUCTEMBI, U TIPU CPABHEHUH AJIBTEPHATUBHBIX TEXHU-
YECKHUX PEIICHUI HA/I0 YUYUTHIBAThH BKJIA] KAXKIOW U3 ITHX XapaKTEPUCTHUK.

OCHOBHBIE MOJIOXKEHUS, KOTOPBIE TOJDKHBI YIYUTBIBATHCS ITPU TIOCTPOSHUH MHOTOKPUTEPHATBHBIX MO-
Jesiel 3a1a4 MPUHATHUS PEIICHUN CIIETYIOIINE:

1. Mopens co3maercst ucciaeaoBaTeseM i CTPYKTYPHU3alluy M YTOUHECHUSI IPEATIOYTSHUH TN, TIPH-
HHUMAIOIIETO pelIeHue, KOTOPOe HEMOCPEICTBEHHO YYaCTBYET B €€ pa3paboTke.

2. Monenb nomxHa ObITh JOTHYECKH HETPOTHBOPEUUBOIA.

3. Mogenb JomKHA colepKaTh ONMUCAHNE BCEX BAKHEUIITUX JIEMEHTOB 3aJ1a4d MIPUHATHUS PEIICHUS,
HUX CBOMCTB.

4. Mopenb T0JDKHA 1aBaTh BOBMOXKHOCTh MCITOJIB30BaHUS peaIbHON MHGOPMAIIUH O 3a/1a4€e, ToJTyJae-
MOH OT JKCIIEPTOB M JIUIIA, TPUHUMAIOIIETO PEIICHHE.

5. Mogenb nomxHa ObITh MPOCTOM U yAOOHOH JIJIs aHAIM3a U UCTIONIH30BAHUS JIMIIOM, IPUHUMAIOIITUM
perieHue.

! KoncTpykTop Beera paboTaeT B yCIOBHAX aIbTEPHATHB: M MPUHAMAS PENIEHHS HA YYacTHE B KOHKYPCE, U B XOJIE TIPO-
EKTHPOBAHUS U pa3pabOTKH opykust. KoHEUHO, CIIy9atoTcst M 03apeHHs, KOT/Ia IEPBhI BapUaHT OKa3bIBACTCS M €AHHCTBEHHO
BepHBIM. Ho 3TO HMcKITtoueHwe u3 mpaBuil. BEIXom Ha Ka9ecTBEHHO HOBBIN YPOBEHH B pa3padOTKe KOHCTPYKIMKA obecrieun-
BAIOT BCE-TaKH albTepHATHBHBIEC penieHust. OHn TpeOyIoT OT KOHCTPYKTOPA PEIINTEIbHOCTH, TOYHOCTH B BBIOOpE Hanboiee
ONTHUMAIIEHOTO | TienecoobpasHoro BapuanTa (KamamankoB M.T. 3amucku KOHCTpYKTOpa-opykeitHuka. — M.: BoeHnusaar,
1992.-300 c. — C. 271).
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MHorokpuTepuaabHas MOJICIb 3a/1a41 IPUHSATHUS PEIICHUI MOKET OBITh MPE/ICTABJICHA B CIICTYFOIIEM
0006mmenHoM Buje [11]:

<4,K X5 Pr> (1)

rjae ¢ — NoCTaHOBKa (TI/IH) 3aJa4u; K — MHOXECTBO KPpUTCPUCB; X — MHOXECTBO IIKaja KpUTCPUCB;
S — MHOXECTBO peH.IeHPIfI; P — cucrema Hpe)ll'IOLITeHI/Iﬁ Jina, NpuHUMaromero peieHue; r —BLIGOp
OKOHYATCJIbHOT'O PCILICHUA.

[IpakTHyeckoe MpOeKTUPOBAHNE HEN30EKHO MPUBOIUT K MOSBJICHUIO aJIbTEPHATUBHBIX TEXHUUECKUX
pemeHnii. OHU BO3HUKAIOT, KOIZlAa IIPOEKTUPOBAHUE BEJETCS HAa KOHKYPCHBIX Hadallax pa3sHbIMHU KOJI-
JIEKTUBaMHU, a TaK)Ke OJJHUM KOJUIEKTUBOM. [loaTOMy mepexon oT mpoekra K pa3paboTke U K OCBOCHUIO
CHCTEMBI B IPOU3BOJICTBE HACTOSITEIBHO TPEOYyeT BBIOPATh U3 UMEIOIIUXCS aTbTePHATUB MPEANIOYTHTEb-
HY10. MHOTOKpPUTEPUATIbHOCTh CUCTEMBI BBI3bIBAET TPYIHOCTDb PELICHHS 3a/1a4ud BbIOOpa, €CIM O/lHA U3
aJIbTEPHATUB IIPEBOCXOAUT APYTYIO 0 OJHOU I'PyMIle KPUTEPUEB, HO YCTYIIAET €M 10 IPyroi.

BaxxHoit 0c00eHHOCThI0 Pa3paboTKH MHOTOKPUTEPHATIBLHON MOJIEITH 33/1a41 IPUHATHS PEIICHUH sIBIs-
eTcst He0OX0IMMOCTh MoJTyueHus TpeOyeMoii nH(opMalMH y JItoel — JInla, IPUHUMAIOLIETO PELIeHHUE,
WIN SKCIEPTOB, SBIAIOLIUXCS CIELUATUCTAMH B OINpeeIeHHONW 001acTH 3HaHUH. JTa 0COOEHHOCTb,
3ajay NPUHATHA pelIeHud TpeOyeT CrelualbHOIl OpraHu3aluy BCeH NeATeNbHOCTU MO pa3paboTKe
MHOTOKPHUTEPHUATILHON MOJIENH, €€ UCCIIEJ0BAHUIO, UCIIOIb30BaHUIO (POPMATM30BAHHBIX METOJOB CPaB-
HEHMs BapuaHTOB peuieHuid. OpraHusanus mpouecca NpUHATHS PEelIeHUi sABiseTcs crnenuduyeckoi
JeSITeIbHOCTHIO0, TpeOyrolel cnenuanbHbIX 3HaHui. [ToaToMy B mporecce pa3pabOTKU U UCCIe10Ba-
HUSI MHOTOKpUTepuanbHoit Mmonenu Hapsaay ¢ JIIIP, u sxcniepramu B Tex o6iacTsx 3HaHUN, C KOTOPBIMU
CBsI3aHa HcClleAyeMas 3aja4ya, KaK MpaBuiIo, y4acTBYeT U KOHCYJIBTAHT — CIICLUAIUCT B 00JIACTH TEOPUU
HPUHATHS PEILICHUH.

HpI/I NOCTAaHOBKE U PCHICHUHW MHOTOKPUTCPUAJIbHBIX 3a/1a4 I'Ipe3BI>I‘la.I\/’IHO BAXXHYIO pPOJIb UTPACT YUCT
0O0JIBIIOrO KOJIMYECTBA COLCPIKATCIIbHBIX 00CTOSITCIIBCTB U HpeHCTaBHeHHﬁ, KOTOPBIM TPYAHO AaTb CTPOIroc
MareMaTHuecKkoe 000CHOBAHUE. HOBTOMy B MaTeMaTU4€CKOM MOJESIIN IIpU pCHICHU N KOHKPCTHBIX MHOI'O-
KPpUTCPpHUAJIbHBIX 3a/1a4 JOJIZKHbBI OBITh OTPAXKCHBI KaK COACPIKATCIIbHBIC COO6p3.)KeHI/IH, HC IMoaAJar0omueCs
CTpor o (I)OpMaJ'H/BaI_[I/II/I, TaK 1 (l)OpMaJ'II/BOBaHHLIe OInMcaHus 3aga4u. ToJIbKO TaKOH COBMECTHBIN OAXO0
MOKCT [IPUBCCTHU K IIPAKTHUYCCKU IMOJIC3HBIM PC3YJIbTaTaM.

2.2. CTpyKTypHasa cxema npouecca nocCTpoeHUs 1 NCrnosjib30BaHUs Mogenun

[TocTpoenue mozeneld MHOTOKPUTEPHANBHBIX 3a/au MPUHATHS PELICHUI SBISETCS CIOXKHOM Mpo-
ey poH, cocTosiel u3 popMaTn30BaHHBIX U HehOpMaTU30BaHHBIX 3TAINOB. B mpoliecce moctpoeHus
U WCCJeI0BaHUS MHOTOKPUTEPUATIHLHOM MOJAENN YYacTBYIOT TPHU TPYMIbI JHI[: JHUIO0, MPUHUMAIOIIEe
pelleHre, KOHCYJIBTAaHT U SKCIIEPTHI.

Ha puc. 1 B kauecTBe nmpumepa npeacTapieHa OHa U3 MHOXKECTBA MPOIEeyp MPUHITHS PEIICHUs U3
13 3TanoB npu peneHuu AUCKPETHOM MHOTOKPUTEpUATbHOM 3a/1aun. Pe3ynbrarel vccaenoBaHus MOJENIN
MO3BOJISIOT MOJYYHUTD YIIOPSIOYEHUE MHOXKECTBA JOMYCTUMBIX PEIIEHUH, COTTIACOBAHHOE C MPUHSATHIMU
JOTYIICHUSIMH M HCTIONb3yeMoi nH(popmaruein. Bo3MOXHO MOCTpoeHUE pa3InyHbIX BAPHAHTOB MO/Ie-
e, JOCTOMHCTBA U HEJIOCTATKU KOTOPBIX MOTYT OBITh BBISIBIIEHBI TOJIBKO HA OCHOBE X CPAaBHUTEIILHOTO
aHaIM3a v MPaKTUYEeCKOTO MCIIOJIb30BaHUS.

PaccmoTpum Tenepb CTPYKTYPHYIO CXEMY UTEPATUBHOMN AUATIOTOBOU MPOUEAYpPHl MPUHITUS pe-
HICHUH.
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Ha nepBom sTane ocyiiecTBisieTcsi MOCTaHOBKA 3aJa4H, T.€. yCTaHABIUBAECTCS BUI TpeOyeMoro ymo-
PSAIOYECHUS BApUAHTOB pellleHul, GopMHUpYyeTCs Leb MPEACTOSIIEr0 UCCIEI0BAHUS U COAEPKATEIbHOE
3HAYEHUE MOHSITUS «BAPUAHT PELICHUS.

Ha Bropom stamne ¢opMupyercss MHOKECTBO BapHAaHTOB PELICHUM, MPOBEPSIETCS BO3MOXKHOCTh HC-
MOJIb30BAHUS UX ISl JOCTHXKEHUS IMOCTABICHHOM 1I€M, YCTAHABIUBACTCS CMBICI TIOHATHUS «JOMYCTH-
MOCTB», pa3padarbIiBaeTCsi Crioco0 MPOBEPKHU JOMYCTUMOCTH BapUAHTOB PEIICHUN U BBIIEISIETCS UX
MHOECTBO.

A " [locmarobka  sadayu ‘*"""*'}
—_— Y :
2. Popmupobarue MHomecmba " :
donycmurerx bapuanmob pewerud . i
3 Popmupobanue Habopa  Kpumepueb ‘ i__l i
: i
\ = !
4 Da3pabomKa OUEHOYHbIX  LUKGA ——
' Kpumepueb
- - " !
5 Oueuxa donycmumeirx Bapuarmob ‘ '
N0 WKAAGM  Kpumepuels =
. y .
6.  lloryqenue u ymayHenuve unpopMayuu =+ !
0 npednoyYmeHusx - ‘ - }
7 [locmpoenue pewaraween  npabuna
i
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—p! 73 Kowney peurerua 3adayu

Puc. 1. CtpykTypHas cxema UTEpaTUBHON AUATIOTOBOM MPOLEAYPhl MPUHATHS PeLICHUN
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3arem (TpeTHii 3Tamn) MPOBOIUTCS aHAJIN3 BOBMOXKHBIX MOCIEACTBUIA peai3allii BbIIETICHHBIX Bapu-
aHTOB pPENICHUI, ONPEeIeIAeTCs MepeueHb MOKa3aTeNe, XapaKTepu3yoIIUX BO3MOKHBIE TOCIEICTBUSA,
u hopmupyeTcst Habop KPUTEPUEB, JOCTATOUHO MOTHO XapaKTEPU3YIOUINX ITH MOCIEICTBUSI.

Ha ueTBeprom sTamne pa3pabarbIBatoTCs OLEHOYHbIE LITKAJIbl BBIIEICHHOTO Habopa KpuTepues. Peanu-
3alus OTnepalyil TPEeThbero U YEeTBEPTOro ITAIOB, MPEACTABISAET COO0M CIOKHYIO MPOLEAYPY. DTU ABA
JTara OueHb TECHO CBA3AaHbI APYT C IPYTOM.

J11g ISITOTO ATana XapakTEePHBIM SBIISETCS OLEHKA IOMYCTUMBIX BAPUAHTOB PELICHHI MO IIKalaM BbI-
JICTICHHBIX KPUTEPUEB.

[TocTpoenue 06111ero perralero npaBuia, IPUBOASIIIETO K TpeOyeMOMY YIOPSA0UYEHHIO0 BAPHAHTOB
pElIeHn, MOXET MPOBOAUTHCS B HECKOJIBKO ATamoB. Ha mecTom aTame ocyuiecTBiIseTcs] MOdyUYeHHe
HEKOTOpOU MH(OPMALIUU O MPEANOUYTESHUSAX JIULA, TPUHUMAIOIIETO pelieHne. DTa uHpopMalus xapak-
TEpHU3YyeT OLICHKY BIUSHUS PA3TMYHBIX U3MEHEHUH OIICHOK I10 IIKaJaM KpUTEepHeB Ha o0lee KauyeCTBO
(mone3HoCTh, IEHHOCTH) pemieHus. [locne 3Toro Ha cenbMoM 3Tane UH(POPMALIUA UCTIONb3YEeTCs AJs
MOCTPOEHUS COOTBETCTBYIOIIETO PEIIAOIIero npasuia. Ha ocHOBe MOCTPOSHHOTO pelIaroIiero mpaBy-
J1a IPOBOJUTCS CPaBHEHUE U YIOPSAOUYCHNUE BApHAHTOB pelieHui (3tam 8). Pe3ynprarsl yrnopsaoueHus
aHAIM3UPYIOTCS Ha ATarne 9.

[Ipu HEBO3MOKHOCTH MONYYEHHOTO yrnopsiaoueHus (3tan 10) uccnenyrorcs NpuauHbl HEYAO0BIETBO-
putensHocTH (3Tan 11). TakuMu npUYUHAMHU MOTYT SIBJISITHCSL:

— Hea/IeKBaTHOCTh MCIIOIb30BAHHON HHPOPMALIMY WK JOMYIICHUI HHTYUTUBHBIM MPEATIOUYTEHUSIM;

— UCKJIIOYEHHUE U3 aHaJIM3a KaKOTo-T1M00 J0MyCTUMOTO BapuaHTa PEIICHHUS,

— HeTOoJIHOTa Habopa KPUTEPUEB, UCTIOIB3YEMbIX B MOJIEIIH;

— HECOOTBETCTBHE IIIKAJI KPUTEPUEB BO3MOKHOCTSAM OIICHKH;

— HETOYHOCTH MJTU OLIMOKH MPHU OLIEHKE HEKOTOPBIX TOMYCTUMBIX BAPUAHTOB;

— HETOYHOE OMpE/EICHNE TOHATUS «I0IMYCTUMBIN BapuaHT».

B 3aBucumocTH OT npu4KH, KOTOPBIE MIPUBEIH K HEYAOBICTBOPUTEILHOCTH MPOBEICHHOTO YIOPSI0-
YEeHHs BAPUAHTOB PEIICHHI, B pACCMaTPUBAEMYIO MOJIENIb BHOCATCS HEOOXOIUMbIE YTOUHEHHUSI, TOTION-
HEHUS WK UCTIPaBICHUS (BOZMOKHBIE KOPPEKTUBBI YKa3aHbl) U TOBTOPSIFOTCSI COOTBETCTBYIOIIHE 3TAITbI.
Ecnu ynopsiiouenne BapuaHTOB OKa3bIBAETCS YIOBIETBOPUTENbHBIM (3Tam 10), TO Mpu UCTIOIB30BAHUU
pEIIAOMIKX TPAaBWII, MPUBOIAIINX K YACTUYHOMY YHOPSAOYCHHUIO BEKTOPHBIX OILEHOK, IPOBEPSETCH,
COOTBETCTBYET JIM €0 BUJI IOCTAaBIEHHOM 3a1aue (3Tam 12).

B cnyuae, xorga ynopsaoueHue BapuaHTOB PELICHUI, TOTyUYeHHOE Ha HEKOTOPOM IlIare, MPU3HAETCs
JUIIOM, IPUHUMAIOIINM PEIIEHUE, YIOBIECTBOPUTEIBHBIM U OTBEUYAET MOCTABIEHHON 3aJa4ye, 3TO YIo-
pszoveHre BpIOUpaeTcsa B KauecTBe OKoHYarenbHoro (3tan 13). Ecnu nuno, npuHumaroniee peiieHue,
NENCTBYET pallMOHAIbHO, OHO JOJKHO BBIOpATh BApUAHT PEIICHUS B COOTBETCTBUHU C MOTYyUYEHHBIM YTIO-

panouenuem’.

! Ilnst BBIGOpa TPENIOYTHTENBHON ANbTEPHATHBBI MekLy AByMst Bapuantamu CTC J0CTaTOYHO yCTAHOBUTH TEPEYEHb
YaCTHBIX KPUTEPUEB aHATU3UPYEMOM CHCTEMBI (X, X, ... , X,) W BHIOpaTh 0000MIEHHBIH KpuTepnii X (IIENeByto (QyHKIHIO)
1 YCTaHOBHTh AHAJUTHYECKYIO 3aBUCHMOCTD X OT 4acTHBIX KpuTepueB X = @ (x, x,, ..., X, ). 3aTeM ONpPENENIETCs IUCIIEH-
HOE 3HaYeHHE 000OIIEHHOTO KPUTEPHs X 1 st cucremsr BapuanTa 1 u X2 is cucteMsl BapraHTa 2. Jlanee moacTaBisIoTCA
B BBIPAXKEHHUE 11 000OIIEHHOTO KPUTEPHSI YMCICHHbBIE 3HAUYCHUS! YaCTHBIX KPUTEPHEB, COIEPIKAIINXCS B MPOCKTAX IBYX
cpaBHuBaeMbIxX BapuaHTOB CTC. IIpeamouTuTenbHbIM SBISETCS TOT BapUAHT, sl KOTOPOTO 000OIIEHHBII KpUTEpUil HMeeT
6ospryro BenmunHy. @opMupoBaHue 0000IIEHHBIX KPUTEPHEB HA OCHOBE OOBEKTUBHO CYIIECTBYIOIINX CBA3EH C YaCTHBIMU
KPUTEPISIMH JIOJKHO CIIOCOOCTBOBATH MPAaBIIIBHOMY BEIOOPY TpEANIOYTHTENbHOM anbTepHaTuBHL. (bpaxman T.P. MuoToKpH-
TEepPHUAJIHHOCTH U BBIOOP albTepPHATHBEI B TeXHUKe. — M.: Pangmo u cBs3p, 1984. — 288 c. — C. 56).
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3. Kputepum adppektnsHoctu CTC

B koneunom wurore JIIIP, ananu3upys BO3MOXKHbBIE allbT€pHATUBHBIC MMyTH peaIU3alUd TOCTHKEHUS
MTOCTABJICHHOM 1IEJIM U 3a/1a4H, BRIOUpaeT HauOosee 3G heKTHBHBIC.

D} deKTUBHOCTH €CTh 0000IICHHOE OTpeIeIIstoIIee PYHKIIMOHAIBHOE CBOMCTBO CUCTEMBI, PeaIi3yIo-
1iee orneparui, KOTOpoe PACKPhIBACTCS Yepe3 KaTeropHIo LeaH (3kelaeMblil pe3yinbraT) U 00beKTHBHO
BBIPA)KaeTCsI CTENEHBIO JJOCTHKEHHS LIEJIU C YYETOM 3aTpaT PECypCcoB U BPEMEHU Ha peaiu3alliio onepaiuu
[12]. DopmupoBaHuE KpUTEPHUSI OLICHKHU Kau€CTBA IPUHUMAEMBIX PEIICHUMN SIBISICTCA OAHOM U3 OCHOBHBIX
3aJlad B MpOILIecce YNpaBiIeHUs JTIOObIM 00bEKTOM. J{J1s1 HaXOXKIEHUSI ONTHUMAJILHOTO (pallOHAIBHOTO)
yIpaBieHus (PEIIeHHs ) HEOOXOIMMO YCTAaHOBHUTH 3aBUCUMOCTb MEX/Ty BRIOpaHHBIM KpuTepueM 3 dek-
TUBHOCTH U (PaKTOpaMH, BIUSIOINIMMH HA €T0 BEJIUYHHY.

Kpurepuii adpdextuBHoCcTH W B 00111EM BHIE MOXKET OBITH 3alMCaH CICAYIONIMM oOpa3oMm [7]:

w=oU,S,C), (2)
rne @ — Hekotopseiid pynkuonar; U — Bekrop ynpasnerus CTC:
U= (uy, uy, ..., u,),

S — BEKTOp, XapaKTepU3YIOIUN BHEIIHIOO cpeny; C — BEKTOp, XapaKTepU3YIOIIUN Mporiecc (WK CH-
CTEMY).
Bekrop C MOXHO nIpeCTaBUTh B BUE

C=(K,P),

e Bekrop K = (k,, ..., k, ) XapakTepusyeT CTpyKTypy CHCTEMBI, & BEKTOp P = (p,, ..., p;) ABISETCS
BEKTOPOM ITapaMeTpOB (MM KOHKPETHBIX YHCIIOBBIX XapaKTEPUCTUK CHCTEMBI).

[Iupoko m3BecTHOE BBIpaKEHHE (2) MOKHO paccCMaTpHUBaTh KaK MaTeMaTHYECKYH) MOJEIb YIpaB-
nsiemoro rmporecca (cucrembr). C MOMOIIBIO ATOM MOAETH MOKHO MCKATh HawTydIiee (palMoHaIbHOE)
yIpaBJIeHUE, CTPYKTYPY U TapaMeTPhl IPU 3aJaHHOU CTPYKTYpE.

Kpurepuii 53pHeKTHBHOCTH MOKET OBITh CKAJIIPHBIM, T.€. XapaKTePHU30BaThCS OTHUM CIHMHCTBEHHBIM
YHCIIOM, HJTK MOXET ObITh BEKTOPHBIM, XapaKTEPH3YIOIIMMCSI COBOKYITHOCTBIO YKcel. B cooTBeTCTBUY C
XapaKTepoM BBIOPaHHOTO METOJIa UCCIICOBAHUS M KPUTECPUS IIPUHSTO pa3indyarh OJHOKPUTEPHAIBHBIC
Y MHOTOKPUTEPHUAIIBHBIC 33]]a9H TPUHSATHUS PEIICHUH.

Knaccudukanus kpurepueB 3pdextuBHOCTH npuBeaeHa B Tadu. 1. [Ipu BeiOope kputepus 3¢ dek-
TUBHOCTHU OTIEPAIIMU BCET/a CIEAYEeT MPUACPKUBATHECS COITIACOBAHHOCTH IIEJIH, 3aJladaM OMEeparuy
KpuTepus 3PPEKTUBHOCTH. B ciydasx, korja onpenerneH TpeOyeMblid pe3yinbTar Onepauu, KpuTepun
HauOOJIbIIeH BEPOSTHOCTHOW TapaHTHUU JIy4YIlle COIIACOBAH C IIEJIbIO ONEpalnd, YeM KPUTCpUil Hau-
OOJIBIIIETO CPETHETO Pe3yJIbTaTa.

Tabauna 1. Knaccupukauusi kpurepueB 3ppekTHBHOCTH

Kpurepun 3¢ppexTuBHOCTH

Kpurepuii npurogHocTu Kpurepuii onTUMaJabHOCTH Kpurepuii aianTuBHOCTH

Kpurtepuu npuemnemoro pe- | Kpurepun HanOosnbliero pesynbrara: Hau-

3yJbTaTa: I0IyCTUMOM rapat- | 00JIbIIEro CPEHEro pesyabrara; Hauoob-

THU; JOMYCTUMOTO TapaHTH- | IIei BEPOSTHOCTU rapaHTUH; HAMOOJIbIIETO
POBaHHOIO pEe3yJIbTaTa U Ap. |TapaHTHPOBAHHOIO PE3yJIbTaTa U Jp.

Kputepuu cenekuuu:
cBOOOTBI BHIOOPA PEIICHUN;
CaMOOpraHu3aluu U Jap.
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Crnenyer OTMETUTD, UTO KpUTepui “3(pPeKTHBHOCTH-CTOUMOCTD” IUPOKO MCIIOIB3YETCSI B BOCHHOM
JieJie TPy aHau3e 00eBoro MpuMeHeHus opyxus [13]. PaccMoTpuM COOTHOIIEHHE MEXIY CTOMMOCTBIO
1 3G (GEKTUBHOCTHIO CUCTEMBI OPY)KUS B PELICHUH MOCTaBICHHBIX 3a7a4. OObIUHO 3TO COOTHOIICHUE
BBIpaXKaeTcs, Kak MpaBuUiio, rpadukoM, MOKa3aHHBIM Ha puc. 2.
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Puc. 2. TumoBas KpuBast COOTHOIIIEHHSI CTOMMOCTH B 3(PEKTUBHOCTH CUCTEM OPYKHUS

Ecam Hekyro cuctemy opy>Kusi MOXXHO TIPEJICTaBUTh TOUKOU A Ha Tpaduke, TO 3a1a41 dTOU CHCTEMBI
SIBHO MPEBBINIAIOT BOBMOXXHOCTH Oro/pketa. Toraa ciemyeT 1ubo BeIOpaTh 00siee CKpOMHBIE TIEJTH, JTH00
BOBCE OTKa3aThCs OT TAKOW CUCTEMBI OPY>KHSL, JINOO PEIIUTHCS Ha OONBIINE PACXOABI U CO3/1aTh CUCTEMY
OpY’KUS C XapaKTepUCTUKAMH, COOTBETCTBYIOUIMMH Touke B. Eciu y Hac OyaeT J0CTaTOYHO CPEACTB, TO
MOYKHO CO3/1aTh CUCTEMY, COOTBETCTBYIOLIYI0 Touke C. OJJHaKO 37IeCh Mbl BKJIaJIbIBa€M B CUCTEMY OOJIbIlIe
JIEHET, YeM 3TO SKOHOMHYECKH 11eJ1ecCO00pa3Ho, U caeayeT J1M00 UCKaTh APYTUe CUCTEMbI OPYKHUS, JTHO0
CTaBUTH OoJiee OrpaHUYeHHbIE 3a/1a4l. ECu 10 o1ieHKe ucciae1oBaTess U TOro, KTO UCIIONIb3YeT Pe3yilb-
TaThl €ro paboThl, aTBTEPHATUBEI, IPU3HAHHBIE JTYUIIMNMHU B aHAJIU3€E 110 MOAEINH, OyIyT MPUEMIIEMBI, TO
Ipolecc aHalli3a Ha 3TOM 3aKaHYMBaeTcs. B mMpoTHBHOM ciyyae cienyeT MpoAoIDKaTh MOUCK APYTHX
JYYIIMX aJbTEPHATUB WK BbIOpaTh 6ojiee CKPOMHBIE 1IEJIH.

Beenenue kpurepus «3¢(HeKTHBHOCTH-CTOMMOCTEY B BUI€ OTHOIIEHUS «I(P(HEKTUBHOCTU» K «CTOUMO-
ct» no3Bosiset JITTP npuamMars o6ocHoBaHHBIE pemieHus npu cozaanuu CTC. [TomymsipHOCTH TaHHOTO
KpUTEpHUs 00BSCHAETCS TEM, YTO OH OU€Hb IPOcCT U siceH. OTHomeHne 3¢p(HEeKTUBHOCTH MPUHUMAEMOTO
pEeIIeHNs K 3aTpaTaM Ha €ro peaju3alliio NOKa3bIBAET, C OJJHONU CTOPOHBI, HACKOJIBKO OTpPaBIaHbl POU3-
BOJIUMBIE BIIOXKEHUS, U, C IPYTOH CTOPOHBI, BO YTO MOXKET 0OONTUCH HEOTIPAaBAaHHASI SKOHOMUS CPEJICTB.
OnHako 3a710)K€HHasi B HEM HJIE0JIOTHS HE CTOJIb MPOCTa, KaK KakKeTcs Ha MepBblid B3msA. [leno B ToMm,
YTO 3aBUCUMOCTH KpUTEPHS OT 3(PPEeKTUBHOCTU JUHEHHAS, @ 3aBUCUMOCTH €0 OT CTOUMOCTH runepoo-
nudeckas (puc. 3) [7]. B cuimy 9T0T0 OH OTHAET SIBHOE MPEAIOYTEHUE JCTIECBBIM PEIICHHSIM (MIPOEKTaM),
a B IOPOTHX OTHOCHUTCS K 3aTpaTaM BeChbMa «CHUCXOJUTEIHLHOY.

‘ W :2 C: ’ XY 4 Aw :9_.3:‘:0""'
c cons =
I¢ppekmueHocmeo Cmo;:wocmb

a) 0)
Puc. 3. 3aBucHMOCTH OTHOIICHHUS
a— W = (3/C) ot apdexruBHocTH (ipu C = const); 6 — W = (3/C) ot ctommocTn (ipu 3 = const).
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K nocrouncrsam kputepus «3(h(eKTHBHOCTb-CTOMMOCTbY CIIEIYeT OTHECTH IIPOCTOTY U ITPO3PAYHOCTD, K He-
JOCTaTKaM — 3aBUCUMOCTb KpUTepust oT 3PEeKTUBHOCTH — JIMHEWHAs, a OT CTOMMOCTH — THIIEPOOTHUECKasl.

[Ipu obpameHnn Kk KpUTepusiM «3(PpPeKTUBHOCTb-CTOUMOCTEY OJIB30BATENb JTOJKEH BHHUMATEIBHO
OTHOCHUTBCSI K TOMY, HACKOJIbKO KPUTEPUIN OTBEYAET I0JIb30BATEIHCKOMY MOHUMAHMIO 3374, U KOp-
PEKTUPOBATH €r0 0COOEHHOCTH ITyTeM OTPaHUYEHUS 00JACTH IPUMEHEHUS TUIA: «CTOUMOCTD HE BBILIIE,
9eM ...», «3(Q(HEKTUBHOCTD HE HUXKE, UEM ...».

C 28 anpensa no 3 mas 2014 1. B Mekcuke ripoiien [lepBbiii MexIyHapOIHbINH KOHTPECC MEPEI0BOM HAYKH
(The First International Congress of Advanced Science), TOCBSIIIIEHHBIIN UCCIICTOBAHUIO IEPCIICKTHUB PA3BUTHUS
yenoBeuecTBa B X XI Beke. B xozie Hero BUHbIE yUeHbIE pa3HBIX CTPaH MUpa OOMEHHUBAINUCH PE3yJIbTaTaMU
CBOMX Hay4YHBIX UCCIIEIOBAHUH 10 MpolieMaM MEePCHeKTHB COLUAIBHOTO pa3BUTHsI O0IIECTBA C YYETOM
HOBEHIITNX JJOCTHYKEHU I COBPEMEHHOM HAyKH U TEXHOJIOTUIA. B paboTe KoHrpecca MpUHSIIN y4acTre YUCHbBIS
BOCBMU CTpaH mupa: Mekcuku, Benecyansl, ['epmanun, Poccun, bpasumim, Kyosr, Kutas u Hopseruwu.

Ha xoHepeHIu BbICKa3bIBaI0Ch MHEHUE O TOM, YTO BaXKHEHILIMM yCIIOBHEM MOCTYIATEILHOTO pa3-
BUTHS OOLIIECTBA SIBIISIETCS ITPABIIILHO BHIOpaHHAs KpUTEpUasibHas 0a3a KauecTBa 00LIECTBEHHOM KHU3HE-
nesitenbHOCTU. [IpH 3TOM 0TMEHaIoCh, 4YTO COBPEMEHHBIE MOAX0/1bI OCHOBBIBAIOTCS HA IOHSATHSIX BBITOJIBI
Y IpUOBLIN, @ CMBICI Pa3BUTHA OOLIECTBA B LIEJIOM U €T0 MOJCUCTEM (BIUIOTH JI0 OT/IEIBHOIO YEJIOBEKa)
CBOJUTCS K IOCTH)KEHUIO MaKCUMaIbHOM MpuObLIn. Takoi moaxoa opueHTHpyeT SKOHOMHUECKYIO U JIT0-
Oy10 IpyTylo JesTEeIbHOCTh HA MAaKCUMU3ALIUIO MPUOBLIN, HO HE HA MPUPOCT OOIIECTBEHHO MOJIE3HOTO
npoaykra. To ecTh LeNblo Pa3BUTUS OOLIECTBA CTAHOBUTCS HE JOCTHKEHHE B MAKCUMAJIbHOHN CTENeHH
Pa3BUTHA KaXkJIOTO OTJEIBHOIO YeJIOBEKa M 00IecTBa B LIE€JIOM, a U3BJICUECHUE HAauOOJIbIIelH NpruObLIN
Ha BCEX YPOBHIX OpraHU3aIlK 00IECTBa, MOPOH B yiepOd 0ObEKTUBHBIM 00IIECTBEHHO 3HAYMMbIM HH-
TepecaM. A 3TO BiedeT pa30alaHCUPOBKY BCel cuCTeMbl 00IIECTBEHHOTO Mpon3BoicTBa. COOCTBEHHO,
M3BECTHBIC KPU3UCHI KAITUTAIN3Ma U ABISIOTCS TaKOW pa3daiaHCUPOBKOIA.

[ToaTomMy BbicIIM KpuTepreM 3(h(HeKTUBHOCTH JTF0O0T0 MPOU3BOJICTBA HA JTF0OOM YPOBHE €T0 HEPAPXUU
JOJKHO CTaTh COOTBETCTBUE €T0 MOTPEOHOCTAM 00111ecTBa. DPHEKTUBHOCTH OOIIECTBEHHOTO TPOU3BOI-
CTBA B LIEJIOM JIOJKHA OLICHUBATHCS CTENIEHBIO COOTBETCTBUSI HOMEHKIIATYPhl U 00beMa MoTpeOHOoCTeN
HOMEHKJIaType U 00beMy IMPOU3BOJCTBA MPOAYKIIUU BCEX BUAOB. B TakoM MOHMMaHUU TaKue KPUTEPHUH,
KaK IpUOBLIb, BBITOJA WM PEHTA0EIBbHOCTD, HOCAT CYT'y0O YacTHBIN U JIOKAJIbHBIN, BCIIOMOTaTeNbHBIH
XapakTep U HE MOTYT ObITh MCIIOJIb30BAaHbI B KQUECTBE IIaBHBIX, KaK 3TO UMEET MECTO ceroiHs. Toraa
CMBICJ pa3BUTHsA 0OIIeCTBa Oy/IeT CBOAUTHCS HE K TOHKE 3a MPUOBLIbIO, a K YCTPAHEHUIO BOSHUKAIOIINX
€CTECTBEHHBIX NHUCOaIaHCOB, MO3BOJISS OCYIIECTBIATH peabHO OECKPU3UCHOE pa3BUTHE OOILECTBA.
To ecTb LebIO pa3BUTHS 00IIECTBa CTAHOBUTCS HE W3BJICUCHHE HAMOObIIEH NPUOBLIH, a JOCTUKCHHE

MaKCHUMaJIbHOM CTEIICHHU PasBUTHUA OGH.[CCTBa B I_[CJ'IOMI.

4. Knaccudpumkauma mMeTonoB NPUHATUSA peLueHun

CymiecTByeT MHOXKECTBO KJIacCU(DUKAIIMNA METOIOB M MOJIEJICH IPUHATHS PEIICHU, OCHOBAaHHBIX Ha
MIPUMEHEHUHU Pa3InYHbIX Mpu3HaKoB [14]. [Ipu knaccuduxanuy Kaxxaslid U3 31eMeHTOB BbIpaxeHus (1)
MOJKET CITY’KUTh €€ MPU3HAKOM U XapaKTepU30BaThCs CIEAYIOIIUMHU CBOWCTBAMHU:

1. ITo Bumy otoOpaxkenus f. OTodpakeHne MHOKecTBa S 1 K MOXXKET UMETh JIETEPMUHUPOBAHHBIN Xa-
pakTep, BEpOSTHOCTHBIN UM HEOIIPEIeTICHHbIIN BHU/I, B COOTBETCTBHH C YEM 3aJ1aul PUHATHUS PEIIEHUI
MOTYT OBITh pa3ziesieHbl Ha 3aJ]a4 B YCIOBUSIX PUCKA U 33J]a4d B YCJIOBHSIX HEONPEIEICHHOCTH.

2. Ilo HachinieHHOCTH MHOKeCTBa K. MHOKECTBO KpUTEPHEB BHIOOpA MOXKET COJIEPKATh OAUH AJIEMEHT
WJIM HECKOJIBKO, YTO JJa€T OCHOBAHUE ONPEACTUTh 3a/1au MPUHATHS PEIIEHUH KaK 3a1a4y CO CKaJIIPHBIM
KpUTEPUEM WM 3a/1a4l C BEKTOPHBIM KpUTEpHUEM (MHOTOKPUTEPUATILHOE MIPUHSATHE PEIICHUN).

! Cusxkos K. Byayliee 3a conuanuszmoM / BoeHHO-IpoMbIiLIeHHbIH Kypbep. — 2014, — Ne 19 (537). — 28 mast — 3 mrons. — C. 3
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3. ITo tuny cucremsl npennoutenus P. [Ipeanourenus MoryT GopMUpOBaTHCS OMHUM JTUIIOM UITU KOJI-
JIEKTUBOM, U B 3aBUCUMOCTHU OT TOTO 33/1a41 MPUHATHUS PELICHUI MOXKHO K1accu(UIIMPOBATh Ha 3a4a4H
WHJIUBUYaJIbHOTO MIPUHATHS PEIICHUN U 3a7]a4l KOJUICKTUBHOTO PUHATHS perieHui [15, 16].

MeToabl 1 MOJIETTN UHAUBUAYAIBHOTO IPUHATHS PELICHUH PU MHOTHX KPUTEPHSIX MOKHO Pa3fesuTh
Ha CIIEAYIOLIUE OCHOBHBIEC IPYTIIIbL:

bBiioku nepBOM rpymibl:

— JIGKCUKOTpapuuecKue METOIbI;

— aKCMOMAaTU4Y€CKHE METO/Ibl MHOTOKPUTEPHAIbHOM TEOpUU MOJIE3HOCTH;

— METO/Ibl CPABHEHHSI MHOTOMEPHBIX aJbTePHATUB (METO/Ibl JOMUHUPOBAHUS, KOMIIEHCAIIUU, TIOPOTOB
HECPAaBHUMOCTH).

Biioku BTOpOW IrpyIibi:

— METO/Ibl IOCTPOEHUS 0000IIEHHOTO KPUTEPHUS;

— BepOAIbHBIC METO/IBI;

— METO/Ibl TEOPUU HEUETKUX MHOXKECTB;

— UHTEJUICKTYaJIbHbIE METO/IBI.

MeTonb! NpUHATHUS KOJUIEKTUBHBIX PEIICHUN MOXKHO Pa3lieIUTh Ha CIIEIYIOIINEe IPYIIbL:

biioku nepBOM rpymibl:

— METOJIbI KOJUIEKTUBHOTO 0€CKOH(MIMKTHOTO BHIOODA;

— METO/Ibl TPYIIIOBOTO BBIOOpPA;

— METOJIbI KOOTIepalnK (pacipeiesieHue 3aTpar v MpUObLIN).

Biioku BTOpOW IrpyIibi:

— IMHAMUYECKHE METO/IbI KOJUJIEKTUBHOTO BHIOOPA B KOH(IMKTHBIX CUTYaAIUsIX;

— 3a7]a4 O Ha3HAYCHUSX;

— METO/1bl POPMHUPOBAHUS KOJJIEKTUBHOTO MTOBE/ICHUS.

Kparkas xapakrepucTika ykazaHHbIX METOIOB IpuBeieHa B MoHOTpaduu [ 15]. Micnonbs3yemsrii mpuH-
U K1accuuKaIiy Mo3BoJseT HAISIHO, HA HAIIl B3MIIS, IOCTATOUHO YETKO BBIJICIIUTh YEThIpe OOJbIIINe
IpyMIIbl METOJIOB, IPUYEM TPHU IPYIIIBI OTHOCSATCS K MPUHATHIO PEIICHUN B YCIOBUSAX ONPEICICHHOCTH,
a yeTBepTas — K MPUHATHUIO PEILICHUH B YCIOBHIX HEONPEAEICHHOCTH.

5. CpaBHUTEJIbHbIA aHANMN3 MEeTOA0B NMPUHATUSA peLueHnn
npu co3paHum CTC

5.1. O030p MEeTOA0B NPUHATUS pPeLUEeHU

B oGnactu Teopuun npuUHATUS PELICHUH 3a MMOCIEAHUE TO/Ibl OIYOJINKOBAaHO MHOTO Hay4YHBIX paloT,
MOCBSIIEHHBIX Kak BeIOOpY BapuanToB npu co3ganuu CTC, [15, 17-20], Tak U HEMOCPEACTBEHHO
Pa3BHUTHIO METOIOB TEOPHH MPUHATHUSA pereHnid. Cpenu HUX MOKHO OTMETUTh MOoHorpaduio [15], B
KOTOPOW M3JI0’KEHBI METO/Ibl TEOPUH MPUHATHS PELICHU, BKIIOUAIOIINE METObl aHAJIM3a uepapxun
Y aHAJIMTUYECKUX CETEH, METO/bl, OCHOBAHHbBIEC HAa TEOPUH HEUETKUX MHOXECTB, METOJ KJIACTEPHOTO
aHaJM3a H KOMOMHATOPHO-MOP(OIOTUYECKOTO aHAIM3a U CHHTE3a CUCTEM, IBPUCTUUYECCKUE METOJIBI
MIOMCKa HOBBIX PEIICHUM, MHTEIIEKTya IbHbIE€ METOJbl U CUCTEMBI JUIsl MOJJEPKKU MPOLENyp IpH-
HATHS CTPATETUYECKUX PELIEHUH U METOJIbl TEOPUH MOJIE3HOCTH U Teopuu urp. OcobeHHOCTH 3a1a4
CUCTEMHOTO aHaJIN3a U IPOOJIEMBbI, CBSI3aHHBIE C PEILIEHHEM MHOTOKPUTEPHUATIbHBIX 3a7a4 PACCMOTPEHBI
B MoHOTpaduu [10], B KOTOPOIi H3TT0KEHBI METOIBI MHOTOBEKTOPHOM ONTHMH3AIIMN U MHOTOBEKTOPHOTO
PaHXKUPOBAHMUSL.

AHanu3 METOINYECKOM JINTEPATYPBI ITO TEOPUHU ITPUHATHS PEILICHUI U HAyYHO-TEXHUYECKOH JINTEPATYPBI
no npoektupoBanuio CTC mokas3pIBaeT, 4TO MPH BEHIOOPE OCHOBHBIX HAPABICHUH Pa3BUTHS OOBEKTOB
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TexHukH 1 co3nanuu CTC, B TOM YuCIie U OL[EHKE UX TEXHUUYECKOTO YPOBHS MOTYT OBITh HCIOJIb30BAHBI
CJIEYIOIINE METO/BI IPUHATHUS PELICHUI:

— METO/Ibl CBEPTKU BEKTOPHOTO KPUTEPHUS;

— METOJI MUHUMU3ALIUU YCTYTOK;

— METOJl ONITUMMU3AIINH 10 TOMHUHHUPYIOIIEMY KPUTEPHIO;

— METOJIbI paHXUPOBaHUS (METOMA MapHBIX (OMHAPHBIX) OTHOIICHUM), METO/ MOCIEA0BATEIHHBIX
YCTYIIOK);

— METOJT BECOBBIX KOA(D(PHUITMEHTOB;

— METOJI HACaIbLHON TOUKH,

—metox DJIEKTPA;

— METOJ] aHaJIu3a Uepapxuii;

— CTaTHUCTUYECKHE METO/IbI OLIEHKU YPOBHS KauecTBa MPOAYKUNHU (KOPPEISIUOHHBIIN aHAINU3 U perpec-
CHUOHHBIN aHaJIN3);

— CHEKTPaJIbHBIA METOJ] paHKUPOBAHUSI aJIbTEPHATUBHBIX BAPUAHTOB;

— METOJ] aHaJIu3a Uepapxuii;

— METOJ1 HEUYETKOTO OTHOIIICHUS TPEOYTCHHUS;

— METOJI IPEANOYTECHHUS,

— METOJI PELIAOLIUX MaTPHIL;

— METOJ IOKYMEHTaLIH;

— METOJI TECTOB;

— Metop [lapero;

— METO/1 OLICHKH HETIPOTUBOPEUUBOCTHU CYKIACHUIA,

— METOJl CMEIIAHHOH aJIbTepHATHUBBI;

— METOJI COTJIACOBAHMSI OLICHOK;

— JKCIIEepTHBIE MeTobl (MeTon [lenbdu, MeToq KOMHCCHIA, METO CyJa, METOJ «MO3TOBOM aTakim»
WM «MO3TOBOTO IITYpMay, UM «KOJUIEKTUBHOM TeHepaluy UAei» U pa3HOBUIAHOCTU — UHIUBUAYAb-
HBIA «MO3TOBOM IITYPM», MAaCCOBBIA «MO3TOBOM IITYPM», MUCbMEHHBIN «MO3TOBOM LITYpPM», IBOMHOMN
«MO3TOBOH MITYpM», OOpaTHBIA «MO3TOBOM IITYPM», KOH(PEPEHIIMS W/eH); METOI B3aMMHOM OIICHKU U
CaMOOIIEHKHU, METOJI CIIOKHBIX IKCIIEPTHU3).

Tadauna 2. OcHOBHbIE NMPU3HAKH METOAAa PAHKUPOBAHUS

Haunme-
HOBAHIe CyuHocTh ObuaacrTp JMocrouncrea | Hemocrarkm IpuMeuanme
MeTona NpUMeHeHHUs MeTona MeToaa P
MeToaa
[Ipu pamxupoBa- |Ha npaktuke 1. 3aBUCUMOCTH
HUU KCTIEPT 0~ |JaHHBIA METOJ B TouHoCTU U Ha- |[TopsiakoBast
JKEH PACTIOJIOXKHUTh |4MCTOM BHUJE HC- NEKHOCTHU paH- |IIKaJa MoiyJae-
00BEKTHI ((paKTo-  |MONB3YETCS PEAKO. | TIpoctora. |KUPOBAHHS OT  |Mas B PE3YIb-
bl) B IOPSIAKE, Yare Bcero oH P " |konmyecTBa 00b- |TaTe€ PAHIKUPO-
2. Oneparus-
Meton  [KOTOpBIN TIPENICTAB-|UCIIONB3YETCS B CO- H'OCTB €KTOB. BaHUS JIOJDKHA
ParXHpO- IAETCS €My Hal-  |4ETaHUHU C APYTHM | MaJ.IBIe 2. CyObeKTuB-  |yIOBJIETBOPSTH
BaHUs Oosee paloHadb- |METOIOM yIOps- (1).I/IHaHCOBI>Ie HOCTb OIICHKH. |yCJIOBHIO pa-
HBIM, U TIPUTIACATD |TOYEHUs, oOecTe- SATDATEL 3. MeTton He 1aeT|BEeHCTBA YHCIIa
Ka)XXJIOMy U3 HUX |4MBaloluM Oolee PaThL. OTBETa Ha CT€- |PAHTOB YHCITY
YHClia HATypalbHO- [9€TKOE pa3InueHue MIEHb YIaJeHUs |paHKUPYEMbIX
ropsga (1,2,3,u |cpaBHHUBaEMbIX OJTHOTO 00BEKTa |0OBEKTOB.
T.1.). 00BEKTOB. OT JIPyToro.
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MeToab! ynopso4eHusi MOTYT UCIIOIb30BaThCA B CIIydasiX, KOrja:

— 3aTPyAHEHO UCIOIb30BAHUE BEPOSATHOCTHBIX METO/IOB;

— 13 00IIero YKciia aJbTePHATUB WU KaKUX-TH00 XapaKTepHBIX MPU3HAKOB ((haKTOPOB) HEOOXOAMMO
BBIICTTUTH HauOoJiee BaKHBIE;

— HY)KHO CPaBHUTbh HEKOTOPbIE KOJMYECTBEHHbIE (DaKTOPbI, TOUHBIE U3MEPEHUS KOTOPBIX CBSA3AHBI CO
3HAYUTEIIbHBIMU TPYIHOCTSIMH;

— HE00XOUMO OLIEHUTh KaKue-JIM0O KaueCTBEHHBbIE (aKTOPhI, KOTOPbIE HEIb3S TOUHO U3MEPHUTH, HO
MO>KHO COIIOCTABUTh CTEINIEHb 00JIaJaHMsl KaXK/IOTO U3 HUX 3TUM KaueCTBOM («WIydIle», «BAXKHEE», «I10-
ne3Hee»). OCHOBHbBIE CBOMCTBA METO/A PAaH)KUPOBAHUS CBEJICHBI B TA0. 2.

s JITIP npu mpoeKTUPOBaHUM HOBBIX OOpa3llOB TEXHUKH WM OLEHKE UX TEXHHYECKOTO YpPOBHS
BCErJ]a BOZHUKAET BOMPOC 11€JIECO00Pa3HOCTH MCIIOJIB30BAaHUS TOTO UM JPYroro METoAa MPUSITHUS pe-
menuii. Eme 6oee oTBeTCTBEHHAs 3a1a4a Betaet nepen pazpadorunkamu CIITIP, korma oHu BeIOHMparoT
MaTeMaTUYECKUH armapar TeOpUH MPUHATHS pElIeHui, Ha 6a3e KOTOPOro pa3padarbiBacTcs B lajbHE-
[IeM aBTOMaTU3UPOBAaHHBIN MPOTrpaMMHO-aNNapaTHbIN KoMIieke. M3BecTeH psg padoT, B KOTOPBIX MPH-
BE€/ICHbI OCHOBHBIE CBOMCTBA MOIYJISIPHBIX METO0B TEOPUH IPUHATHS PEUICHUHN U peKOMEHIAIMH 10 UX
WCMOJb30BaHuIo 3, 7, 16, 21, 22].

5.2. Npumep cCpaBHUTESNIBHOIO aHaNIM3a MeToA0B NPUHATUSA PEeLLeHUun

B monorpaduu [22] Ha ocHOBe 0030pa METOZOB TEOPUHU PUHSATHS PELLICHUH, UCTIOIb3YEMbIX ITPU OLIEHKE
CTC u npyrux oObEKTOB, U UX COMOCTABUTEIBLHOTO aHAJIN3a PEKOMEH/I0BaHbI /Il MPAKTUYECKOTrO aHa-
JIU3a: METO BECOBBIX KOd(pumreHToB, MeTo uneanbHoi Touku, meton DJIEKTPA. B nuadopmarimonHo-
aHaTUTHYeCKoM cucteme «OI1eHKa U BRIOOP» JIJIsl OIICHKHA 0OBEKTOB UMEETCS BO3MOXHOCTh TPUMEHUTh
JIBa TIEPBBIX METO/IA.

ConocTaBUTENbHBIN aHAIN3 Pa3IMYHBIX METO/IOB IPUHATHS PElIeHNH puBeAeH B MoHorpaduu [15].
Ha puc. 4 npuBeneHs! pe3ynbTaThl pelieHus 3a/1a4 BbIOOpa pallioHaIbHOTO HHHOBAI[MOHHOTO MPOEKTa,
MOJTyYEHHBIE pa3HbIMM METOJaMH: METOJl aHaIu3a uepapxuil [23], MeTo OTHOIICHHUS MPENOYTeHHUS,
HEYETKUI METO[l, alTUTUBHAS CBEPTKA, MaKCUMaJbHasl CBEPTKA. 3aMETUM, YTO MPH OLIEHKAa NHHOBAIIH-
OHHBIX ITPOEKTOB BO3MOXHO UCIIOJIb30BaHUE IPYIIIOBOM dKCTIEPTHU3HI [24].
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Merox OTtHOmMEHHE Hegerkuit ApmutuBHas MakcuManbHas
aHaIm3a [PETOITCHUSL BEIBOX CBEpTKa CBEpTKa
HepapXui
PI/IC. 4 PeByJ'IBTaTBI CpaBHI/ITeHBHOI‘O aHaJmn3a, HOHy‘{CHHBIX paBHI/I‘{HBIMI/I METOAaMH
MIPUHATHS PELICHUH TTPU OLICHKE MHHOBAIMOHHBIX MTPOEKTOB
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Hecmortps Ha To, uT0 HicxoHast uH(OpMAaIM SBISETCS TOCIEA0BATEIbHOM U HETPOTUBOPEUHBOIA, MOITY-
YEHHBIC PE3yJbTaThl OTIM4YaroTCs. Kak oTMedeHo B padore [ 15] HecoBIaeHUE pe3ynbTaToB, MOTYYEHHBIX
Pa3HBIMH METO/IaMU, OOBSICHSIETCS, C OAHON CTOPOHBI, pa3HBIMU CIIOCOOAMU IIPECTABICHHUS SKCIIEPTHOM
uHOpMalLInH, C IPYTOi CTOPOHBIL, Pa3INYUEM MOJIXO0A0B K IPUHATHUIO pelieHui. B ocHOBY MeTozia aHanu3a
MepapXuil ¥ METOJ1a OTHOLICHUH MTPEAOYTEHUS 3aI05KEH MOAXO0/1, OCHOBAaHHBIN Ha MONAapHBIX CPAaBHEHHSIX
00BbEKTOB U HOPMHUPOBAHHBIX BECOBBIX K0d((uimenToB. MakcuMasbHas CBEpPTKa UCTIONIb3YET MOIX0/, IPU
KOTOPOM JIy4IlIel CUNTAETCs aJlbTepHATHBA, UMEIOIIasi MUHUMaJIbHbIe HEIOCTATKH 110 BCEM KPUTEPUSIM.
AnMTHBHAS CBEPTKA MPEIoiaraeT Moaxo/l, KOrjaa HU3K1e OLEHKU M0 KPUTEPUSIM UMEIOT OJMHAKOBBIH
CTaTyC 10 CPaBHEHUIO C BEICOKMMHU. HeueTkuii BEIBOJ peanu3yeT IBPUCTUYECKUMA MOIXO/.

Ha ocHOBe mpoBeZIeHHOTO aHalln3a BHITEKAET BHIBOJI, UTO:

— Ka)IbIii METOJI UMEET CBOM OrPaHUYEHHUS, UCCIIEe0BATENb JOJDKEH JTOCKOHAIBHO U3YYUTh METOJ
nepes ero JaabHeUIUM MPUMEHEHUEM.

— OCHOBHOM ITPOOJIEMOI MHOTOKPUTEPHATBHOTO BbIOOpa 13 cTpyKTYp CTC siBisieTcst BBLIOOp KpUTEPHEB,
a TaKkKe BO3MOXKHBIE CITIOCOOBI BHIYMCIICHUS! HHTETPABHBIX OLIEHOK;

— IIUPOKHE BO3MOXKHOCTH JIJISl TIPECTaBlIeHUsI HUHGOPMAIUH 1aeT 3BPUCTUUECCKUIN TOAXO/.

6. 3aknw4yeHue

1. B xone npoBeAEHHBIX UCCIEI0BAHUM:

— [MOKa3aHa 3HAYMMOCTh METOJIOB U MOJIEJIeH MPUHSATHUS pelieHni pu (OpMUPOBAHUN HOBBIX HAIIPaB-
JICHUH pa3BUTHA TEXHUKH U TexHu4yeckoro odnuka CTC;

— paccMOTpeHa OJlHa U3 MPOLEIYp U BO3MOXKHAS MareMaTHdecKas MOJEINb MPUSATHS pelIeHU npu
co3gaauu CTC;

— npuBeneHsl noHATUs 00 3¢ dexktuBHOCTH CTC 1 0cHOBHBIE KpUTEpUH () (PEKTUBHOCTH;

— paccMOTpEHBI pa3INyYHbIe TUIIBI METOJIOB MPUHATHUS PELICHHH.

[To B3mIsimaM BeaylMX KOHOMHCTOB MHUpa JJIsl OCYLIECTBIECHUS MOCTYNATEIbHOTO JIBUKEHUS
obmrecTBa BBICIIHX KpuTepreM 2(HPEKTUBHOCTH JIFOOOTO MPOU3BOJICTBA HA JTIOOOM yPOBHE €T0 He-
papXHH JOJKHO CTaTh COOTBETCTBUE €T0 MOTPEOHOCTSM OOIIECTBA, @ HE TOCTH)KEHHE MaKCUMaIbHON
NPUOBLIN.

2. AHanu3 UCTOYHUKOB MO MpobOieMaM TEOpUM U MPAKTUKU MPUHATHUS PELISHMI MoKa3al, 4To
CONOCTaBUTEIbHBIA aHAJIN3 METOAOB MPHUHATHUS PELICHUH ABIsSETCS BaXXHBIM (HaKTOpoM BbIOOpa
PaLlMOHAIBHOTO METO/a MPUHSITHUS PEIICHUN [JIs MPOBEICHUs KOHKPETHBIX MPAKTUYECKUX padboT u
HEJ0CTAaTOYHO MPECTABIEH B HAYyYHO-METOANYECKOM JINTepaType B UHTEPECAX OLEHKH TEXHUUECKOTO
ypoBHsa CTC.

3. JInst nomyyeHus 10CTOBEPHBIX OLIEHOK O TEXHUYECKOM YPOBHE aHAIU3UPYEMbIX 00BEKTOB TEXHUKH
HE0OXO0MMO MCIOJIb30BaTh HOBbIE METOJUYECKHE MOIX0/Abl, OCHOBAHHbIE HA KOMIIEKCHOM MOJIEJIH-
POBaHUU M pallMOHAIBLHOM IMPUMEHEHUHU YK€ 3apEKOMEH/I0OBAaBIINX ce0si METOJOB TEOPUU NMPUHITHS
pEeLIEHHUI.
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Functional reliability. The theory and practice

Semenov S.S., Poltavsky A.V., Krianev A.V., Maklakov V. V.

OVERVIEW OF DECISION-MAKING TECHNIQUES USED IN
THE DEVELOPMENT OF COMPLEX ENGINEERING SYSTEMS

With the advent of market economy in Russia the role of the decision-making stage in the development
of high-technology products significantly rose in significance. The article analyzes the mathematical model
of decision-making used in the development of complex engineering systems (CES) that allows identifying
the optimal engineering solutions out of a number of alternatives. In order to define the “efficiency” of CES
and primary criteria thereof the authors set forth a number of classifications of decision-making techniques
along with their main features. They also provide the results of comparative analysis of the best known
decision-making techniques, as well those used for evaluation of innovation projects.

Keywords: system analysis, complex engineering system, decision-making procedure, decision-making
techniques, decision-maker, alternative, efficiency, efficiency criteria, comparative analysis.

1. Introduction and problem definition

The costs of CES-related decision-making are on a constant rise, while the consequences of wrong
decisions are getting more and more severe. In the present conditions, experience and intuition do not
always ensure the choice of the optimal decision. In this context, scientific decision-making methods
started developing rapidly, a new scientific field, the decision-making theory, has emerged. The main
purpose of the decision-making theory is to help the decision-maker clarify his or her attitude to the po-
tential consequences of the choice.

The consequences of the choice from a number of alternatives are characterized by the degree of
achievement of the goal of the choice and are evaluated by the decision-maker (DM). In complex real-
life situations the decision-maker’s perception of the goal is usually incomplete and unclear. That a priori
does not allow him or her completely analyze the various aspects of the consequences of the compared
alternative solutions, identify their importance, develop a cohesive attitude to the alternatives and there-
fore formulate the selection criterion or the objective function!. Therefore, the decision-maker’s system
of preference is poorly structured [1].

I A designer always works with a number of alternative solutions, both while making the decision to participate in a contest,
and during the design and development of a weapon system. In rare cases the first solution turns out to be the only correct
one. That is an exception though. Qualitative improvements to designs are after all achieved by means of alternative solu-
tions. In order to find those, the designer must show resolution and correctly choose the most optimal and viable alternative
(Kalashnikov, M.T. Notes of the weapons designer. Moscow. Voenizdat, 1992. — 300 p. — P. 271).
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Mathematical models are developed for the purpose of solving the choice problem. Models enable
objective analysis and comparison of alternatives taking into consideration all aspects of consequences,
as well as the DM’s attitude to those consequences, structuring of the initial task and generation of the
selection criterion, or, in most cases, a system of criteria. Thus, the decision-making task becomes mul-
ticriterial.

The rapid development of computer and information technologies in the 1990s paved the way for
the creation of automated decision support (ADS) systems based on advanced mathematical tools of
decision-making theory covering various fields of knowledge and technology. Nevertheless, the problem
of application of particular ADS-defining decision-making methods still remains [2-10].

The purpose of this article is to provide an overview of the decision-making methods that can be used
in the development of CESs, namely for their performance evaluation. The goal is to demonstrate the
significance of the decision-making methods and models involved in the development of new opportuni-
ties in technology and CES design; analyze the procedures and mathematical model of decision-making
in CES development; introduce the concepts of CES efficiency and primary criteria of efficiency.

2. Mathematical simulation in decision-making as part of development
and modernization of complex engineering systems

2.1. Distinctive features of modeling of multicriterial tasks

The distinctive feature of a CES is its multicriteriality, which means that the level of sophistication of
a system and the quality of its performance depend on a number of output characteristics. Therefore, the
design of a system and comparison of alternative technical solutions should take into consideration the
contribution of each of the said characteristics.

Below are the primary considerations that should be taken into account when designing multicriterial
decision-making models:

1. The model is designed for the sole purpose of structuring and specification of the preferences of the
decision-maker directly involved in the development.

2. The model must by logically consistent.

3. The model must contain the description of all important elements of the decision-making tasks and
their properties.

4. The model must enable the use of actual information regarding the task received from experts and
the decision-maker.

5. The model must be simple and well-behaved and easily usable by the decision-maker.

A multicriterial model of a decision-making task can be represented in the following generalized
form:

<L, KX S Pr>, (1)

where ¢ is the task definition (type); K is the set of criteria; X is the set of criteria scales; § is the set of
solutions; P is the system of preferences of the decision-maker, r is the choice of the final decision.

Practical design inevitably generates alternative engineering solutions. They arise when design is
performed by different teams on competitive basis or by a single team. That is why the transition from
the design to the development and manufacturing of a system requires the selection of the most prefer-
able alternative. The multicriteriality of a system complicates the decision-making process if one of the
alternatives is superior to another in one group of criteria and inferior in another.
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The development of a multicriterial decision-making model is characterized by the requirement to
request necessary information from people, i.e. the decision-maker and subject matter experts. This fea-
ture of the decision-making tasks requires a specific organization of the whole process of multicriterial
model development, its evaluation, application of formalized methods of alternatives comparison. The
organization of the decision-making process requires special knowledge. Therefore, the development and
subsequent evaluation of a multicriterial model involves not only the DM and subject area experts, but
also a consultant who specializes in decision-making theory.

Most importantly, the definition and solution of multicriterial tasks must take into consideration a
large number of essential circumstances and notions that are difficult to justify mathematically. There-
fore, mathematical models intended for solving specific multicriterial tasks must reflect both conceptual
considerations that are impossible to properly formalize and formalized task descriptions. Only this
comprehensive approach can ensure practically useful results.

2.2. Structure of the model design and application process

The design of multicriterial decision-making models is a complex procedure that includes formalized
and non-formalized stages. The process of design and evaluation of a multicriterial model involves three
groups of people: the decision-maker, the consultant and the experts.

Fig. 1 shows an example out of a large number of decision making procedures that consists of 13 stages
of a discrete multicriterial problem solution. The results of model evaluation allow obtaining ranked sets
of allowable solutions coordinated with the specified assumptions and used information. Several versions
of a model can be designed. Their advantages and disadvantages can be identified only by comparative
analysis and practical application.

Let us examine the structure of the iterative decision-making procedure.

At the first stage, the task is defined, i.e. the required ranking of alternative solutions is specified, the
purpose of the research and meaning of the “alternative solution” are defined.

At the second stage, a set of alternative solutions is generated, their applicability for the purpose of the
defined goal is verified, the meaning of the term “acceptability” is specified, the solution applicability
verification procedure is developed and a set of such alternative solutions is identified.

A the third stage, the possible consequences of the identified alternative solutions are analyzed, the
list of indicators characterizing the possible consequences is drawn up, a set of criteria that characterize
those consequences in sufficient detail.

At the fourth stage, evaluation scales for the identified set of criteria are developed. The implementation
of the third and fourth stage activities is a complex procedure. Those two stages are closely connected
to each other.

At the fifth stage, the acceptable alternative solutions are evaluated using the scales of identified cri-
teria.

The general decision rule that ensures the required ranking of alternative solutions can be designed
step by step. At the sixth stage, information regarding the decision-maker’s preferences is obtained. This
information defines the assessment of the impact of various changes in ratings on the general quality
(utility, value) of a solution. At the seventh stage, the information is used to generate the respective deci-
sion rule. The decision rule is used to compare and rank the alternative solutions (stage 8). The ranking
results are analyzed at stage 9.
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1 )  Task definition ""“‘”"‘“"'":
! !
2. Generation of the set of alternative solutions | _ 2
B 1
S Y i
3 Genaration of the set of criteria f g
: - i
, Y |
. 4 Development of the evaluation scales -
- - " !
5 Evaluation of acceptable alternatives using . :
the scales of criteria .
b. Obtention and specification of information - |
regarding preferences -<— _ ;
7 Decision rule generation
Y
8. Ranking of alternatives
g Analysis of ranking results
Yes /" 10. ' Is the ranking satisfactory? >
No
7. Analysis of the causes of deficiencies
and identification of required correction
i
Yes 72. Does the resulting ranking correspond to the goal? >
L No
! 73. End of task solution

Fig. 1. Structure of the iterative decision-making procedure

If ranking is impossible (stage 10) the causes of the deficiency are examined (stage 11). The possible
causes are:

— unconformity of the used information or assumption with intuitive preferences;

— exclusion of an acceptable alternative solution from the analysis;

— incomplete set of criteria used in the model;

— unconformity of criteria scales with the evaluation capability;

— inaccuracies or errors in the evaluation of some of the acceptable alternatives;

— inaccurate definition of an “acceptable alternative”.
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Depending on the causes of unsatisfactory ranking, the model is amended and all necessary stages are
repeated. If the ranking of alternatives is satisfactory (stage 10), the decision rules that ensure partial
ranking of vector evaluations are used upon verification of its compliance with the specified purposes
(stage 12).

In case when the ranking of alternatives obtained at a certain stage is considered by the decision-maker
as being satisfactory and compliant with the specified purpose, the ranking is accepted as final (stage 13).
If the decision-maker acts rationally, he or she must choose the alternative in accordance with the obtained
ranking'.

3. CES efficiency criteria

Finally, by analyzing the available alternative solutions the DM chooses the most efficient one.

Efficiency is the generalized constitutive functional property of a system that implements an operation,
is defined by the goal (expected result) and objectively expressed through the degree of goal completion
subject to the costs and operation implementation time [12]. The development of decision quality evalu-
ation criterion is one of the primary goals in any object management activity. In order to find the optimal
(rational) management (solution), it is required to establish the dependence of the chosen efficiency
criterion on the factors affecting its magnitude.

The efficiency criterion W can generally be written as follows [7]:

W=F(U,S, C), (2)
where F'is a functional; U is a CES control vector:
U=(u,u,, ..., u)

S is a vector that defines the environment; C is a vector that defines the process (or system).
Vector C can be represented as

C=(K, P),

where the vector defines the structure of the system, while vector is the parameter vector (or specific
numerical characteristics of the system).

The widely known expression (2) can be considered as the mathematical model of a controlled proc-
ess (system). This model can help find the best (rational) control, structure and parameters specific to the
given structure.

The efficiency criterion can be scalar, i.e. be defined by a single number, or vectorial that is defined
by a set of numbers. Depending on the nature of the chosen research method and criterion, monocriterial
and multicriterial decision-making tasks are usually distinguished.

!'In order to choose the preferable alternative out of two CES solutions, it suffices to establish a list of partial criteria of
the analyzed system (x,, x,, ..., x,) and choose the generalized criterion X (objective function) and establish the analytic
dependence of X from the partial criteria X =F (x,, x,, ..., xn). Then, the value of the generalized criterion X° 1 is determined
for the system variant 1 and X? for the system variant 2. Further, the values of the partial criteria from the designs of the two
compared CESs are inserted in the formula of the generalized criterion. The preference is given to the alternative that features
the highest generalized criterion value. Generation of generalized criteria on the basis of real connections with partial criteria
should help choose the correct preferable alternative (Brakhman, T.R. Multicriteriality and choice of alternative in technology.
Moscow. Radio i sviaz, 1984. — 288 p. — P. 56).
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The efficiency criteria classification is given in table 1. The choice of an operation’s efficiency
criterion must always ensure conformity of the goal with the purpose of the operation and the ef-
ficiency criteria. In cases when the required result of the operation is defined, the maximum proba-
bilistic guarantee criterion in more consistent with the purpose of the operation than the maximum
average result criterion.

Table 1. Efficiency criteria classification

Efficiency criteria

Suitability criterion Optimality criterion Adaptability criterion

Maximum result criteria:
maximum average result;
maximum probable guarantee;
maximum guaranteed result, etc.

Selection criteria:
freedom of decision-making;
self-organization, etc.

Acceptable result criteria:
acceptable guarantee;
acceptable guaranteed results, etc.

It should be noted that the cost-effectiveness criterion is widely used in the analysis of combat deploy-
ment of weapon systems [13]. Let us examine the cost-effectiveness ratio of a weapons system for the
purpose of the current tasks. Normally, this ratio is expressed in the graph shown in fig. 2.

7 ¢

Effectiveness

-

Cost

Fig. 2. Standard curve of weapon systems cost-effectiveness ration

If a weapon system can be represented as point A on the graph, then the tasks of the system clearly
exceed the budget. In that case either more humble goals should be set, or the whole weapon system
should be abandoned, or higher expenditure accepted in order to ensure the development of a weapon
system with performance corresponding to point B. If sufficient funding is provided, a system with per-
formance corresponding to point C can be developed as well. However, that would mean that we invest
more funds than economically feasible, and we should either look for other weapon systems or set more
conservative goals. If, according to the researcher and the person who uses the results of his or her activity,
the alternatives identified as the best as the result of model-based analysis, are acceptable, the analysis
process concludes. Otherwise, the search for better alternatives should continue or more humble goals
should be set.

The introduction of the cost-effectiveness criterion as the relation between the «effectiveness» and
«cost» allows the DM to make justified decisions in designing CESs. The popularity of this criterion is
due to the fact that it is very simple and clear. The correlation between the effectiveness of a decision
taken and the cost of its implementation shows, on the one hand, how much the investments are justified
and, on the other hand, the consequences of unjustified cost cutting. However, this philosophy is not as
simple as it may initially seem. The dependence of the criterion from the effectiveness is linear, while its
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dependence from the cost is hyperbolic (fig. 3). [7]. Due to that it gives clear preference to cheap solu-
tions (projects), while in expensive ones it is quite «condescending» to the costs.

A W= g,C = const ﬁw B -g—.3 = const

Effectiveness Cost

a) b)
Fig. 3. Dependence of the relation
a— W = (E/C) on the effectiveness (C = const); b— W = (E/C) on the cost (E = const)

One of the advantages of the cost-effectiveness criterion is that it is simple and transparent. Its disad-
vantage is that the dependence of the criterion from the effectiveness is linear, yet the dependence of the
criterion on the cost is hyperbolic.

When using the cost-effectiveness criterion, the user should be fully aware if the criterion corresponds
to his or her understanding of the task and address its disadvantages by limiting the application area as:
“cost not higher than ...”, “effectiveness not lower than ...”.

From April 28 to may 3, 2014 in Mexico hosted the First international Congress of advanced science
(The First International Congress of Advanced Science devoted to the study of the prospects of develop-
ment of mankind in the XXI century. During eminent scientists from different countries exchanged the
results of their scientific research on the prospects of social development of the society, taking into account
the latest achievements of modern science and technology. The Congress was attended by scientists from
eight countries: Mexico, Venezuela, Germany, Russia, Brazil, Cuba, China and Norway.

The conference expressed the view that the most important condition for the development of society
is correctly selected criteria base the quality of public life.

It was noted that current approaches are based on the concepts of gain and profit, and the sense of the development
of society as a whole and its subsystems (up to the individual person) is reduced to achieve maximum profit.

This approach directs economic and other activities on Maxi-optimization profit, but not on the growth
of socially useful product. That is the purpose of development of society is not achieving the maximum
extent of development of each individual and society as a whole, and extract the maximum profit at all
levels of society, sometimes to the detriment of the objective with significant public interest. And this
leads to the imbalance of the whole system of social production. In fact, the well-known crises of capital-
ism are such an imbalance.

Therefore, the highest criterion of efficiency of any production at any level of its hierarchy should be
the needs of society.

The efficiency of social production as a whole should be evaluated by the degree of conformity of range
and volume needs of the nomenclature and production of all kinds.

In this understanding, criteria such as income, profit or rent-turn profits are purely private and local,
auxiliary in nature and may not be used as the main, as is the case today.

Then the sense of the development of society is not confined to race for profit, but to the elimination
of appearing natural imbalances, allowing real crisis-free development of society. That is the purpose
of development of society is not extracting the most profit, and achievement of the maximum degree of
development of society as a whole'.

I Sivkov K. Future for socialism // Military-industrial courier. - 2014. - Ne 19 (537). - 28 may - 3 June. - 3 p.
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4. Classification of decision-making methods

There are a number of decision-making methods and models classifications based on various attributes
[14]. In a classification, each of the elements of the expression (1) may serve as its attribute and be char-
acterized by the following properties:

1. By presentation f. The presentation of the sets S and K may be deterministic, probabilistic or un-
determined, whereby the decision-making tasks may be divided into tasks under risk and tasks under
uncertainty.

2. By saturation of set K. A set of choice criteria may contain one or more elements, thus the
decision-making tasks may be defined as tasks with scalar or vector criterion (multicriterial decision-
making).

3. By system of preferences P. Preferences may be defined by one person or a team, subject to which
the decision-making tasks can be classified as individual and collective [15].

The individual decision-making methods and models with multiple criteria may be divided in the fol-
lowing main groups:

The first group includes:

— lexicographic methods;

— axiomatic methods of the multicriterial utility theory;

— methods of comparison of multidimensional alternatives (domination methods, compensations, non-
comparability thresholds).

The second group includes:

— methods of generalized criterion construction;

— verbal methods;

— methods of the fuzzy sets theory;

— intellectual methods.

The collective decision-making can be divided into the following groups:

The first group includes:

— methods of collective conflict-free decision-making;

— methods of collective selection;

— cooperation methods (expenses and profits distribution).

The second group includes:

— dynamic methods of collective selection in conflict situations;

— problems of allocation;

— collective behavior-shaping methods.

A brief description of the above methods is given in monograph [15]. The utilized classification prin-
ciple allows for, as we think, a clear definition of four major groups of methods. Three of them pertain to
decision-making under certainty, while the fourth one to decision-making under uncertainty.

5. Comparative analysis of decision-making methods in CES design

5.1. Overview of the decision-making methods

Over the past few years, a significant number of scientific papers in decision-making theory have ap-
peared. They deal both with the selection of alternatives in CES design [15, 18-20], and the development
of decision-making methods. Among those we can note monograph [15] that details the decision-making
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methods, including hierarchy analysis methods and analytic network methods, as well as methods based
on the fuzzy sets theory, cluster analysis method and combinatorial morphological analysis and synthesis
of systems, heuristic methods of search for new solutions, intellectual methods and systems of strategic
decision support and methods of the utility theory and game theory. The specificity of system analysis and
multicriterial task solving problems is covered in monograph [10] that details the methods of multivector
optimization and multivector classification.

The analysis of methodological decision-making theory literature, as well as scientific and
technical CES design literature shows that the following decision-making methods can be used
for the purpose of selecting primary areas of technology and CES development, namely perform-
ance evaluation:

— methods of convolution of vectorial criterion;

— tradeoffs minimization method;

— method of optimization based on the dominant criterion;

— ranking methods (binary relation method, successive tradeoff method);

— weight coefficient method;

— ideal point method;

— ELECTRA method;

— analytic hierarchy method;

— statistical methods of product quality evaluation (correlation analysis and regression analysis);

— spectral method of alternatives ranking;

— analytic hierarchy method;

— method of fuzzy preference relation;

— preference method;

— decision matrix method;

— documentation method;

— test method;

— Pareto method;

— reasoning consistency evaluation method;

— mixed alternative method;

— consensus method;

Table 2. Primary features of the ranking method

m .
1:: thz Essence of the Avblication area Advantages of | Disadvantages of Notes
method PP the method the method
method
While performing |In practice, this Dependence of
pe & | praciice, pen The order scale
the ranking, the |method in its pure precision and
i . . |generated as the
expert must ar-  |form is rarely reliability of ranking
. . result of rank-
range the objects |used. In most cas- on the quantity of |
. ., - . .. . Ing must meet
. |(factors) in an es it is used along [Simplicity objects. .
Ranking . o the requirement
order that appears |with another Promptness Subjective
method . } of the number
to be the most ra- [ranking method |Low cost evaluations.
. ) of ranks be-
tional and assign a|that ensures a The method does not |.
. o . o ing equal to
counting numeral |clearer distinction allow identifying the
. the number of
(1,2,3,etc.)to  |of the compared distance from one ranked obiects
each of them. objects. object to another. Jects.

93




OVERVIEW OF DECISION-MAKING TECHNIQUES USED IN THE DEVELOPMENT OF COMPLEX ENGINEERING SYSTEMS

— expert evaluation methods (Delphi method, commission method, court method, brainstorming
method and its variants, i.e. individual brainstorming, mass brainstorming, written brainstorming, dual
brainstorming, reverse brainstorming, idea conference); mutual evaluation and self-evaluation method,
complex examination method).

Methods of ordering can be used if:

— the use of probabilistic methods is complicated;

— it is required to identify the most important alternatives or distinctive features out of a total number
thereof;

— it is required to compare certain quantitative factors that are very difficult to accurately measure;

— it is required to evaluate certain qualitative factors that are impossible to accurately measure, but it
is possible to compare to which extent they possess the said quality (“better”, “more important”, “more
useful”). The primary features of the ranking method are given in table 2.

During the design of new technology or performance evaluation, a DM must always answer the
question of applicability of certain decision-making methods. ADS developers face an even more
demanding challenge when they choose the mathematical tools of decision-making that are subse-
quently used in the development of an automated hardware and software system. There are a number
of papers that detail the key features of popular decision-making methods and guidelines to their
application [5, 7, 16, 21, 22].

5.2. An example comparative analysis of decision-making methods

Monograph [22] gives an overview and comparative analysis of decision-making methods used in per-
formance evaluation of CESs and other objects and recommends studying the weight coefficient method,
ideal point method and ELECTRA method. In the Otsenka 1 Vybor (Assessment and Choice) system an
object can be evaluated using the first two methods.

A comparative analysis of various decision-making methods is given in monograph [15]. fig. 4 shows the
results of a rational innovative project selection generated using a number of methods: analytic hierarchy
method [23], preference relation method, fuzzy method, additive convolution, maximum convolution. It
should be noted that innovative projects can be evaluated by a group of experts [24].

Priority

Analytic Preference Fuzzy in Additive Maximum
hierarchy relation ference convolution convolution
method method

Fig. 4. Results of comparative analysis obtained using various decision-making methods
as part of innovation projects evaluation
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Despite the fact that the input information is consistent, the results differ. As it is noted in [15], the
mismatching results can be explained, on the one hand, by different representations of expert information
and different approaches to decision-making, on the other hand. The analytic hierarchy method and the
preference relation method are based on the approach that involves pair-wise comparison of objects and
standard weight coefficients. The maximum convolution uses the approach that is bases on the assump-
tion that the best alternative is the one with minimum drawbacks according to all criteria. The additive
convolution uses the approach when low ratings have equal status compared to the high ones. The fuzzy
inference implements the heuristic approach.

The performed analysis shows that:

— each method has its restrictions and the researcher must get acquainted with a method before
using it;

— the main problem of multicriterial choice in CES design is the choice of criteria, as well as the pos-
sible integral estimations calculation;

— the heuristic approach provides ample opportunities of information representation.

6. Conclusion

1. In the course of the performed research:

— the significance of the decision-making methods and models involved in the development of new
opportunities in technology and CES design was demonstrated;

— one of the procedures and the possible mathematical model of decision-making in CES development
were analyzed;

— CES effectiveness was defined along with the criteria thereof;

— various types of decision-making methods were examined.

2. An analysis of sources regarding the theory and practice of decision-making has demonstrated that
comparative analysis of decision-making methods is an important factor in choosing the rational decision-
making method as part of practical activities and is underrepresented in scientific and methodological
literature as a CES performance evaluation method.

3. A reliable evaluation of technology performance requires the application of new approaches based
on comprehensive modeling and rational use of proven decision-making methods.
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dyHKUMOHaNbHaA HaAEXHOCTb. Teopua U NpakTUKa

)
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LWyéuHckwnii N.B., LLiebe X.

CUCTEMATUYECKMUA NOAXOA K SALLUUTE
NMPOrPAMMHOIO OBECINMEYEHUA
OT CBOEB AIMNAPATYPbDI

B cratbe onuceiBaeTcs CyTb COOMHbIX OLLUMOOK, MX BOSHUKHOBEHWE M BO3AENCTBME HA PE3Y/IbTaTbl QYHKLMO-
HUPOBaHWSI CUCTEMbI. PaccmarpuBaroTcs METOAbl 0OHapPYyXeHUs COOViHbIX OLMOOK. OnUChIBAOTCS METOAbI
3alnTbl OT cO0EB 1 NMpeanaraeTcsl KOMIUIEKCHbIV MoaxoA K 06ecrneyeHuo yCTOMYMBOCTY CUCTEMbI K COO-
am. TpyHUMM, KOTOPbIV M31araeTcs B CTarbe, Moka3biBAET KaKMM OCHOBHbIM CBOMCTBOM [OJIKHa 0bnanarb
ycTonumBasi kK cbosm cuctema. [anee npuBoANTCS MPUMEP U 3aK/TIOHEHNE MO Pe3ybTaraM UCCAEen0BaHUS.

KnmoyeBbie cnoBa: coou, cOolViHbie OLUMOKM, MOMEXU, NCKaXeHue AaHHbIX, MCKaXeHue rnocsean0Baresib-
HOCTU rnporpamMmbl, YCTOMYNBOCTb K COOSIM.

1. BBepeHue

OOBIYHO B TEOPUH HAICKHOCTH 1 O€30ITACHOCTA MHOTO BHUMAHUS YICISIOT OTKa3aM, B 0COOCHHOCTH
onacHbIM. OHAKO MOMUMO HUX CYIIECTBYIOT JPYTHe COOBITHS, KOTOPBIC HA TIEPBBIA B3I KaXKyTCs
ropasio MeHee BaXHbIMU. IT0 — cOom [1,2].

COou onpenensroTcst cineayonmm oopazom. COol (HyHKITMOHATBLHOTO XapaKTepa — COOBITUE, 3aKITIO-
YaroIIeecs B OTHOKPATHOM MCKa)KEHUH repepadaThiBaeMOil MiTH XpaHsIIeics B UH)OPMAIIMOHHOM TeX-
HUKe HH(OpMaIMK, BO3HUKAIOIIEE IT0]T BO3/ICHCTBIEM BHYTPEHHHX MJIM BHEITHUX JIECTA0MIN3UPYIOIINX
¢axTopos (momex) [1].

Tema cranoBuUTCS O0JIEE AKTYaIbHOM 110 IBYM IIpUYMHaM. Bo-1iepBbIX, MUHHATIOpU3ALIMS BBIUUCIUTETLHOM
TEXHHKH MPUBOIUT K PACTYILEH UyBCTBUTEIILHOCTH aMIapaTHbIX CpesIcTB. Bo-BTOPHIX, OCnabieHne MarHuTHOTO
T0J151 3€MJTH [TPUBOUT K YBEITMYEHHIO [TOT1a/IaHKs Ha 3€MJTIO 3apsDKEHHBIX KOCMUUYECKUX YacTULL. B pesynbrare
gacTora cOOCB HA TPH U OOJIee MOPSIKA TPEBHIIIACT YACTOTY OTKA30B TEXHUYIECKUX cpeAcTB [1]. B mannoi
cTaThe IpejyIaraeTcs MoAX0/ K CO3MaHUI0 YCTOMYUBOM MO OTHOIIEHHIO K COOSIM CHCTEMBI.

2. Coom

B urdopmanmonnsix cucremax (MC) coou, KOTOpbIE OTHOCATCS K KATETOPHH MEPEMEKAFOIIUXCS OTKA-
30B, HE OKA3bIBAIOT CYIIECTBEHHOTO BIMSIHUS Ha HAJIS)KHOCTh (hyHKIIMoHUpoBaHus IC. D10 o0bscHseTCs
CJIEYIOIIUMU OCHOBHBIMU MPUYHHAMH:
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Muorue UC oTHOCATCA K KaTeropuu KpUTUYECKH BaXKHBIX cucTeM. [1o3ToMy nipu co31aHuu CpecTB
MH(GOPMAITMOHHON TEXHUKU MPUMEHSIOTCS CIEIAIbHBIE MEPhI M0 CTA0MIN3AlUY B PUEMIIEMbIX Tpa-
HUIAX TeMIepaTypbl U BIAKHOCTH, 00ECIIeYNBACTCS KaueCTBEHHOE KOHIUIITMOHUPOBAHUE TIOMEIICHHIA
U CTaTHBOB, THIATEIbHOE MPOCKTUPOBAHUE DIEKTPUUECKUX PEKUMOB, UCKIIIOYCHHE COOBITUI «TOHOK U
COCTSI3aHUI CUTHAJIOBY U JIp.;

MHuorue nHpOpMalMOHHBIE CUCTEMBI pabOTAIOT B PeabHOM MaclTabe BPEMEHU U B JTUPEKTUBHbBIE
CPOKH BBITIOJIHAIOT CTPOTO OTpeieieHHbIe HH(POpMaIMOHHbIE PYHKIUU. J[J151 3TUX cCCTEM MPUOPUTETHOE
BJIMSTHHE HA Pe3YJIbTaThl (DYHKIIMOHUPOBAHUS OKa3bIBAIOT COOM (DYHKIIMOHATBHOTO XapaKTepa, T.e. TAKHue
cOOU TEXHUKHU, KOTOPBIE MPU OMPEAETCHHBIX 00CTOSITENLCTBAX MOTYT IMIPUBECTH K OIIMOKAaM B yrpaBJie-
HUU U UMETh CEPbE3HBIC MOCIEACTBUS AJIsi padOThI BCEH CUCTEMBI B IIETIOM H JaKe JJISl OKPYKAIOIIeH
Cpelibl;

COou xapaKkTepu3yrTCs TEM, YTO OHU CYIIECTBYIOT O4eHb KOPOTKOe BpeMsi. OHM BO3HUKAIOT B arlma-
PaTHBIX CPENICTBAX U UCIIPABIISAIOTCS CAMH T10 cebe, T.€. alnapaTHbIe CPEICTBA BO3BPAIIAIOTCS B HICXOIHOE
busznYeCcKoe COCTOSHUE, HO HE 00s13aTeTIbHO B UCXOHOE (DYHKIIMOHAEHOE COCTOSIHUE.

Coou alrapaTrHbIX CPEACTB MOTYT OBITh BBI3BaHBI CICAYIOIUMU TIPUIUHAMMU:
[ToMexu 110 BXoJIaM M 1ienu nutanus (puc.l.)

UBLIX
al e ————— — = = = = = — — — —— e m—m _
- _. — — — = _.. _______________________ _ Aa
i N 1
o— Xg— — X5 — Aad
dy. b |
i A i '
! ao !bl i Ab H bO : al
Aa>Aa’ ;Ab > Ab

Puc. 1. Tunosast mepeaaToyHas XapakKTepHUCTHKA IU(PPOBOI HHTETPATIBLHON CXEMBI

PeanbHas nepenaroyHas XapaKTepUCTHKA CXEMbI MOXKET OBITh alllIPOKCUMUPOBAHA KyCOUHO-JIMHEHHOM
¢ynkuumeit. Ha puc. 1 nmpuBeneH npuMep TUIIOBOM MepEIaTOUHON XapaKTEPUCTUKU U yKa3aHbI ee mapa-
MeTpsl: @; (i =1,0) — BBIXOHOH YPOBEHb HANPSKEHUS JIOTUYECKON €IMHULIBI WM HYJIS; b, — TIOPOroBoe

- b +b
3HAUEHHE BXOJHOTIO CHTHAIIA TP nepekmouenun tuna 1— 0 (i =1) wm tuna 0 — 1 (i = 0); b= —1—2;

BO3MOYKHAsl IIMPHMHA 30HBI IEpeKroueHus Ab = /b, — b,/. Ha TMIIOBOH Mmepe1aTouHON XapaKTepUCTHKE

BBIJICJIAIOTCS TPH 00aCTH, COOTBETCTBYIOIINE PA3IIMYHBIM COCTOSHUSM cxeMbl. O6mactsb I — 3akpbiToe
cocrosinue, oonacts I1I — OTKpBITOE COCTOSTHIE CXEMBI, a MPOMEXKyTouHas oonacts 11 — cocrostHue nepe-
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kitoueHus. [loa Bo3neicTBUEM OTIIHPAOIIeH TOMEXH BO3MOXKEH Mepexo] CXeMbl U3 0b1actu | B 00macthb
III, T.e. HempaBuIbHOE (POPMHUPOBAHUE HA BBIXOJE CXEMBI Kofa ,,I* BMecTo koza ,,0% (cOoit Tuna [ — 0).
ITox Bo3aeiicTBUEM 3amuparolieil moMexu Bo3mMoxkeH cOoii tuma 0 — 1.

W3 puc. 1 caemyer, 4To pu 3a1aHHOM BETUYMHE JIOTHYECKOTO nepenaia Aa TEXHOIOTMYECKU pa3opoc
TIOPOTOBBIX HANPSKEHUH b, ¥ b, NPUBOAMT K YMEHBLIEHUIO MAKCUMAIIBHO JI0MYCTHMBIX AMILIUTY/T OTIIH-
patouieit x;; U 3aIIMparoILEeH X ;; IOMEX, a, CJIE0BATEIbHO, K CHKEHHUIO CTaTHYECKON TOMEX0Y CTOMYUBOCTH
CX€Mbl. AHAJIOTUYHBIN pe3ylbTaT UMEET MECTO MPU YMEHBIICHUH JIOTHYECKOTO nepenaaa Aa, KOTOpbIit
OCYIIECTBIISIETCS B MHTEPECaX MOBBIIICHUS OBICTPOACHCTBUSA cXeM. UeM MEHbIIIE BeTMYHHA JIOTHYECKOTO
nepenana Aa* < Aa, TeM MeHbIIIE BpeMs IEpeKIIIodeHusI cxeMbl Ab* < Ab 1, crienoBaTensHO, TEM BhIIIIE
ee ObICTpO/ICHCTBHE.

DKCHepUMEHTAIIbHBIE TaHHBIE 110 COOSIM MHTETPaJIbHBIX CXEM OTCYTCTBYIOT. JlJIsl OLICHKH XapakTepu-
CTUK cOO€B MPUMEHSIOTCS HIKCIIEPUMEHTAIbHO-PACUETHBIE METObI IPOTHO3UPOBAHUS, OCHOBAHHBIE HA
HKCTIEPUMEHTAJIbHBIX IAHHBIX O BXO/IHBIX CUTHAJIAX U [TIOMeXaX, IePEaTOuHbIX U aMIUTUTYAHO-4aCTOTHBIX
XapaKTEPUCTUKAX CXEM. JTH JAHHBIE SBIIAIOTCA UCXOJHBIMU Ul pacueTa IMana3oHa BO3MOKHBIX BEPOSIT-
HocTell c00s M(pPOBOTo JIOTHYECKOT0 3JIEMEHTa B MHTET PaJIbHOM HCIIOTHEHUH, KOTOPBIN 4aCTO UMEHYIOT
BEHTHJIEM I10 aHAJIOTHH C TPAH3UCTOPOM B 3JIEMEHTHOM 0a3e Broporo nokoseHus. I1o nomyueHHsIM pac-
YETHBIM 3HAUEHUSIM COOEB BEHTUJICH, U3BECTHON CTPYKTYpE U PEaTu3yeMbIM JIOTHYECKUM (DYHKLHAM
PaccUUTBHIBAIOTCS BEPOSITHOCTU M MHTeHCUBHOCTH c6oeB LIVIC.

IloMexu 3IEKTPOMArHUTHOI'O XapaKrepa

Ecnau nomexu MOTYT BO3/ICHICTBOBATh Ha CUCTCMY YCPC3 BXOAbI, IMTAHUC U MACCY, TO CUCTECMA TAKIKEC
MOXET OBITh MOABCPIKCHA SJICKTPOMAIrHUTHOMY U3JIYUCHUIO. BceneacrBue 3Toro MoxeT HHAYOHUPOBATHCA
TOK, HpeI[CTaBJ'IﬂIOH_[I/Iﬁ coboit IMOMCEXY. OTa momexa HeﬁCTByeT TaKHUM X€ MCTOJJOM Ha KOHTAKTbI I/IC, Kak
nmomMexa, psMo npoxoadinast M0 KOHTaKTaM U IMPOBOJAAM U KaK 3TO OIIMCAHO BBIIIC.

IIponer paanoaKTUBHBIX YaCTHUIL

TpeTPIfI MEXaHHU3M — 3TO BO3JCHCTBUE paaArOaKTHUBHBIX YaCTHUL. OOBIYHO HA IEepBOM HIare ramMma-
H3JTYHYCHUC IIPOXOAUT ommsko k MC. 9TO, CKOPEC BCCIO, U3ITYHYCHUC, BOSHUKAIOIICC BCIICACTBUC paaro-
AKTUBHOI'O pacmnaja. raMMa-I/BJ'IyLICHI/IC HMEET CBOMCTBO Xopomeﬁ MMpOXOAUMOCTH YCpPC3 MaTCpHall.
3aIJ_[I/IH_IaTBC${ OT raMMa-u3JIyu4CHUA TPYAHO. KsanT r aMMa-nu3J1y4CHUus MOKCT BBIOMBATh aan)a qacCTHULY,
KOTOpasd Kak 3aps’KCHHAAg 4aCTUlla MOXKCT BO3/I€IICTBOBAaTh HA BXOJIbI MJIX psAMO BHYTpH HUC na PErucTphbl
U naMsaTh. BelieacTBHE TaKoro BO3ACHCTBUS MOXKET MCKA3UThCS XOTS ObI OUT I/IH(I)OpMaI_[I/II/I.

[TocnencTBus cO0EB MOTYT 3aKJIFOUATHCS B CIIEAYIOLIEM:

* Uckaoicenue 3anucannblx OaHHbIX

B sTOM ciyuae cucrema paboTaer Ha OCHOBE HENIPABUIIbHBIX JaHHBIX. B aTOM ciyyae nake npu kop-
PEKTHO BBINIOJIHEHHBIX (DYHKIMSAX BO3HUKAET JIOKHBIN pe3yibTar. [IpuuemM 3ToT npolecc npojoKaeTcs
B JlaJIbHEHIIEM, eci OIIMOKa B IaHHBIX HE CKOppeKTHpoBaHa. OmunbKa MOKET 0Ka3aThbCsl B BHIXOAHBIX
pesynbrarax padorsl UC, copMupoBaTh JOXKHYIO KOMaHIy U IPUBECTH B UTOTE K OTACHOMY OTKas3y.

* 3menenue nocie0o8amensHOCmMu NPOSpamMmbl

3TO 3HAYUT, UTO cUCTeMa (PYHKIIMIO HE BBIIIOIHAET BOOOIIE, TMOO BBIMOIHSAET IpyTyto pyHKLUI0. Bo3-
MOXHBI TaKXKe COOBITHS MTPEXKAEBPEMEHHOTO BBINIOIHEHUS (DYHKLMHU, MU HEJOMyCTUMO MO3AHEr0 WIN
HEYMECTHOTO BBINOJIHEHUSI (PYHKIIMH, YTO B UTOTE MOXKET MIPUBECTU K OTTACHOMY OTKAa3y CUCTEMBI.
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3. OOHapyXeHue cOOiHbIX OLUMOOK U 3awmTa
OT UX ONAaCHbIX NOCNIeACTBUN

CymiecTByeT psii XOPOIIO U3BECTHBIX METOMIOB 3aIllIMTHI OT MocieAcTBUi cooes [1]. B mepByro oue-
penb TpedyeTcs Halu4yhe METOI0B OOHapyKeHUs cOOMHBIX OmMOOK. M3BECTHBI ClenyIOne METOIbI
0OHapyKCHHUS:

* MHozokananvrocmo. IIpu 3TOM MOAX0/1€ CPaBHUBAIOTCA PE3YJIbTAaThI ABYX WK Oosee kaHasioB. Eciu
OHHM Pa3INYaloTCs, TO B yCTPOICTBE 0OHAPYKUBAETCs COOM MM OTKa3.

e IIpogepounvie cymmol. [loMUMO caMuX JaHHBIX 3allOMHHAETCs] KOHTpOJbHas cymMMma. M3MeHeHus
JTAHHBIX PUBEAYT K TOMY, YTO IPUHATAS U BHOBH C(HOPMUPOBAHHAS 10 IPUHSTHIM TaHHBIM KOHTPOJIbHBIE
CYMMBI HE COBMA/Ial0T. ITUM METOOM MOKHO OOHAPYKUTh MHOTHE COOH, HO 1aJIeKO HE BCe.

* Aneopummul. VIconb3yrOTCs aJITOPUTMBI, KOTOPbIE TOJIEPAHTHBI IO OTHOLIEHUIO K cOoaM. OHAKO
JUTSL psifia 3a/1a4 HE y/IaeTcs HalTH WU OCTPOUTD MOJJOOHBIE aJTOPUTMBL.

* Mnoeosepcuonnoe npoecpammuposarue. Co31al0TCs ABE Wi 00Jiee BEpCUH MPOTrPaMMHOr0 odecre-
YeHMsI, OCHOBAHHbIE HAa TOM ke anroputme. CpaBHUBAIOTCS pe3yibTaThl. Tak Kak geiicTBue cOost nmpea-
rojlaraeTcs pa3jIMuHbIM Ha 00€ BEpCUU MIPOrPaMMHOT0 obecredeHust, cCOou JOHKHBI 0OHApPYKUBAThCSI.

OTu 00bIUHBIE KJIACCUYECKHUE METOABI 3alIUThl OT COOEB MPUTOIHBI JIJIS1 IIUPOKOTO Ki1acca OMUOOK 1
OTKAa30B.

[Tocne oOHapyxenus c60eB HEOOXOUMO C MOMOIUIBIO MPOTPaMMHO-AINAPATHBIX CPEACTB OCYIIe-
CTBUTH UX ycTpaHeHHe B cucteme. OIHAKO TONMOTHUTENbHBIE CPEACTBA KakK JJIsl OOHAPY>KEeHHs, TaK U JJIs
yCTpaHeHus: COOMHBIX OIMNOOK TAaKKe MOABEpratoTcs Bo3aeiicTBuio cOoeB. Crie0BaTeNIbHO, OHU B CBOIO
o4yepehb TOJDKHBI 3alIMIIAThCS OT COOEB.

4. CuctemaTuyeckum nogxon

[TocTpoum ceityac cucTeMaTUueCKU METO] 3alIUTHI OT COOEB.

OrTka3 BeiencTBUe COOMHON OMMOKH MOSIBIISETCS KaK IMyTeM HapYLICHHsI IOTHYECKUX YCIOBUN pabOThI
CHCTEMBI, TaK U B BUJI€ HAPYIIECHUS TOYHOCTH UJTH MPOITYCKHON CHOCOOHOCTH pabOThI CUCTEMBI. TH HUCKa-
’KEHHBIE TPOMEKYTOUHBIE WIIH BHIXOAHBIE PE3yJIbTaThl 3aIIOMUHAIOTCSI CUCTEMOM MPSIMBIM MJIH KOCBEHHBIM
oOpazom. [IprueM KocBeHHOE 3alIOMHUHAHKE OoJiee OMACHO, TaK KaK OHO TPYAHO OOHApyKUBAETCS.

[Ipumep npsMoro 3armoMHUHAHUS — ATO MCKaKEHUE TAaHHBIX, HAIpUMep, apaMmeTpoB cuctemsl. Koc-
BEHHOE 3allOMUHAHKE MOSBIISETCS, €CJIM CUCTEMA BBIMOIHIET HEMPABWIbHYIO ONEPAIINIO, YTO MPUBEACT
K HCKa)XCHHBIM JaHHBIM, KOTOPbIE TIOTOM 3aHOCSITCS B IAMSITh.

[Iporpammuoe obecneuenue (I10) moxHO mpencTaButh B hopMe KoHEUHOTro aBromara. CocTosiHue
aBTOMara ONpeesAeTcs JAHHBIMU, 3alIMCAHHBIMU B TAMSATH, KOTOpbIE JTMOO0 MOCTYNUIN U3BHE (JITaHHBIE
JTATYMKOB, COCTOSIHUS BHEIIIHUX YCTPOMCTB), TNO0 c(HhOpMUPOBAINCH P BHIMOIHEHUH MPOIIECCOB CAMOT0
10 (pesynbrarsl pacyeToB, koMauabl oT [10, HampaBlieHHBIE BHEIIHUM yCTpoiicTBaMm 1 1ip.). [Ipruem Bes
uH(popMaIus JUCKPETHA U 3aBUCUT TOJIBKO OT BCEM MCTOPUU CUCTEMBI, HO He OT ee Oyayuiero. Tenepb
BBIUHCIIUTEIBHYIO CUCTEMY MOKHO OIUCATh ClIeAYOIMM 00pa3oM. COCTOSIHHUE B OIIPEIEIIEHHBI MOMEHT
OTMCHIBAETCS BEKTOPOM B ITPOCTPAHCTBE COCTOSIHUM CHCTEMBI, KOTOPBIA COJIEPKUT BCIO HEOOXOAUMYIO
MH(GOPMAIUIO 17151 OTHO3HAYHOTO OMHMCAHMSI CUCTEMBI: BCE MOTy4YeHHbIE TaHHbIe, Koa 110, 3Hauenus pe-
TUCTPOB | T.JI. BEeKTOp cOCTOSIHUS, XOTS ¥ 04€HB OOJBIIIOTo pa3mepa, Ho koHeueH. Toraa [10 u nudposyro
CUCTEMY MOKHO OIIHCATh C MOMOIIbI0 MOJIeN MapKoBCKOH 11enu. To 00bSICHAETCS TEM, YTO TaK K€ Kak
Y B BBIYMCIIUTEIBHOM CUCTEME, B MOZiesi MapKOBCKOM 11€TIH TOBEICHUE CUCTEMBI B OyAyIIIeM 3aBUCHUT OT
HACTOSIIEr0 U HE 3aBUCUT OT TOT0, KOT/la U KakuM 00pa3oM CHCTeMa IMepeliia B 3T0 COCTOSIHUE.
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3amava 3anuThl OT COOMHBIX OMIMOOK CBOJUTCS, TAKMM 00pa3oM, K JIBYM I0/13a/1a4aM:
1. 3amuTa 3aKCUPOBAHHOTO COCTOSIHUS OT UCKaKEHUS COOSIMU;
2. 3amnmuTa nepexoja B CICIyIONIee COCTOSHUE OT HCKAKCHHUS COOSIMH.

JlJ1st penieHus 3TUX 1Mo3a1a4 MOKHO UCTIOJIBb30BaTh, IPUMEHHUTEIBHO K KOKIOW U3 HUX, CICIYIONIUE
MEpHI:

1. IIposepounvie cymmol, uzopimounas 3anucy. C IOMOIIBIO TAKUX METOJ0B MOXKHO JIETEKTHPOBATh HC-
Ka)KEHHE JIAaHHBIX O COCTOSIHUAY H, €CIT METOT 3aIIOMUHAHUSI COZICPIKUT N30BITOYHY IO HH(OPMAITHIO, MOKHO
Jla’Ke BOCCTAHOBHUTH NCKAKEHHYI0 HH(OPMAIIHIO. DTO BO3MOXKHO, €CITH HCIIOIB3YETCSI IIPOBEPOUYHBIH KOJT
C BOCCTaHOBJICHHEM, KaK, Hanpumep, 1yt CD, wiu nHpopMaIus 3aIOMUHACTCS IBAXKIbI C TIPOBEPOYHOM
CYMMOM ISl KaXKI0¥ BEpCUU OTACTBHO. J[71s1 TOro 4To0BI cucTema padoraina 3 QpeKTUBHO, MOKHO BCTPO-
UTh MalllMHy COCTOSIHHI, KOTOpasi OTPayKaeT BCE BAKHBIC aCIIEKTHI IPOIECCca, B OCOOCHHOCTH Pa3Inine
MEXTy OITACHBIMU ¥ 0€30TTIaCHBIMU COCTOSTHUSIMH. BaxkHO HaliTH MM C(OPMUPOBATH MAIIMHY COCTOSTHUH
MUHHMaJIBHOTO 0ObeMa. B ctanmapre EN 50128 (2011) ynomunaetcs B npunoxenuu D.24 meron Finite
State Machines [3]. DTo MeporpusiTie Kak pa3 MOTUBUPOBAHO 3aIIUTON OT COOMHBIX OLTHOOK.

2. Muozogepcuonnoe npocpammuposanue. Eciy mporpaMMHOe oOecrieueHHe CIpOrpaMMHUPOBAHO B
Pa3JIMYHBIX BEPCUSX UMEHHO TaK YTO OHU MTPOBOST PACUYEThI PA3IMYHBIMUA METOIAMH, TO COOU HE CMOTYT
UCKa3uTh 00pabOTKy TaHHBIX B 00EUX BEPCHUAX TaK, YTOOBI PE3YJbTaThl COBIAIH. TakKe BOZMOXKHO HC-
M0JIH30BAaTh TOT YK€ KOJI HA Pa3IMYHBIX KOMITBIOTEPAX, HAa KOTOPBIX OH TPAHCIUPYETCsl Pa3HbIM 00pa3oM
B pa3HbIx ucnonHsemMbix [10. Ecnu ucnonp30BaTh MaimHbl COCTOSIHAN, TO MEPE]] KaXKIbIM IIEPEX0I0M
COCTOSIHUI MOYKHO YCTaHOBHTB IIPOBEPKY, KOTOPAsI UCTIONB3YET PA3JIMYHBIA aJITOPUTM.

5. NMpumep

B sTom paszaene mpuBOaUTCS IPUMEDP CUCTEMBI, B KOTOPOU TPUMEHSETCS CUCTEMATHIECKUMA TTOIXO/T
3aIuTHI OT cO0EB, IPEICTaBICHHbIN BhIIe. [IpeamonaraeTcs, 9To 115 MPOBEACHUS pacyeTOB TPEOyeTCs
Oe3omacHbI KoMTbIOTEp. [Iprdem pacyeT H0mkeH MpoBOaANTHCS MUKINYecku. Hampumep, kaxapie 100
MUJUTUCEKYH/] BEIYUCIISIETCS] TOPMO3HOM Iy Th, C IIEITBIO IPOBEPKH TOTO, UTO TI0€3/1 Oy/IET OCTAaHABIUBATHCS
nepea cBeTo(opoM ¢ 3arperniaroniuM MoKa3aH|ueM.

Ha mepBom mare ciemyer ompenenuTh TOT 3amac JaHHBIX, KOTOPBIA SICHO OMUCHIBAET COCTOSHUE
cUCTeMBI. B mpuMepe 3TO MO3HIus, CKOPOCTh, 3aMEIJICHUE M KPHBasi, OMUCHIBAIONIAs CIIOCOOHOCTh
TOpMOXeHUs moe3za. Jlanee BaxHO BpeMs Wik HoMep mukiia. OueBHIHO, OTH IaHHBIE CIIEYET 3allucaTh
B IaMATh BMECTE C MPOBEPOYHBIMHU CyMMaMu. Torma MOKHO OOHAPYKUTh UCKAKCHUS TAHHBIX, BRI3BAH-
Hble cOossmu. Ecnu BayKHO HE TOJIBKO 0OHAPYKEHHE, HO U BOCCTAHOBJIECHNUE KOPPEKTHBIX JAHHBIX U TEM
CaMbIM BOCCTAaHOBJIEHNE KOPPEKTHOTO COCTOSTHUS, TO CIAEAYET UCTIOIB30BaTh JINOO N30BITOYHYIO 3aMMHCh
JAHHBIX, JINOO HUCTOIb30BAaHUE KOPPEKTHPYIOMMUX KOAOB. B mepBoM ciydae JaHHBIE 3alIOMHUHAIOTCS
JBXK]IBI CO CBOUM ITPOBEPOYHBIM KOAoM. Toraa JIeTKo yCTaHOBUTD, KaKasi BEPCHS JaHHBIX MCKaKEeHA.
Bo BTOpoMm cityuae ciemyert yneauTh BHUMaHUE TOMY OOCTOSITEIBCTBY, UTO TIPH OOJIBIITIOM KOJIUYECTBE
c00eB CTaHET BEPOSITHBIM JIOXKHOE BOCCTAHOBJIEHHUE, T.€. BOCCTAHOBJIEHNUE JAHHBIX B HEMPABHJIHHOM
cocrossHuu. Bo BCcsikom cimydae TpeOyeTcst JoKa3aTh pacueToM, YTO MEPOIPHUATHS 3alUTHl OT cO0EB
00HaAPYKUBAIOT OMHUOKH C JJOCTATOYHO BHICOKOW BEPOSTHOCTHIO, TAK UTO BEPOATHOCTh HE3aMEUEHHBIX
HWCKa)KEHUU MaJa.

Ha Bropom miare ciienyer 3amuinaThest OT MOCIEACTBUI COOEB MPHU MEPEXOJIE U3 OJTHOTO COCTOSTHUS B
npyroe. Camblil TPOCTOM BapuUaHT — 3TO ONPEACIICHUE CIEAYIONIErO COCTOSHUS HECKOJIBKO pa3. Pacuer,
MIPOBEICHHBIN JIBAXKIBI, TIO3BOJISIET OOHAPYXUBaTh OmMUOKyY. Ecii B TakoMm citydae OBTOPUTH pacuer
TpeTUi pa3, MOXKHO KOPPEKTHUPOBATH OIMUOKY MyTEM MEPEX0/ia B TO COCTOSTHUE, KOTOPOE OMPEICITHIIOCH
OOJIBIIMHCTBOM PacyeToB.
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CUCTEMATUYECKWI NOAXOA K SALLUTE NPOrPAMMHOIO OBECNEYEHUA OT CEOEB AMNMAPATYPbI

[Ipu 5TOM MOBTOpHBIE pacyeTbl MPOBOASTCS HA TOM K€ MPOIECCOPE U TOM K€ caMOil BepCcUel Mpo-
IrpaMMHOT0 o0ecrieueHusi, Kak MepBblil. ITO BO3MOKHO IIOTOMY, UTO COOM HE MPUBEIYT K MOCTOSHHBIM
oTkazaMm. Hajo oTMeTuTh, 4TO OnucaHHble Mephbl HEe TOMOTAIOT MPU MOCTOSHHBIX WA CUCTEMaTHUYECKUX
OTKa3ax.

B cBs3m ¢ nmepexonaMu cieayer paccMaTpuUBaTh NporpaMmMHoe obecreueHne, KOTopoe MPOBOIUT pac-
YeThl JJI1 ONpEeNICHUs MOCIeqyIoIero cocTosHus. Ecnu cOolinas ommlKka MCKaXaeT MporpaMMHOe
o0ecrieueHre, To OHO M OCTAeTCs B UCKAKEHHOM BU/IE B ITAMSITH, XOTSI caMa MaMATh IpU ClIeAyIolIe 3a-
IIUCH MTPOrPaMMHOT0 o0OecrieueHus ee Obl 3alIOMHIIIA TpaBUIbHO. [lo3TOMY IporpaMMHoe obecrieueHne
CJIeZlyeT 3alucaTh B MaMsTh BMECTE C IPOBEPOYHON cymMmMou. boee Toro, mpu Ka>kJoM NpUMEHEHHH, T.€.
Y IIPU IOBTOPHOM pacueTe Mepexo/ia CUCTEMBI B CIIEIyIOIee COCTOSIHUE CIeyeT MPOBEPUTH LIEIOCTHOCTh
IPOrpaMMHOT0 obecriedeH sl (MM €ro YacTH) C MOMOUILI0 TPOBEPOYHON CYMMBI.

6. 3aknw4yeHue

B 71011 cTaThe MBI nccenoBaIu COOMHBIE OTKA3bl. MBI ONCay MPUIHHBI COOMHBIX OTKA30B U METOIBI
3amuThl OT HUX. OTCIO/Ia MBI BBIBEIM CUCTEMAaTUYECKHI MOIX0, KOTOPBI COCTOMT B JBYX Imarax. Ha
MIEPBOM IIIare CUcTeMa MpeACTaBIsAeTCs Kak MapKOBCKHIA aBTOMAT, COCTOSTHAE KOTOPOTO 3aITOMHHAETCS
3aIUIIEHHBIM METOJIOM, HallpUMeEpP C IMOMOIIBI0 TPOBEPOUHBIX cyMM. Ha BTOpOM mmiare cTpouTcs: Ha-
JIeKHBIN METOJI TIePeX0/1a MKy COCTOSTHUSIMHU, HAITPUMED, C MIOMOIIBIO N30BITOYHBIX PACUETOB.

[Tonxon mMpoMIUTIOCTPUPOBAH HA TIPUMEPE.
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Functional reliability. The theory and practice

A SYSTEMATIC APPROACH TO PROTECTION
AGAINST GLITCHES

The paper describes the essence of glitches, their emergence and influence on the results of a system’s
operation. Methods of identification of transient failures are considered. The paper describes methods of
protection against glitches and offers an integrated approach to ensuring the resilience of a system to
glitches. The principle put forth in the paper shows what key property a system has to own to be resilient
to glitches. The paper further provides an example and a conclusion on the study results.

Keywords: glitches, transient failures, data corruption, distortion of a program sequence.

1. Introduction

Usually the theory of reliability and safety pays much attention to failures, in particular hazardous
ones. Besides them, however, there are other types of events that at first glance seem to be less important.
These are glitches [1,2].

Glitches are defined the following way. Functional glitches are events non-recurrently distorting information
processed or stored in IT systems caused by external or internal destabilizing factors (disturbances) [1].

The issue has become more critical for two reasons. First, the miniaturization of computer systems
leads to an increasing sensitivity of hardware. Second, the weakening of the Earth magnetic field leads
to a growing number of charged cosmic particles arriving at the Earth’s surface. As a result, the rate of
glitches is three or more times greater than the failure rate of hardware [1].

This paper presents a systematic method for developing a system that is resilient to glitches.

The second section of the paper describes what glitches are, how they occur and what follows. The
third section discusses detecting methods. The further section describes methods of protection against
glitches and provides a systematic approach. The principle presented below shows what main feature
a system should have to be resilient to glitches. At the end of the paper an example is provided and a
conclusion is made.

2. Glitches

In information systems, glitches that belong to intermittent failures have no significant effect on the
reliability of an information system. This is explained by the following reasons:
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A SYSTEMATIC APPROACH TO PROTECTION AGAINST GLITCHES

* Many information systems are classified as mission-critical systems. Therefore, when designing an
information system special measures to stabilize the system are taken regarding acceptable limits of tem-
perature and humidity, required conditioning of rooms and racks, careful design of electrical schemes,
excluding events as races and competion of signals, etc.

* Many information systems work in real time and perform well-defined informational tasks according
to a given schedule. For these systems, the results of operation are primarily influenced by functional
glitches, i.e. such hardware failures that, under certain circumstances, can lead to management errors and
have serious consequences for the entire system, and even for the environment.

» Glitches are characterized by the fact that they exist only for a very short time. They occur in hard-
ware and disappear by themselves, i.e. hardware returns to its original physical state, but not necessarily
to its original functional state.

Hardware glitches can be caused by:

Disturbances of inputs and power supply

Uoutput
a, __““"““““—““"“““—“T
o N . Aa

i R 1

— Xg — Xgp— Ad’
ao___i _________ i___L___ |

i L A i U
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Aa>Ad";Ab > Ab

Fig. 1. Typical transfer characteristics of a digital integrated circuit

The actual transfer characteristic of a circuit can be approximated by a piecewise linear function. Fig.
1 provides an example of transfer characteristics with their parameters: a; (i = 7.0) is the output voltage
level of a log book or zero; b; is the threshold value of input signal for switches like 1 - 0(i=1/)or0—1

(i - 0)52 b1+b0

— the possible band of switching Ab = /b, — b/. For a typical transfer characteristic,
we single out three areas corresponding to different states of a circuit. Area I is closed state of a circuit,
area III is open state of a circuit, and intermediate area II is switching state. Under the influence of trig-
ger disturbance, the circuit can move from area I to area III, i.e. producing an incorrect output code “I”
instead of the “0” code (glitch of I — 0 type) . Under the influence of blocking disturbance, there can be
a glitch of 0 — I type.

From fig.1 it can be seen that for a given value of logic swing Aa, a technological variance between
threshold voltages b, and b, leads to smaller admissible amplitudes of input disturbances x;, and x,,, and
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A SYSTEMATIC APPROACH TO PROTECTION AGAINST GLITCHES

consequently to reduction of circuit noise immunity. The similar result occurs in case of reduction of logic
swing Aa, which is made to increase a circuit speed of response. The smaller is the value of logic swing
Aa* < Aa, the lesser is the time of circuit switching Ab* < Ab and thus the better is its speed of response.
Experimental data on glitches of integrated circuits are not available. To assess the characteristics of
glitches, they use experimental and computational methods of prediction based on experimental data about
on input signals and disturbances, transfer and amplitude frequency characteristics of circuits. These data
are source data for calculating a range of possible probabilities for transient failures of a digital logic ele-
ment in an integrated circuit, which is often called as a gate similar to a transistor in the second generation
element base. Based on the calculated values of gate transient failures, the known structure and functions
implemented, glitch rate and probabilities are calculated for digital integrated circuits (IC).

Electromagnetic interference

If disturbances can affect the system through inputs, power supply and weight, then the system can
also be exposed to electromagnetic interference. Consequently, it can induce a disturbing current. This
disturbance influences the same way on circuit contacts as a disturbance coming directly through contacts
and wires and as described above.

Passing of radioactive particles

The third mechanism is the impact of radioactive particles. Usually, at the first step gamma rays pass
close to IC. This is likely to be radiation produced due to radioactive decay. Gamma radiation has the
property of passing through material easily, and it is difficult to protect against it. A gamma quantum can
yank out an alpha particle that as a charged particle can come to inputs or directly inside of IC on registers
and memory. Due to this impact, at least one bit might be distorted.

The consequences of glitches can be as follows:

* Distortion of written data.

In this case, the system functions on the basis of incorrect information. In this case, even correctly
executed functions provide a false result. And this process continues further if an error in the data has
not been corrected. An error can get into the output results of IC functioning, making a false command
and causing a hazardous failure.

» Changing a program sequence.

This means that the system will not perform a function at all, or will perform another function instead.
There can also be events of too early, too late or inappropriate performing a function, which as a result
can lead to a hazardous failure.

3. Detection of transient failures and protection against their
hazardous consequences

There are a number of well-known methods of protection against the effects of transient failures [1].
First of all, methods for detecting transient failures are required. The following methods of detection are
known:

* Multi-channeling. In this approach, the results of two or more channels are compared. If their results
differ, a failure or a glitch is detected in a system.

* Checksums. Besides the data themselves, a checksum is saved. Changing the data will cause an event
when a checksum received and a checksum newly obtained on the basis of the received data will not
match. Using this method, we can detect many faults, but not all of them.

* Algorithms. Developers use algorithms that are tolerant to transient failures. However, for some tasks
one cannot find or construct such algorithms.
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A SYSTEMATIC APPROACH TO PROTECTION AGAINST GLITCHES

* Multi-version programming. Based on the same algorithm, two or more versions of the software are
developed. The results are compared. Since the impact of a transient failure is supposed to be different
for both of the software versions, glitches have to be detected.

These well-known, classical methods of protection are suitable for a wide class of faults and failures.

After having detected transient failures, one has to eliminate them in a system using HW/SW means.
However, additional HW/SW means used for detection and elimination are also susceptible to transient
failures. Therefore, they should also be protected against transient failures.

4. A systematic approach

In this section we construct a systematic method for protection against transient failures.

A system failure caused by a glitch represents itself through violation of logic conditions of system
functioning as well as through decreased accuracy or capacity of a system. These distorted intermediate
or output results are registered by a system directly or indirectly. And implicit saving is more dangerous,
as it is more difficult to detect.

An example of direct saving is the distortion of data such as system parameters. Indirect saving occurs,
for example, if a system performs an incorrect operation that will lead to distortion of data, which are
then saved to the memory.

Software can be imagined as finite-state automaton. The state of automaton is defined by the data re-
corded in the memory that either came from the outside (sensor data, the state of external devices etc.)
or were derived as a result of the software processes themselves (calculation results, commands from
software to external devices etc.). We should keep in mind that all information is discrete and depends
only on the entire history of the system, but not on its future.

Now the computing system can be described as follows. Its state at a given moment of time is described as
a vector in a space of a system’s states that contain all necessary information for the unambiguous descrip-
tion of a system: all data received, SW code, register values etc. Though of a big size, a state vector is finite.
Then software and a digital system can be described by means of a Markov chain model. This is explained
by the fact that in a Markov chain model as in a computing system, the behavior of a system in the future
depends on the present and does not depend on when and how the system came into that state.

Therefore, the task of protection against glitches is bolted down two subtasks:

1. Protection of a fixed state against transient failures;

2. Protection of the transition into next state against distortion by transient faults.

In order to solve both of these subtasks, for each of them the following measures can be applied:

1. Checksums, redundant recording. With these methods it is possible to detect distortion of data about
the system state, and if the method of information storage includes redundant information, it is even pos-
sible to restore distorted information. This may be possible if one uses an error-correcting code, as applied
on CD, or information is saved twice with separate checksums for each version.

In order to have a safe working system, one can implement a finite-state machine, which reflects all
important aspects of the information processing process, especially the distinction between hazardous
and safe states. It is important to find or construct a state machine, which is as small as possible.

The standard EN 50128 (2011) in Annex D.24 mentions a method of Finite State Machines [3]. It is
this measure that was motivated by protection against transient failures.

2. Multi-version programming. If software is programmed in various versions carrying out calcula-
tions using different methods, transient failures cannot distort the data processing in both versions of the
software in such a manner that the results will be the same. It is also possible to apply the same code on
different computers where it is translated in a different way in different executable software. If a finite-
state machine is used, before each state transition one can set checking that uses different algorithms.

106
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5. Example

This section gives an example of a system that uses a systematic approach for protection against transient
failures presented above. It is assumed that a safe computer is required for calculations. In addition, these
computations have to be carried out cyclically. For example, the braking distance is computed every 100
milliseconds in order to verify that the train will be able to stop before the next signal at danger.

As the first step, we should define those data, which clearly describes the state of a system. In this
example, these are a position, speed, deceleration and a braking curve, which describes the braking pa-
rameters of a train. Further, the time or cycle number is required. Obviously, these data should be written
into memory together with a checksum. Then it is possible to detect data corruption caused by glitches.
If, however, it is important not only to detect but also restore the correct data, i.e. restoring the correct
state, then it is necessary either to store data redundantly or to use error-correcting codes. In the first case,
the data is stored twice with a hash code. Then it is easy to determine which version of the data has been
damaged. In the second case, one needs to pay attention to the fact that with a large number of transient
failures a false recovery, i.e. recovery of wrong state would become probable.

In any case we need to prove by calculations that the measures implemented against transient failures detect
errors with a sufficiently high probability, so that the probability of undetected distortions is sufficiently low.

As the second step, the system needs to be protected against the consequences of transient failures when
transition from one state to another occurs. The easiest option is to determine the next state several times.
Calculations are carried out twice, so that possible errors can be detected. If in this case the calculation
is repeated for the third time, then an error can be corrected by switching to that state, which has been
determined by the majority of calculations.

In this example, calculations are repeated on the same processor and with the same software version,
as in the first calculation. This is possible because transient failures will not lead to a permanent failure.
It should be noted that the described measures do not protect against permanent or systematic failures.

In connection with the transition, however, one needs to consider the software e that carries out calculations
to determine the subsequent state. If a transient failure distorts the software, then the software remains in a
distorted form in the memory, although the memory would store the software correctly at the next occasion
of software uploading to the system. Therefore, the software must be written into memory together with a
checksum. Moreover, for each application of this software, i.e. also when re-computing the transition to the next
system state, it is necessary to check the integrity of the software (or portions thereof) with the checksum.

6. Conclusion

In this paper, we have studied transient failures. We have described the causes of transient failures and methods
of protection against them. Hence, we have derived a systematic approach, which consists in two steps. At the
first step, the system is represented as a Markov automaton, the state of which is memorized using protection
methods, for example using a checksum. At the second step, a reliable method of transition between states is
constructed, e.g. using redundant calculations. The approach is illustrated by an example.
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CUCTEMATU3ALUA KPUTEPUEB U 3HAYUMbIX
dAKTOPOB AJ19 OLEHKU NOOBEP)XEHHOCTU
CJ1I0)KHbIX CUCTEM AECTABUJIN3SUPYIOLLUM
BO3AENCTBUAM

lNpoBeneH aHanm3 oTe4eCTBEHHOV 1 3apyOexHOor Hay4YHO-METOANYECKON NMTepaTypbl U HOPMAaTUBHON A0~
KyMeHTaLuu, MOCBSILLEHHOV MeToAaM U KPUTEPUSIM BbISIBJEHUS KPUTUYHBIX MOLCUCTEM U Y3/10B BaXHbIX
HapOAHOXO3SIVICTBEHHbIX OOBLEKTOB, a TakXe WCCEA0BaHUSIM UX MOBEAEHUS] BO BHELLUTATHbIX CUTYaLUSsIX.
UccnenoBaHbl noaxoabl K OLEHKE YSI3BUMOCTY Pas/inyHbiX OObEKTOB K AeCTabMIN3UPYIOLLIMM aHTPOIMNOreH-
HbIM BO34ENCTBUSIM Y CUCTEMATU3NPOBAaHbI KPUTEPUU U GakToPbl, 3HA4YUMbIE 7151 OLLEHKWU BJINSIHUS AecTa-
ONN3NPYIIOLLMX BO3AENCTBUV M (PakTOPOB MOCTENEHHOro AeCTBUS.

KnoyeBbie cnoBa: BaXHbI HAPOAHOXO3SIMCTBEHHbIVI OObEKT, YSI3BUMOCTb, AECTabUIN3NPYIOLLIee BO3AEN-
CTBUE, yrpo3a TepakTa, 00beKT 3alluUTbl, KPUTEPUU.

BeBepeHue

3a/1aua BBISIBIICHUS Y3JI0B BAXKHBIX HAPOITHOXO3sHCTBEeHHBIX 00hekTOB (BHO), Hanbomnee monsepkeH-
HBIX BIMSHUIO I€CTAaOMIN3UPYIOMUX Bo3eiicTBui ([IB) nMeeT BBICOKYIO MPAKTHUECKYIO 3HAYUMOCTD B
COBPEMEHHOM MUpE, €€ IPUXOAUTCS PELIaTh I CaMbIX Pa3HbIX BUIOB JIB, Ipu omIMyaromuxcs nesx,
Busiax BHO u pazHoBuaHoCTSIX noctaHoBkH 3a1aun. B kauectBe BHO MoXxeT BBICTyaTh Meramnoimc co
BCEMH CBOMMH WH(PPACTPYKTYPHBIMH 00BEKTaMH, MM OTJEIIBHBIA a3pPOIIOPT C €ro MOJACHCTEMaMHt, WIIN
pedb MOXKET UATH 00 ONpeIeTIeHHON TEPPUTOPUH (PETHOHE, CTPAHE), B COCTaBE KOTOPOM paccMaTpuBaeTCs
coBoKynmHOcTh BHO — noTeHnnanbHbIX 00beKTOB MpuiioxkeHus /IB.

[enpro ananu3a noasepkeHHOCTH JIB siBisieTcs onpenenenue Hauboee ciiadeix Mect qanaoro BHO
(unu TeppUTOPUN) 171 IPOBEIECHUS ONIEPATUBHBIX MEPONIPUATHI B YCIOBHUSAX MOBBIIIEHHOHN yrpo3sl /1B
WIN yTOYHEHHUS CTPATETHH 3aIIUTH 0OBEKTOB M BHIOOPA IIPUOPHTETHBIX HANPABIEHNI MHBECTHIINA' .

3aj1a4a OleHKH NOBEPKEHHOCTH JIB OTIenbHBIX 00BEKTOB MOKET BBICTYIIATh JIMOO KaK 4acTh Ooree oOIiei
31841 CPABHUTEIIHHOM OLIEHKH 00BEKTOB, Y3JI0B, TIOACKCTEM B cocTaBe Oonee kpyrnHoro BHO nmm tepputopun
JUTS TIOCTIETYTOIIEH KaTeropu3aliy WK BBISIBICHUS] 00BEKTOB, HanboJee moaBepkeHHbIX JIB, nm xe — Kak
CaMOCTOSITeNIbHAS 33/1a4a (HarpruMep, B CITydae CepTUPHKAIINY, TULIECH3UPOBAHUS JICITEIIHHOCTH).

! Psaj1 TMIIOBBIX 33124 TAKOTO pojia paccMoTpeH B [1].
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CUCTEMATU3ALNA KPUTEPUEB U SHAHNMbIX ®AKTOPOB AJ11 OLLEHKU
NOABEP)XXEHHOCTU CJIOXHbIX CUCTEM OECTABUJIU3UPYIOLLMM BO3OEACTBUAM

Jlnist peleHus 3a1a4, CBA3aHHBIX C OLEHKOM BiusHuA JIB M 3alUTOl OT HUX, CYLIECTBEHHYIO POJIb
UIPaeT THII YTPO3 BbI3biBaeMbIX uMH J[B. [Ipy 5T0M 0OBIYHO Pa3IMYaOT CTUXUHHBIE M aHTPOIIOTEHHBIE
yrpo3sl [1, 2]: mocneanue OTIMYAKOTCS, IPEKIE BCETO, TEM, YTO OHU BO3HUKAIOT B PE3YJIbTATe JEATENb-
HOCTH uesioBeKa. B CBOIO ouepe/ib, aHTPOIOTEHHBIE YTPO3bl PA3/IENIAIOT HAa TEXHOTEHHBIE (TEXHOJIOIH-
YECKHE) YTPO3bI U TEPPOPH3M.

Eciu texnorennbie JIB, CBA3aHHBIE C TAKOMN AEATENBHOCTHIO KAK M3TOTOBIIEHUE, TPAHCTIOPTHPOBKA, XPa-
HEHHE W UCTIONb30BaHME ONACHBIX MATEPHAJIOB, MOTYT (117151 IIPOCTOTHI aHanm3a [1]) paccMarpuBaThest Kak
CITy4aiiHbIe, 8 UX MOCIIEACTBHS — KaK HENPEIHAMEPEHHBIE, TO OTIIMYMTELHOM YEPTON TEPPOPU3MA SBIAETCS
HAMEPEHHOCTh KaK JeCTa0MIM3UPYOIIUX BO3AEHCTBHM — TEPAKTOB, TAK M MOCIIEACTBUMN, KPATKOCPOUHBIX M
JIONrOBpeMeHHBIX. HaMepeHHOCTh MOYKHO PACCMATPUBATH Kak 0011ee CBOMCTBO Pa3HbIX TUIIOB TEPPOPH3MA,
HE3aBUCUMO OT UCTOKOB, OCHOB, MIPECIIENLYEMBIX TIOJMTHYECKUX MM COLMANBHBIX LENEM, CPEICTB U T.1.

VIMEHHO HAJMYME aKTHBHBIX «CYOBEKTOBY: OpraHM3aluii, HeOPMaIbHBIX COOOLIECTB, OTAECTBHBIX
JIOZIEH, YbM HAMEPEHHUS PEATU3YIOTCS OCPEICTBOM TEPAKTOB (IaKe €CIIM OHU MUMHUKDPHMPYIOT MOJ] He-
HaMepeHHbIE TUIIBI J[B), MPeICTaBIAeTCs PEMIAKOIIMM IIPH BLIOOPE TEOPETUYECKHX CPEICTB: MOJIENIEN 1
METOJI0B — Il pEIeHHs] 0003HAYEHHBIX BBIIIE TUTIOB 3a/1a4.

B naHHOi cTaThe paccMaTpMBAETCs MOABEPKEHHOCTh 0OBEKTOB MMEHHO HaMepeHHBIM JIB —
Tepakram.!

1. Mopxoabl K oueHke nogsepxxeHHoctn BHO
AecTabnnusvpylowwmm Bo3aenCcTBUSM

[IpoBeneHHbI aHATN3 OTEUYECTBEHHON U 3apyOe’KHON HAyYHO-METOJUYECKOW JIUTEpaTypbl U HOP-
MaTHBHOMW JIOKyMEHTAIIMU MMOKA3bIBAET, YTO OOJIee MM MEHee OOILENPUHSITHIX I[EJIOCTHBIX MOIXOI0B K
BBIIETICHHBIM THIIaM 33]1a4, OTHOCSIIIUXCA KaK K yrpo3e TEPAKTOB U TEPPOPU3MA, TaK U K APYTUM THIIAM
JIB, Ha cerogHs HET.

Tak, kpaTkuii 0030p HeJTABHEH INTEPaTyPhl, TPOBEICHHBIH B [3] M yUUTHIBAIOLTUH 1IEJIBIA PSIJT XapaKTe-
PHUCTHK METOZIOB, PEJIaraéMbIX /715l OLIEHKHU YA3BUMOCTH M YCTOMYMBOCTH KPUTHUECKUX HHPPACTPYKTYP
Y KpUTEPHEB, KOTOPBIE OLIEHMUBAIOTCS B TAKUX METO/AX, MO3BOJISIET MPUITH K CIIEAYIOIIEMY BBIBOAY. XOTS
npeJuiaraeMble METOAOJIOTUH PACCMATPUBAIOT OJIHY UJTH JIBE XapaKTePUCTUKH OoJiee yriTyOlIeHHO, UM TTOKa
HE XBaTaeT [IeIOCTHOCTHU U PEATTMCTUUHOCTH, TOCKOIbKY OHU HE TO3BOJISIFOT BKIFOUUTH JOMOITHUTEIbHbIE
KpuTepuu (couuanbHble, OPraHu3aluOHHbIE, YKOJIOTUYECKHUE U DKOHOMUYECKHUE).

Henocrarounoe packppiTie CHCTEMHOTO MOAX0AA K OIEHKE KPUTHUYECKU BaXKHBIX 0OBEKTOB JJOBOJIBHO
OTYETIMBO OTPAXKaeTCsl Ha KaueCTBE OTEYECTBEHHBIX HOPMATUBHBIX JOKyMeHTOB. ([lys mpumepa aHa-
nu3upoBanuck Permament «O0ecrnedenne 6€30MacHOCTH 00beKTOB» MUHUCTEPCTBA CBA3H U MACCOBBIX
kommyH#Karuid P® (2010 r.) u npuka3 Muntpanca P® «O nopsiike mpoBenIeHUs OIEHKH YS3BUMOCTH
00BEKTOB TPAHCTIOPTHON HHPPACTPYKTYPHI U TPAHCTIOPTHBIX cpenctB» (2010 r)).

Hapsiny ¢ pazButneM kauecTBeHHBIX (He(hOpMaIbHBIX) METOIOB U METOIOJIOTU OLEHKHU Y3JI0B U MOJI-
cucteM BHO, Brittouast ux GyHKIIMOHATLHO-CTPYKTYPHBIN aHaN3 (Harpumep, [4], 3HaunTeIbpHas 4acTh
MeToI0B B [1, 5]), ceroaHs B HayqHOU TUTEpaType MpeiaracTcs psji IKCHePTHO-(hOPMATIbLHBIX METO/I0B.
Taxue MeTozpbl, B OONbIICH WM MEHbILIEH CTENEHH, BKIIOYAIOT (pOPMANIbHBIE JTOTHKO-MaTeMaTHYeCKHe
METOIbl, OJTHAKO UX MPUMEHEHHIO JOKHA (Oosiee Uil MeHee sIBHO) MPEIIIeCTBOBATh IKCIIEPTHAs «00-
paboTKay CIOXKHOM, c1a00CTPYKTYPUPOBAHHOM CUTYallMU: IEpBUYHAS CTPYKTYpHU3aLus U (hopManu3anus
3HaHUU 00 00BEKTaX, UX CTPYKTYpE U BaKHOCTH (KPUTUYHOCTH ), BUAAX YIPO3 U T.A., K, BOZMOXKHO, IKC-
MEPTHBIE OLEHKHU.

! B HEKOTOPBIX OTEYECTBEHHBIX HOPMATUBHBIX aKTaX YTPO3bI TEPPOPUCTUIECKOTO M KPUMUHATBHOTO XapaKTepa pasiiyaroTcs,
OJTHAaKO CBOMCTBO HAMEPEHHOCTH COXPAHSIETCS W AJISI MOCTICIHNUX.
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B oteuyecTBeHHOI U 3apy0eKHON HAyYHOH M METOJMUECKON JIMTEpaType, MOCBSAIIEHHON Pa3InYHbIM
BOIIPOCAM, CBS3aHHBIM TEPPOPUCTUUYECKUMU AKTaMU B OTHOLIEHUM BAXKHBIX HAPOIHOXO3SMCTBEHHBIX
00bexToB [3, 2, 6, 7 1 11p.], B KauecTBe KJIIOUEBBIX MOKa3aTeJeil yale BCEro UCHOJb3YIOT «YsI3BU-
MocTb» (vulnerability), «kputuunocTs» (criticality), «puck» (risk), «yrposy» (threat), «nociaencTBusp»
(consequences). Pexe ncnonb3yroTcst «ycToWduBoCThY (resilience), «HagesxkHoCcThY (reliability), «omac-
HocTh» (hazard).

JUia ueneil aHain3a CBOMCTB 3aIMIAEMOI0 00bEeKTAa B KOHTEKCTE OLICHKH €r0 MOABEPKEHHOCTH
TepaKTaM, KaK MPaBUIO, IPUMEHSIOT TaKUe MOHATHSA, KaK YA3BUMOCTb, KpUTHYHOCTb.

TepMuH «yTrpo3bl» IPUMEHSIOT IJIs Xapakrepusauuu cBoiicTs BHewmHel st BHO cpenpl. Puck, kak
IIPaBUJIO, YUUTHIBAET CBOMCTBA KaK CaMOIr0 OOBEKTa, TaK CBOMCTBA BHEIIHEH CpPE/ibl.

CornacHo [5] ya3BumocTs 00bekTa (vulnerability) MoxkeT ObITh OLIEHEHA Ha OCHOBE JIByX Pa3HBIX, HO
B3aMMOZOIOJHAOIIUX [TOIX00B.

[lepBbIii TOAXOJ OCHOBAH HA YTBEPXKACHUM, YTO Y JIFOOOT0 0OBEKTa CYLIECTBYET CBOMCTBEHHBII
eMy ypoBeHb ysi3BuMocTH (inherent vulnerability), He 3aBucsmuii oT Kakux-1100 3alIUTHBIX Mep,
IPUMEHSEMbIX B €ro oTHoleHuu. Hanpumep, ¢GyTOOIBHBIN CTalMOH UMEET OINpe/ieIeHHbI YPOBEHb
CBOMCTBEHHOH €My YSI3BUMOCTH, IIOCKOJIbKY Ha CTaJAHOHE cOOMpaeTcs O0NbIIoe KOJIUYECTBO JHOACH
U BCJIEJICTBUE 3TOT0 OH MOKET SIBJISITHCS JOCTATOYHO IPUBJIEKATEIbHON MUILEHBIO ISl TEPPOPHUCTOB
C TOYKH 3PEHHS KOJIMUECTBA BO3MOXKHBIX XKEPTB TepakTa. IHbIMU clIOBaMU, JaHHBIN TUIT YSI3BUMOCTH
XapakTepHu3yeT MPUBJIEKATEIbHOCTh 00BEKTA 1JI1 TEPPOPUCTOB C TOUKHU 3PEHUS JOCTHIKEHUS 00Ie-
CTBEHHOTO (3allyruBaHusl HACEJICHUSI) ¥ TIOJTUTUYECKOTO (MPUBICUCHUS BHUMAHUS MEXIYyHAPOIHON
OO0IIECTBEHHOCTH) PE30HAHCA.

Bropoii moaxoa HCXOAUT U3 TOTO, YTO B OTHOLIEHUH JIIO0O0T0 00bEKTa MOXKET OBITh MPEINPUHSAT 11U~
POKHMIA CLIEKTp Mep 0€30MaCHOCTH, CHIKAIOIIUX €T0 YSI3BUMOCTb, T.€. TOBBIIIAIOLINX €r0 3aIlUIIEHHOCTh
oT TepakTa. Harmpumep, eciiy BEHTWISILIMOHHAS CUCTEMA 3alUIAeMOro 00bEKTa CIPOSKTUPOBAaHA TAKUM
00pa3oMm, YTO ee IIEMEHTHI TPYIHOAOCTYITHBI U HAXOATCS B 30HE BUIUMOCTH KaMep BUICOHAOIIOACHN,
OHAa C MEHbIICH BEPOATHOCTHIO OyJIET UCIOIb30BaHA TEPPOPUCTAMH IIPH MOIBITKE IPUMEHUTH OTPaB-
JstroIui ra3. s 0003HaueHus YA3BUMOCTH B CMBICTIE 3alUILEHHOCTH 00bEKTa IPUMEHSETCsl TEPMUH
«makmuyeckas yazeumocmoy (tactical vulnerability).

Bo u3bexanue myTaHULbl ¢ TOHATHSIMU, CYUTAEM 1I€J1eCO00pa3HbIM:

1) cocTaBHOI TEPMUH «YS3BUMOCTbY, IPUHATHIN B [5], 3aMEHUTHh TEPMUHOM «I1O/IBEPKEHHOCTH Te-
paKkTamy»;

2) ysI3BUMOCTb, XapaKTEPU3YIOLIYIO MPUBIEKATEILHOCTh 00BEKTA /ISl TEPPOPUCTOB C TOUKU 3PEHUS
JIOCTHIKEHUS Pa3HOIO po/ia PE30HAHCA, ONPENEIUTh KaK «IpPHUBJeKaTeJbHocTs BHOY;

3) TaKTHUYECKYIO YA3BUMOCTb, XapaKTEPU3YIOIYIO 3alIUIIEHHOCTh O0OBEKTa OT TEPAKTa, ONPEICIUTh
KaK «YfI3BUMOCTb.

Takum o6pa3oM, coracHo [5] U IPUHATOHN BbIIIE TEPMUHOIOTUH, oABepkeHHOCTs BHO Tepaktam
OIPEIEIIIETCS €T0 MPUBIIEKATENBHOCTBIO JJIsl TEPPOPUCTOB U €r0 YSI3BUMOCTHIO (puc. 1).

B 3aBucumoCTH OT yCJIOBHIA, 33a/1aua OIEHKH YS3BUMOCTH 3aIIMIIAEMOr0 OOBEKTa MOXKET SBISTHCS
YaCTHOM MO OTHOIICHHIO K OoJiee 00IMM 3aa4aM, TaKUM Kak pa3padoTKa WM YTOYHEHHE CTPATeruu
YIPABIICHUS] pUCKOM TepakTa B oTHoeHuH nannoro BHO; unu pacnpenenenue pecypcos cpeau BHO,
HaXOJSIIMUXCS Ha TEPPUTOPUHU OJTHOM aJIMUHUCTPATUBHON eIMHUIIBI. B 3THX cllydasiX puck paccmarpu-
BaeTCs Kak (YHKIIHS OT YSI3BUMOCTH, YTPO3bl U KPUTUYHOCTH Y3JIOB M MOJICUCTEM 00BEKTA (17151 IePBOiA
3anauu [1]) unm mocnencTBuil Tepakra (A BTopoi 3anauu [6]) (puc. 2).
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MoaBepxeHHOCTb
TEPPOPUCTUYECKUM aKTaM
(vulnerability*)

MpuBnekaTenbLHOCTb YA3BMMOCTb
(inherent (tactical
vulnerability*) vulnerability*)

* TepMUH cornacHo [5]

Puc. 1. ITogxoas! K OLIEHKE YSI3BUMOCTH

Ya3BuMocTb 00BLeKTa

Puck
Yrposa TepakTa $|  OCYLECTBNIEHUA TepaKTa
B OTHOLUEHWM AAHHOIO 06BLEKTa

Bo3moxHbIe T
nocneacTBua Tepakra /
KputnyHocTb 06beKTa

Puc. 2. HOKa3aT6J'II/I, YUYHUTBIBACMBIC ITPU OLEHKE PUCKA OCYHICCTBJICHUSA TCPpaKTa I pEIICHUA ONNPEACIICHHBIX 3aJ1a4

Hwxe paccMoTpiM Kputepun 1 (pakTophl, ONpenessonpe noasepxeHaocts BHO tepakram, 1 HeKoTopbie
JpyTHE NIOKA3aTeIN, HA3BaHHBIE BBIIIE U 3HAYUMBIE JUIs PEIICHUS 33]1a4 UCCIIEAYEMOTO CEMENCTBA.

2. Kputepun n dpaktopbl, 3Ha4YMMble OJ19 OLLEHKU
noasep>xeHHoctu BHO OB n ux cucremarusauuna

CormnacHo [5] v IpUHATOM BbIIlIE TEPMUHOIOIMH, IoABepkeHHOCcTh BHO TepakTam onpenesnsercs ero
IIPUBJIEKATENbHOCTBIO /1151 TEPPOPUCTOB U €10 ysi3BUMocThIO. [IpuBnekarensnocts BHO nis TeppopurctoB
OTIPEEIIETCS CIACTYIOIUMHI KPUTEPUSIMHU U (PaKTOpamu:

— OTKPBITOCTHIO 00BEKTA: OOBEKT MOXKET OBITh CEKPETHBIM M O €r0 CYIIECTBOBAHMH MOXET 3HATh
JIMIIB OTPAaHUYEHHBIN KPYT JIUIL;

— MOJIE3HOCTHI0 00beKTa C TOUKH 3PEHMSI €r0 IPUTOAHOCTU WM LIEHHOCTHU JUIsl AOCTUKEHUS 1iesiel
TEPPOPUCTOB;

— IOCTYITHOCTBIO 00beKTAa Ul HaCEICHMUS,

— MOOMJIBHOCTBIO: OOBEKT MOXKET OBITh CTAIMOHAPHBIM MM MOOUIIBHBIM;

— HAJIMYUeM Ha OOBEKTE ONMACHBIX BEleCTB U MATEPUAJIOB;

— BO3MOKHBIM COIYTCTBYIOLIMM YyIIep0oM: yriepooM JUIsi OKPYKArOIUX, CBI3aHHBIX C HUMU 00b-
€KTOB M OKPY>KaIoIIeH Cpeibl, BHI3BAHHBIM MOBPEKACHUEM O0BEKTa,

— HACeJIEHHOCThI0 00beKTa: KOJIMYECTBOM YEJIOBEK, OJJHOBPEMEHHO HAXOISIIUXCS Ha 00ObEKTE.
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Vazsumocts BHO niis reppopuctoB onpezensercs cienytonmmu dhakropamu [S] (puc. 3):

1) [Tepumerpom oOBeKTA:

— Y4eToM acneKTOB 0e30MacCHOCTH MY IUIAHUPOBAHUN MECTHOCTH U JIaHIa(Ta BOKPYT 00bEKTa;

— 0€30M1aCHOCTHI0 ABTOCTOSIHKHU: OTACIIEHHOCTBIO MPOE3KEH YaCTH U aBTOCTOSIHKU OT OOBEKTA.

2) Orpaxkaaronieil KOHCTPYKITUEH 3IaHus:

— CIMOCOOHOCTBIO OTPAXKIAOIIEH KOHCTPYKIIMH 3/IaHKsI BOCIPENATCTBOBATH /IB MM cMAT4YuTh UX
MocJeICTBUS.

3) BHyTpeHHUM MPOCTPAaHCTBOM OOBEKTA!

— IVIAHMPOBKOM M ApXUTEKTYPOil BHYyTPEHHEro NpoCTPAHCTBA: HAOII01aeMOCThIO 00IIECTBEHHBIX
U 3aKPBITHIX 30H, Pa3/I€JICHHOCTHIO OOIIECTBEHHBIX U 3aKPBITHIX 30H, Pa3Ie€ICHHOCTbIO KPUTUYHBIX CH-
CTEM U MPOLIECCOB;

— 3al[UIIEHHOCTHIO M/WJIM HAJTUYHeM pe3epBHOIl KOMMYHAJIbHOM CUCTEMBI U CUCTEMBbI OTOIUICHHUS,
BEHTWISILIMM U KOHTUIIMOHUPOBAHUS BO3IyXa;

— 3JIEKTPOTeXHUYEeCKUMHU CHCTEMAMM: HaJTMYUEeM aBapUUHBIX CUCTEM CBS3H U DHEProoOeCeueHus;
(YHKIIMOHUPOBAHUEM CHCTEM TPEBOTH; 10CTATOYHOCTHIO OCBEIICHHUS;

— MPOTUBOMOKAPHOM CUCTEMOIi: JOCTATOYHOCTHIO U 3AIIUIIEHHOCTBIO CUCTEM MOXKAPOTYLICHUS U
3aracoB BOZbl; OOYYEHHOCTBIO MEPCOHAa; OCBEJOMICHHOCTBIO MECTHBIX CracaTelbHbIX CIYk0 0 Xa-
pakTepe 00beKTa;

— CHCTEeMOii 0XpaHbl 00beKTA: HAJTMYUEM U JOCTATOYHOCTHIO CPEJCTB HAOIIONEHUS U OXPAHbI 00b-
€KTa U COOTBETCTBYIOIIETO NIepCoHAIa.

[=—1]

-

HYTPEHH
OCTpaHCT
[=—]

KOHCTPYKUMKUA
34aHusA

HT
Orpaxpatowas

Mepumetp

Puc. 3. ®axTopsl, yUUTHIBaEMBIC IIPU OLICHKE YS3BUMOCTH OOBEKTa

[Tono6Has (B coneprkareabHOM IIaHE) ONMMCAHHAS BBIIIE CTPYKTYPa KPUTEPHEB U (PaKTOPOB MCIIOIb-
3yeTcsl U B PYyTUX UCTOYHUKAX [7].

Craemyer mog4epKHYTh, YTO YA3BUMOCTh OOBEKTa BCET/a OICHUBAETCS IO OTHOILICHHWIO K 3apaHee
omnpeneneHHbIM J[B, uinm 6oee KOHKPETHO, K ONPEICICHHBIM METOJIaM TEPAKTOB, T.€. MCIOIb3YEeMbIM
TEPPOPHUCTaMU CPEACTBAM MOpaKeHHsI U criocodam ero npumenenus [2, 8. IlogpobGHoe onmcanue me-
TOJIOB TEPAKTOB MPUBENICHO B [9].

CornacHo [9] omHUM 13 KITFOYEBBIX (DAKTOPOB, KOTOPHII HEOOXOAMMO YUHUTHIBATH IPH OLIEHKE YSI3BUMO-

CTH 00BEKTOB SIBISETCS M30BITOYHOCTH (redundancy) uiiu HaJIu4Me pe3epBHBIX CHCTEM H PeCypcoB,
KOTOpbIe MOTyT o0ecnieduBath BbinojJHeHue BHO cBoux ¢yHkumii npu oTkase 0CHOBHBIX CHCTEM
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U B IEePHOA Mocje coBepumieHus1 Tepakra. TunuuneiMu ysa3sumoctsamu BHO, cBsizaHHBIMU C 3TUM
(hakTOpOM, HA3BIBAIOTCS:

— OTCYTCTBHE U30BITOUHOCTH;

— UCIOJIb30BAHNE OCHOBHOM M PE3epBHOI cCTEMaMu OHHUX U TEX K€ Y3JIOB U MOJICUCTEM;

— COBMECTHOE PaCIOI0KEHHE OCHOBHOM U PE3EPBHOM CUCTEM;

— OTCYTCTBHE JIOCTATOUYHOTO pe3epBa PECYPCOB JIJIsl aBTOHOMHOTO oOecriedyeHus! GyHKIIMOHUPOBAHUS
BHO B nepuon nociie coBepileHus: Tepakra.

HesaBucuMo OT TOTr0, HACKOJIBKO HAYKOEMKHM U TEXHUYECKH CIIOKHBIM SIBJISICTCSI OOBEKT, HU OJJHA
CUCTEMa HE MOXET OBITh YHCTO TEXHUYECKOM, TTOCKOJIbKY BCE TEXHUYECKHE MPOIECCHl U (PaKTOPHI,
onpenensonye GyHKIMOHUPOBAHHE 00bEKTa, TECHEHITUM 00pa3oM MepeIieTeHbl ¢ OpTaHu3alln-
OHHBIMH, TICUXOJIOTHYECKUMH, MOJUTUYECKUMU U JPYTUMHU YEJIOBCUCCKUMH U COIMAIIbHBIMU (ak-
TopamH (puc. 4).

daKTopb!, 3HaYMMbIE OIS OLEHKM
noasepxeHHocT BHO TepakTam

HetexHuueckue
TexHuyeckue (uenoBeyeckue , ncuxonormyeckue,
couuanbHble, OpraHu3auuoHHbIe U ap.)

Puc. 4. Bepcus knaccudukanym hakTopoB

3HaUUMOCTh 3TUX (PAKTOPOB MOATBEPKIACTCS Pe3yJbTaTaMHU aHalu3a KOHKPETHOW Ype3BBIYAMHOM
CUTYyalluu — aBapuH, npousouieaiieil ¢ 0yposoii miargopmoii B CeBepHoM Mope, nposezeHHoro B [10].
ABTOpamH c/ieTIaH BBIBOJI O TOM, 4TO 80% 0TKa30B 000py10BaHMSI TPOM3OIILIO BCIICICTBHE HETEXHUUECKUX
(bakTOpOB (YEIOBEUECKUX, TICUXOIIOTHYECKHUX, COLIMATIbHBIX, OPTaHU3AI[IOHHBIX ).

[TonTBepxkieHNeM KpaiiHe BBICOKOM BaKHOCTH TakUX (DAKTOPOB SIBUIICS U TEPPOPUCTUUYECKUI aKT
B MOCKOBCKOM asponopty Jlomonenoso B ssHBape 2011 r. Tak, Mo MHEHHIO aBTOPUTETHBIX IKCIEPTOB,
OJHOM M3 MPUYMH TOTO, YTO TEPPOPUCTAM yAAJIOCh IPOHECTH B3PBIBHOE YCTPOMCTBO B 31aHUE a3pOIIOp-
Ta, SIBJISETCS OTCYTCTBUE «CKOJIBKO-HUOY/Ib CIIaXKEHHOM pabOThl HECKOJIBKUX BEIOMCTB 110 00€CIIEYEHHUIO
6e3onmacHOCTH Ha TpaHcropte» [11].

K gyenoBeueckuM 1 cOlMaIbHBIM (PAaKTOPaM MOXHO OTHECTHU CIIEAYIOIINE:

— YPOBEHb IIOATOTOBKH [IEPCOHAIA;

— HaJIe)KHOCTh (MOTMBHPOBAHHOCTH) NEPCOHANIA;

— KOOpAMHALMS pabOThl Pa3IMYHBIX CITy>KO, OTBETCTBEHHBIX 3a oOecreueHre 0€30MacHOCTH 00BEKTa,;
—3((HheKTUBHOCTH OPraHU3aAIMH 3aLIUThl 00BEKTA U JIp.

B 3aBucHMOCTH OT perraemMoi 3a/iaud, TUIA U YPOBHS 3alIUIAEMOr0 00BbeKTa, OyIeT MEHSThCS U
CTPYKTYpa U COCTaB KPUTEPUEB, IPUMEHIEMBIX JUIsl OLEHKU ero noasep:keHnoctu J(B. [Ipu onenke noa-
BepkeHHOCTH J[B 00BEKTOB pa3HOrO YPOBHS OAHM M T€ ke (aKTOPhI M KPUTEPUU MOTYT YUUTHIBATHCS
JUTs OLIEHKH Kak cBoicTB camoro BHO, T.e. nogsepxkennoctu BHO TepakTam, Tak U BHEIIHEH 17151 HETO
Cpenpl, T.€. aKTYaJIbHOCTH TEPPOPUCTHUECKON YTPO3BI.
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Tak, ecnii cTaBUTCs 3a/1a4a OLIEHKHU MTOJIBEPKCHHOCTH TEPAKTaM Pa3HBIX PETHOHOB CTPAHbI, TO YUUThI-
BalOTCs reorpaduueckue GakTopbl u (HaKTOPhl, OKA3HIBAIOIINE BIUSHHE HA TEPPOPUCTHUCCKYIO YTPO3Y,
XapaKTepHbIE TS KaXK/I0H BBIICJICHHOW TEPPUTOPUH, TAKHE KaK:

— JIOCSATaeMOCTh PETUOHA JUISl TEPPOPHUCTOB, T.€. €r0 YAAIEHHOCTh OT UCTOYHUKOB TEppOpH3Ma U 0a3
TEPPOPHCTOB;

— JIOCTYITHOCTB COBEPILICHHSI TEPAKTa WM HAJTMYNE TTOCOOHUKOB — Ha TEPPUTOPUU C OOJIee CIIOKHON
KPUMHHOTEHHOW 0OCTaHOBKOM MX OoJbIe [7].

B o e Bpemst naHHbIe (pakTOpbI OyIyT XapaKTepu30BaTh CBOMCTBA BHEIIIHEH Cpe/ibl, €CIIU OLIEHUBAEMbIM
obwektoMm siBisieTcst BHO, Haxonsuiicst Ha JaHHOW TEPPUTOPUH. 3a/1a4a BBISBJICHUS U CTPYKTypU3AITUN
KpuTepueB B (aKTOPOB, 3HAYMMBIX ISl OLICHKHA TEPPOPUCTUUYECKOM yTrpo3bl, TpeOyeT Oosee Try0oKoro
UCCJIEIOBAHUS U HE SIBISIETCS LIEJIbI0 HACTOSIIEH paboThl, OTHAKO CYUTAEM LI€JIeCO00pa3HbIM PUBECTH
HEKOTOpBIE IPYMIIbl (PAKTOPOB, XapaKTEPU3YIOLIUX TEPPOPUCTHUECKYIO YTPO3Y U BCTPEUAIOLIUXCS B HC-
TOYHHUKAX, UCCIIEJOBAHHBIX B paMKaxX JaHHOU paOOoTHI.

B [12] yrpo3bl 110 BpeMEHHU JACHCTBUS Pa3IeIsalOTCs Ha JIBa TUIIA: TOCTOSTHHOTO JICCTBUS U BPEMEH-
HOT'O ICUCTBUSL.

Cornacho [1] dakTopsl, XapaKTepu3yOIIHe YPOBEHb TEPPOPUCTHUCCKON YIPO3bl, MOTYT OTHOCHUTCS
K HAQJIMYUIO YTPO3bl (IPUYUH, TTOBOJIOB JIJIsl TEPPOPUCTUYECKONM aKTUBHOCTH ), BO3SMOXKHOCTH COBEPIIUTH
TEPaKT, aKTUBHOCTHIO TEPPOPUCTOB (HAJTMUKUEM CIIy4aeB COBEPILECHUS TEPAKTOB), BHIPAKEHHBIMU HaMe-
PEHUSIMU COBEPILUTH TEPAKT, 0003HAUCHHOM LIEIbI0 TEPAKTA.

CrpyKTypy KpuTepHeB 1 (aKkTOPOB, ONPEACISIomnX noasep:keHHocTh BHO TeppopucTruuecknm aktam
yI100HO U300paXkaTh M aHAJIM3UPOBATh B BUIE KOTHUTUBHOM KapThl. [I[puMep Takoli KOTHUTUBHOW KapThl
nuis runioretnyeckoro BHO nipencrasnen Ha puc. S.

Puck
COBepLUeHUsi TepakTa
B OTHOLUEHUU OAaHHOIo
BHO

PeanbHas
UNn noTeHumanbHas
aKTMBHOCTb
TeppopucToB

AKTyanbHOCTb
TeppopuUcTUYECKOn
yrposbl

MopBepxeHHOCTb
BHO tepaktam

Hannune npnunH
VN1 NOBOAOB AN
TEPPOPUCTUYECKON

anBHEKaTeﬂbHOCTb 0eAaTeribHOCTU

BHO gnsa tepaktoB

YsassumocTts BHO

HocTynHocTb
UM BO3MOXHOCTb
coBepLUeHUst
TepakToB

TaxecTb
BO3MOXHbIX NOCNeACTBUN
Tepakta (KputnyHocTb
obbekTa)

YposeHb

3aluLeHHoCTb

noAroToBKN obbekTa TeXHUYeCKUMMN
M HagexXHoCTb cpeactBamu
(MOTMBMPOBAHHOCTb)

nepcoHana

M30bITOYHOCTb

Puc. 5. Ilpumep KOTHUTUBHOM KapThl (HaKTOPOB M KPUTEPHEB, 3HAYMMBIX JJIsl OLIEHKH nojepskeHHocTH BHO Tepakram
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CUCTEMATU3ALNA KPUTEPUEB U SHAHNMbIX ®AKTOPOB AJ11 OLLEHKU
NOABEP)XXEHHOCTU CJIOXHbIX CUCTEM OECTABUJIU3UPYIOLLMM BO3OEACTBUAM

3akJodyeHue

Takum 00pa3oM, MPOBEICHHBI aHATN3 OTEYCCTBCHHOW W 3apyOeKHOW HAyYHOH M METOIUYECKON
JUTEpaTypbl, MOCBSIICHHON BOMpocaM oleHKH nojsepkeHHocTd BHO tepakram, no3sossier chopmy-
JUPOBATh CIEAYIOUINE BHIBOJIBI:

1. Onenky noasepxkennoctn BHO TepakTaMm menecooOpa3Ho OCYIIECTBIATh KOMILIEKCHO, C YY4ETOM
CIIEYIOIINX MTOKA3aTeNe:

— npuBnekarenbHoctd BHO 115t TeppOopUCTOB € TOYKHM 3peHUs TOCTHKEHUS OOIIECTBEHHOTO (3aIry-
TUBaHMS HACEJICHUS) U MOJUTHUECKOro (IIPUBJICUCHUS BHUMAHUSI MEXIyHAPOIHOW 0OIIECTBEHHOCTH)
pe3oHaHca, a TaKKe BO3MOXKHBIX SKOHOMHUYECKHX MOCIIEACTBHIA;

— ysi3Bumoctr BHO, T.€. 3aIUIIeHHOCTH 00bEKTa OT TEpaKTa.

2. 171 mOBBILIEHUS IOCTOBEPHOCTH PE3YNbTAaTOB olleHuBaHus ya3BumocT BHO no oTHomeHuto
TepakTaM, HapsAy € TPAAUIIMOHHO YUYUTHIBAEMBIMHU — TEXHUUECKUMHU (DaKTOpamMu, HEOOXOIUMO YUUTHIBAThH
OpraHMU3alOHHBIE, COLIMATIbHBIC, ICUXOJOTHUYECKUE U IPYTHe YesloBeueckue PaKTophl.

3. B 3aBUCHMOCTH OT peliaeMoi 3aJa4yu, TUIA U YPOBHS 3alIUIIAEMOro 00beKTa, OyIeT MEHSIThCS
CTPYKTypa U COCTaB KpUTEPUEB, MPUMEHSIEMBIX Ji OLEHKU ero nonasepskeHHoctd JIB. Ilpu onenke
MOJIBEP’KEHHOCTH JIECTPYKTUBHBIM BO3ACHCTBUSAM OOBEKTOB PAa3HOIO YPOBHS OJHHU U T€ e (haKTOPHI
Y KPUTEPUU MOTYT YUUTBHIBATHCS JJIsSI OLICHKH Kak cBorcTB camoro BHO, T.e. moasepxennoctu BHO
TepaKTaM, TaK U BHEUIHEH JIJIsl HETO CPEe/bl, T.€. aKTyaJIbHOCTH TEPPOPUCTUUECKON YTPO3bI.
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Functional reliability. The theory and practice

Abramova N.A., Makarenko D.lI.

SYSTEMATIZATION OF CRITERIA AND SIGNIFICANT
FACTORS FOR EVALUATION OF EXPOSURE
OF COMPLEX SYSTEMS TO DISTURBANCES

The paper presents the analysis of domestic and foreign scientific, methodology and normative documents
on methods and criteria for identification of critical subsystems and nodes of important economic objects
and research in their behavior in abnormal situations. The authors of the paper have studied approaches
to evaluation of exposure of various facilities to anthropogenic disturbances and systemized criteria and
factors significant for evaluation of impacts of disturbances and step-by-step action factors.

Keywords: important economic object, vulnerability, disturbance, threat of terrorist attack, protection ob-
jJect, criteria.

Introduction

To identify nodes of important economic objects (IEO) most susceptible to disturbing influences (DI)
is very important in the modern world for various disturbing influences with different objectives, IEO
types and task statement types. As IEO, we can have a big city with all its infrastructure facilities, or a
single airport with its subsystems, or even a specific territory (region, country), where we consider an
aggregate of [EOs as potential objects for DI.

The target of DI exposure analysis is to identify the weakest spots of a given IEO (or territory) to take
some operative measures under the conditions of a DI increased threat or to correct the strategy of objects
protection and to select priorities for investments'.

The task of DI exposure of individual objects can be considered as part of a more general task of
comparative evaluation of objects, nodes, subsystems within a larger IEO or territory for further catego-
rization or identification of objects mostly exposed to DI, or as a separate task (for example, in case of
certification, licensing).

For solving tasks related to evaluation of DI factors and protection against then, types of threats and
related DI play a significant role. Usually, natural and anthropogenic threats are identified in this case
[1, 2]: the latter are first of all characterized by the fact that they arise due to human activities. Anthropo-
genic threats are in their turn differentiated as technology-related threats and terrorism.

' Some typical tasks of such kind are considered in [1].
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While technology-related DI associated with such activity as manufacture, transportation, keeping and
exploitation of dangerous materials can be treated (for the convenience of analysis [1]) as accidental, and
their consequences can be considered as unintentional, terrorism features purposefulness of disturbing
impacts — terrorist attacks, as well as consequences, in the short run and in the long run. Purposefulness
can be considered as a general property of different types of terrorism independent of sources, bases,
political or social targets stricken, means etc.

It is the presence of active “subjects” — organizations, informal communities, individual people, whose
intentions are implemented by means of terrorist attacks (even if they are disguised as unintentional DI
types) that should be decisive for choosing theoretical means — models and methods — to solve above
mentioned types of tasks.

It is exposure of objects to intentional DI (terrorist attacks) that is studied in this paper.!

1. Approaches to evaluation of IEO exposure to disturbing influences

The analysis of domestic and foreign scientific and methodology literature and normative documents
shows that there are no more or less generally accepted comprehensive approaches to types of tasks speci-
fied above and related to threats of terrorism and terrorist attacks as well as other types of DI.

Thus, a brief overview of literature in [3] that considers a number of characteristics of methods offered
for evaluation of infrastructure susceptibility and resilience, and of criteria which are evaluated in such
methods makes it possible to come to the following conclusion. Though proposed methodology consid-
ers one or two characteristic in more detail, they so far lack integrity and feasibility, as they don’t allow
including additional criteria (social, administrative, ecological and economical ones).

The insufficient sophistication of a systematic approach to evaluation of critical infrastructure is seen
clearly enough in the quality of domestic normative documents. (As an example, Rules “Ensuring of
objects safety” of Ministry of Communications of Russian Federation Pernmament (2010) and Instruc-
tion of Ministry of Transport of Russian Federation “The procedure of evaluating exposure of transport
infrastructure and transport fleet objects” (2010) have been analyzed).

Along with development of quality (informal) methods and methodology for evaluating IEO nodes
and subsystems, their functional and structural analysis inclusive (for example, [4], the considerable part
of methods in [1, 5]), today scientific literature offers a number of expert and formal methods. To a
greater or lesser degree, such methods include formalized logical and mathematical methods, however
their application should be (more or less explicitly) preceded by expert “elaboration” of a complex, poorly
structured situation — preliminary structuring and formalizing of knowledge about objects, their structure
and significance (criticality), types of threats etc. — and possibly expert estimates.

As key indices, domestic and foreign scientific and methodology literature discussing various issues

%% <¢

related to terrorist attacks at important economic objects [3, 2, 6, 7 etc.] often uses “vulnerability”, “criti-
cality”, “risk”, “threat”, “consequences”. Less often such terms as “resilience”, “reliability”, “hazard”
are used.

For the purpose of analysis of a protected object’s properties, in the context of evaluation of its ex-
posure to terrorist attacks, such terms as vulnerability, criticality are generally used.

The term “threats” are applied to characterize the properties of environment external to IEO. The term
“risk”, as a rule, takes into account the properties of an object itself as well as environment.

According to [5], the vulnerability of an object can be evaluated on the basis of two different but com-

plementary approaches.

!'In some domestic normative documents, threats of terrorist and criminal character differ, though the property of purpose-
fulness holds for the latter as well.
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The first approach is based on the assumption that any object has an inherent vulnerability level inde-
pendent of any protection measures applied to it. For example, a football stadium has an inherent vulner-
ability level, as it hosts a great number of people and therefore it can be a sufficiently attracting target for
terrorists in terms of the number of victims of terrorist attacks. In other words, this type of vulnerability
characterizes the attractiveness of an object for terrorists in terms of getting public (intimidating people)
and political (attracting the attention of international audience) resonance.

The second approach assumes that any object can be protected by means of a wide range of security
measures reducing its vulnerability, i.e. increasing its protection against a terrorist attack. For example,
if a ventilation system of a protected object is designed in such a way that its elements are hard to access
and located in the zone of visibility of CCTV cameras, it will less likely be used by terrorists attempt-
ing to administer poisonous gas. To designate vulnerability in terms of protection of an object, the term
tactical vulnerability is used.

To avoid misunderstanding of terms, we believe it reasonable:

1) To replace a complex term “vulnerability” adopted in [5] with “exposure to terrorist attacks”;

2) To define vulnerability characterizing the attractiveness of an object for terrorists in terms of getting
various types of resonance as “IEQO attractiveness”;

3) To define tactical vulnerability characterizing protection of an object against terrorist attacks as
“vulnerability”.

Therefore, according to [5] and terminology adopted above, IEO exposure to terrorist attacks is defined
by its attractiveness for terrorists and its vulnerability (fig. 1).

Exposure to terrorist
attacks
(vulnerability*)

Attractiveness Vulnerability
(inherent (tactical
vulnerability*) vulnerability*)

* according to[5]
Fig. 1. Approaches to assessment of vulnerability

Object vulnerability

Threat of terrorist attack > Risk of realization of terrorist

attack at this object
Possible consequences of T
terrorist attack/ Object
criticality

Fig. 2. Criteria taken into account for evaluation of risk of realization of terrorist attack to solve some tasks
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Depending on the task to be solved, the task of evaluation of vulnerability of a protected object can be
specific in relation to more general tasks, such as, for example, the task of development and correction of
the strategy of risk management of a terrorist attack regarding this IEO, or the task of splitting of resources
among IEOs located on the territory of a single administrative unit. In these cases the risk is considered
as a function of vulnerability, threat and criticality of an object’s nodes and subsystems (for the first task
[1]) or consequences of terrorist attacks (for the second task [6]) (fig. 2).

Below we shall study criteria and factors defining IEO exposure to terrorist attacks and some other
indices specified above, important for solving the tasks of an investigated family.

2. Criteria and factors significant for evaluation of IEO exposure
to disturbing influences and their systematization

According to [5] and terminology adopted above, IEO exposure to terrorist attacks is defined by its
attractiveness for terrorists and its vulnerability. IEO attractiveness for terrorists is defined by the fol-
lowing criteria or factors:

— openness of an object: an object can be secret and its existence can be known to a very limited
circle of people;

— usefulness of an object in terms of its suitability or value for hitting their targets by terrorists;

— availability of an object for population;

— mobility: an object can be stationary or mobile;

— availability of dangerous substances and materials at an object;

— possible concurrent damage: damage for public or related objects and environment due to an attack
at an object;

— population of an object: the number of people present at an object at one and the same time.

IEO vulnerability for terrorists is defined by the following factors [5] (fig. 3):

Perimeter of an object

— security aspects taken into account at the stage of planning area and landscape around an object;

— parking lot security: detachment of a road and parking lot from an object.

Building fencing

— capability of building fencing to prevent DI or mitigate consequences.

Inside space of an object

— planning and architecture of inside space: visibility of public and closed areas. Detachment of
public and closed areas. Detachment of critical systems and processes;

— protection and/or availability of backup public water system and heating, ventilation and condi-
tioning system;

— electrotechnical systems: availability of backup power and communications systems; functioning
alarm system; sufficient illumination;

— fire protection system: sufficiency and protection of fire systems and water supplies; staft qualifica-
tion; local rescue service awareness of an object’s nature;

— object’s security system: availability and sufficiency of CCTV equipment and security and staff.

A similar (in a substantial way) structure of criteria and factors described above is used in other sources
as well [7].

It should be highlighted that an object’s vulnerability is always evaluated in relation to predefined disturbing
influences, or to be more precise, to predefined methods of terrorist attacks, i.e. means of destruction and ways
of their application used by terrorists [2, 8]. A detailed description of terrorist methods is available in [9].

According to [9], one of the key factors that has to be taken into account when evaluating the vulner-
ability of objects is redundancy, or availability of backup systems and resources that can ensure
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J

h
-

Inside spac
==

Building fencing

J

Perimeter

Fig. 3. Factors taken into account for evaluation of an object’s vulnerability

IEO functioning in case of failure of primary systems and after a terrorist attack. IEO typical vul-
nerabilities related to this factor are:

— absence of redundancy;

— use of the same nodes and subsystems by primary and backup systems;

— collocation of primary and backup systems;

— absence of sufficient reserve of resources for IEO autonomous functioning immediately after a ter-
rorist attack.

However scientifically and technically complex an object may be, no system can be purely technical
as all technical processes and factors defining an object’s functioning are closely intertwined with ad-
ministrative, psychological, political and other human and social factors (fig. 4).

Factors significant for evaluation
of IEO exposure to terrorist
attacks

) Nontechnical
Technical (human, psychological, social,
administrative etc .)

Fig. 4. Variant of classification of factors

The significance of these factors is confirmed by the results of analysis of a particular emergency — the
accident happened at the drilling rig in the North Sea, made in [10]. The authors made a conclusion that
80% of equipment failures were due to nontechnical factors (human, psychological, social, administra-
tive ones).

The high importance of these factors was also confirmed by a terrorist attack at the Domodedovo airport
in January 2011. In opinions of recognized experts, one of the causes that terrorist managed to bring an
explosive device into the airport building is the absence of “any teamwork on the part of several bodies
in charge of transport security” [11].

Human and social factors can be identified as follows:

— level of staff qualification;

— staff reliability (motivation);
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— coordination of activities of different bodies in charge of security;

— efficiency of protection measures etc.

Depending on the task in question and the type and level of a protected object, the structure and com-
position of criteria applied to evaluate its exposure to DI will change. When evaluating exposure to DI
for objects of different levels, the same factors and criteria can be taken into account for evaluating the
properties if IEO itself, i.e. IEO exposure to terrorist attacks, as well as its environment, i.e. topicality
of a terrorist threat.

Thus, for example, if there is a task of evaluating exposure of different country regions to terrorist at-
tacks, then one should consider geographical factors and those that influence a terrorist threat and typical
for each specified territory, for example, such factors as:

— accessibility of a region for terrorists, i.e. its remoteness from sources of terrorism and terroristic bases;

— accessibility for making a terrorist attack or availability of allies — those are present in a greater
number on a territory with a higher crime rate [7].

At the same time these factors will characterize the properties of the environment if an evaluated object
is IEO located on this territory. The task of identification and structuring of criteria and factors significant
for evaluation of a terrorist threat requires a more profound study and is not the objective of this paper,
however we think it reasonable to mention some groups of factors characterizing a terrorist threat and
found in sources considered in this paper.

In [12] threats as to the time of action are divided into two types — threats of permanent action and of
temporary action.

According to [1], factors characterizing the level of a terrorist threat can belong to presence of a threat
(causes, reasons for terroristic activities), possibility to commit a terrorist attack, activity of terrorists
(availability of cases of committing terrorist attacks), expressed intentions to commit a terrorist attack,
identified target of terrorist activities.

The risk
of terrorist attack
in relation to the IEO

Real or potential
Topicality of activity of terrorists

terrorist threat

IEO exposure to
terrorist attacks

Availability of reason
or causes for terrorist
attacks

IEQ attractiveness for

terrorist attacks
IEO vulnerability

Accessibility or
possibility of making a
terrorist attack

Severity of possible
consequences(object
criticality)

Object protection by
technical means

Qualification level and
reliability (motivation) of
staff

Redundancy

Fig. 5. Example of a cognitive map of factors and criteria significant for [IEO exposure to terrorist attacks
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The structure of criteria and factors determining IEO exposure to terrorist attacks is conveniently
represented and analyzed in the form of a cognitive map. The example of such cognitive map for a hy-
pothetical IEO is presented in fig. 5.

Conclusion

Therefore, the analysis of domestic and foreign scientific and methodology literature related to evalu-
ation of IEO exposure to terrorist attacks allows us to state the following conclusions:

1. The evaluation of IEO exposure to terrorist attacks is reasonable to be made in a complex way, with
the following indices taken into account:

—IEO attractiveness for terrorist in terms of getting public (intimidating population) and political (draw-
ing the attention of international audience) resonance as well as possible economical consequences;

— IEO vulnerability, i.e. protection of an object against a terrorist attack.

2. To increase the reliability of results of evaluation of IEO exposure in relation to terrorist attacks, it
1s necessary to consider administrative, social, psychological and other human factors, along with tradi-
tionally considered — technical — ones.

3. Depending on the task in question and the type and level of a protected object, the structure and
composition of criteria applied to evaluate its exposure to DI will change. When evaluating exposure to
DI for objects of different levels, the same factors and criteria can be taken into account for evaluating
the properties if IEO itself, i.e. IEO exposure to terrorist attacks, as well as its environment, i.e. topicality
of a terrorist threat.
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dyHKUuMOHanbHasa 6e3onacHOCTb. Teopusa U NpakTUka

EpmakoB A.O.

ONPEOENEHUE NPEAEJIbHOMO COCTOSIHUA OBbEKTOB
XXEJIESHOAOPOXXHOU TEXHUKMU

lMpennoxeH noaxon K ornpeaeseHuIo npeaesibHOro COCTOSIHUS Xe1e3HOA0POXHON TeXHUKM Ha OCHOBE Kpu-
Tepus HegoMnyCTUMOCTM 3KCrlyataumum o0bekTa C y4eToM OLeHku pucka. Kputepun npenesibHbIX COCTOS-
HUI AOJIKHbI ObITh 3aAaHbl B TEXHUYECKOV JOKYMEHTAaLMMN Ha Xe/1e3HOLOPOXHYIO TEXHUKY.

KnroyeBsblie cnosa: npeneibHoe COCTOSHUE, KPUTEPUE rpeaeibHOro COCTOSIHUS, Xene3HOA0POXHas Tex-
HUIKa, TEeXHUYEeCKOe COCTOSIHMEe, OTKas3, U3HOC.

1. OOwWMe NoNnoXxXeHud

KpI/ITepI/II/I IpEaACIbHOIO COCTOSIHHA UCITOJIB3YOT JIA TOTO, YTOOBI IIOHATH, KOrJa HGO6XO,I[I/IMO BPCMCH-
HO WJIM OKOHYATCJILHO IMPEKPATUTD SKCILTyaTalluio O6’beKTa. HpI/I AOCTUIKCHUU NTPCACIIBHOTI'O COCTOAHUS
00BEKT MOXKET OBITh:

— HalpasJIeH B PEMOHT JJIs BOCCTaHOBJIEHUS pecypca;

— BBIBCJICH U3 SKCILTyaTaluu (CHI/IcaH WK 1IepcaaH JJis1 IPUMCHCHUS HC 110 HaSHaquHIO) " 3aMCHCH
Ha HOBBIH;

— IIOABEPTHYT PEKOHCTPYKLUHH U MOIEPHU3ALUH.

Cxema MMPUHATUA peH_[eHI/Iﬁ B OTHOLLICHUU 06’LCKTa Ha OCHOBC KPUTCPUCB MPCACIbHOIO COCTOAHUSA U UX
HCIIOJIB30BAHUC B TCHCHHUEC CPOKaA CJIy)KGBI IMMPUBCACHBLI HA PUC. 1, TAC NPUHATHI CJICAYIOIINUEC COKPAILICHHWA:
I1C — mpenenvHOE cocTosiHME 00BeKkTa; TY — TexHndeckue ycnosusi; HTJI- HopmMaTnuBHO-TEXHUYECKas
JIOKyMEHTAaLHA.

Kpurepun npeaenbHOro cOCTOSIHUS, TaK € KaK U KPUTEPUU OTKA30B, YCTAHABIMBAIOT HA CTaUU
pa3paboTKu I KaKI0TO BUIa 00BEKTa (€ro OTICNBHBIX Y3JI0B, IeTajeil). 31ech moa 00beKTOM MOHH-
MaeTcs MPOAYKIHUs (MKeJIe3HOJOPOKHBIM MOABMKHON COCTaB, CHIIOBBIE TpaHC(OpMaTOpHl, anmaparypa
KEJIE3HOIOPOKHOM AMEKTPOCBI3U U T.I1.), KOHCTPYKIHUU (MOCT, TOHHENb), TEPPUTOPHATBHO pacmipesie-
JICHHBIC CUCTEMBbI (y‘-IaCTOK KOHTAKTHOM CCTH, CUCTEMA CUT'HAJIM3alluu, HCHTpAJIN3alluu 1 6JIOKI/IpOBKI/I
Ha NCPEroHax U CTaHIHUAX U T.H.).

B cootBercTBum ¢ [1] ms HEBOCCTaHABIMBAEMBIX OOBEKTOB MMEET MECTO MPEIEIThbHOE COCTOSHUE
JIBYX BUJOB:

1) mpenenbpHOE COCTOSIHUE COBIA/IAET C HEPAOOTOCTIOCOOHBIM COCTOSTHHEM (T.€. KpUTEPHIA PEeTbHOTO
COCTOSIHMSI COBIIQJIa€T C KPUTEPUEM OTKA3a);
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- QkcnnyaTaums

OueHKa TEXHUYECKOrO COCTOSAHNS
(Ha OCHOBE pe3ylbTaToB TEXHUYECKOM
ANAarHOCTUKN U SKCMEePTHbIX OU,eHOK)

HocturHyTo nm MNMC no
KpUTEpUIO HegonyCTMMOCTH

aKcnnyaTauum (Kputepun
MC no TY nnm gp. HTO)?

HeT

[ocTturHyTo nu LlenecoobpasHo HeT 3ameHa nnu
MC no kputeputo N NPOBOANTH PEKOHCTPYKLMS
Hewenecoo6pasHocTu BOCCTAHOBUTEbHbIA (MoaepHM3aLms)
akcnnyaTauumn?

PEMOHT?

A

na

PeweHwne o
npoAneHunu
Cpoka
CInyX6bl

NpoBeneHne peMmoHTa

HeT

[ocTtaToyHo nn
pecypcoB Ans 3amMeHbl
W PEKOHCTPYKLMN
(MoaepHusaumm)?

Aa

Puc. 1. Cxema MPUHATUA peIHeHI/Iﬁ B OTHOIIIEHHH OOBEKTA HA OCHOBE KPUTCPUEB MPCACTIbHOTO COCTOSAHUSA

2) BTOpO#i BUJI ITPEAETBHOTO COCTOSTHHS 00YCIIOBIICH TEM, YTO HAYMHAs C HEKOTOPOTO MOMEHTA BPEMEHH,
JanbHENIIas SKCILTyaTalysl eme paboTocnocoOHOro 00beKTa OKa3bIBAETCS HEIOMTyCTUMOI 1o Oe3omac-
HOCTH WJIH HELIEJIECO00pa3HOM M0 IKOHOMUYECKUM COOOpaKeHUsIM (HapUMeEp, B CBS3U C MOPAJIbHBIM
ycrapeBanueM). [lepexon HeBoccTaHaBIMBAaEMOTO 00BEKTa B IIPEIENIBHOE COCTOSTHUE BTOPOTO BUIA IIPO-
HCXOJIUT JI0 TIOTEPH 00BEKTOM PabOTOCTIOCOOHOTO COCTOSHHUSL.

I[JISI BOCCTaHaBJIMBAaEMbIX 00BEKTOB BBIACIAIOT ABA UJIN Oonee BUJI0B IPCACIIBHBIX COCTOHHHﬁ, Harpu-
MCP, JOMOJHHUTCIBHO K YKa3aHHBIM BbILIC, IMTPEACIBHOC COCTOAHUE, ITPU KOTOPOM Tpe6yeT051 OTIIpaBKa
00BbeKTa Ha KallUTAJIbHBIN PEMOHT.

KpI/ITepI/II/I IpeaAcIbHOTO COCTOAHUS JOJIKHBI XapaKTCPU30BATh:

— HEZIOMYyCTUMOCTB KCIUTyaTallui 0OBbEKTa Ha OCHOBE OIICHKH PHUCKA;

— HeIleJIeco00pa3HOCTh IKCILTyaTallui OOBEKTa HA OCHOBE OLIEHKH PUCKA.
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DKcIuTyaTalysi HeIoIyCTHMa B Cllydyae, Korja He 00ecriedeH TpeOyeMblil ypOBeHb O€30MIaCHOCTH, T.C.
PHCK JKCIUTyaTaliu 00bEeKTa MPEBhIIACT JJOMYCTUMBIA YPOBEHb.

HenenecooOpa3HOCTh SKCILTyaTalUU ONPEILIIICTCS CHIDKCHUEM Y (PEKTUBHOCTH HCIIOIb30BaHUS Ke-
JIC3HOZIOPOXKHOM TEXHUKH, YTO CBSI3aHO C YBEIMUECHHUEM CTOMMOCTH YXU3HEHHOTO IIMKJIA WK MOPAJIbHBIM
H3HOCOM OOBEKTA.

2. MNpepenbHOEe COCTOSSTHUE N0 KPUTEepPUIo HeZoNyCTUMOCTH
AasibHeMLwlen aKcnayaTtaumum

Kaxk n3BeCTHO, pUCK — 3TO COYETaHHE BEPOSITHOCTH (4ACTOThI) COOBITHUS H €T0 IMOCIEeCTBUN. B KOHTeKCTE
OIpeICIICHUS TIPENIEIIEHOTO COCTOSIHUS TIO/T COOBITHEM CIIEyeT MOHUMATh OTKAa3 (OMACHBIH 0TKa3) 00beKTa
WJIM BO3HUKHOBEHHE HEUCITPABHOCTEH (1e(DEeKTOB), MPY HATMYNH KOTOPBIX SKCILTyaTaIlHs HE IOy CKaeTCs.
Ha nipotsbkeHnu cpoka Ciry>KObI PUCK SKCIUTyaTallii KMEET TCHICHIIMIO TIOCTETICHHO YBEIIMYHBATHCS B
CBSI3U C YXYIIICHUEM TEXHHYECKOTO COCTOSIHUS 00bEKTa ¢ TeueHrueM BpeMeHH. [Ipu 3ToM mpoBeieHne
TEXHUYECKOTO 00CTY)KMBaHUS M PEMOHTA MO3BOJISIET CHU3UTh YaCTOTY BO3HHKHOBEHUSI OTKa30B (HEHUC-
MPaBHOCTEH ) U COOTBETCTBEHHO CHU3UTh PUCK. 3aTeM TEXHUYECKOE COCTOSIHAE CHOBA YXY/IIIIACTCS U PUCK
pacret. [ToaTOMy KpUBYIO 3HaUE€HHUH PHCKA B TCUCHUE SKCIUTyaTallil MOYKHO KaUECTBEHHO MPEIICTABUTh
B BHJIC «ITUJI000pa3HOI» KpUBOH (pHC. 2).
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MpoaneHHbIA cpok cryxObl
O603HaveHwe:

<= -npoAneHHbIl CPOK CMYXKObI MO KPUTEPIIO IKOHOMUYECKOI HELIeNecoobpasHOCTY AanbHeiLuel
aKcnnyatauum obbekTa
<= -nponeHHbIii cpok crykbbl N0 KpUTEPMIO HEAONYCTUMOCTY fanbHeliLLeil KkennyaTaly obbekTa

Puc. 2. VI3mMeHeHue ypoBHS pHCKa, CBSI3aHHOTO ¢ ()yHKIMOHUPOBAHUEM 00BEKTa, B TEUCHHE CPOKA CITY>KOBI

Ha puc. 3 u 4 nns npumepa npuBeieHbl BAPUAHTBI N3MEHEHNSI HHTEHCUBHOCTHU OTKA30B B TEUEHUE CPOKA
CITy>KOBI JIUTsl pa3HBIX BHJIOB OTKA30B U COOTBETCTBYIOIIME UM TUIOTHOCTH PaclpeiesIeHHs BEPOSITHOCTH
nocnencteuil. lllkana ypoBHS pucKOB Ha puC. 2 U IIKajJa HHTEHCUBHOCTEH OTKA30B Ha pUC. 3 BHIOpaHbI
B COOTBETCTBHE C [2].
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Puc. 3. 3aBucHMOCTH HHTEHCHBHOCTEH OTKA30B OT CPOKa CITY>KOBI IS Pa3TMIHBIX BHIOB OTKa30B 00BEKTa

A
7O

HesHaunTenbHbIn | HecylLecTBeHHbIH KatacTpochuyeckuin

SO)

-

TskecTb
nocneacTBuiA

Puc. 4. ITnorHOCTH pacaopeacjacHus TSKECTU HOCJ'IGI[CTBI/Iﬁ JJI pa3IMYHbIX BUAOB OTKAa30B 00BeKTa

[Ipumeuanune — U Ig U 2, U 54— KBAHTUJIH IJIOTHOCTEW PacIpeAesIeHUs TAKECTH MOCIEICTBUN OTKA30B
pa3IMYHBIX BUIOB 00bEKTa (OHU COOTBETCTBYIOT 3HAYCHUSIM TSKECTH MOCIESACTBHM JUTS i-TO BUA OTKA30B
00BEKTa, MPU KOTOPOM COOTBETCTBYIOIIASI (PYHKIIMS pacpeieTICHHs BEPOSITHOCTH TSKECTHU TOCIIEICTBUN
MpPUHUMAET 3aJJaHHOE 3HaYeHue, Hanpumep, 0,8).

CoOTBETCTBEHHO O6H.IPII>1 PHUCK HA NPOTAKCHUU CPOKaA CJ'Iy>K6BI ONPCACIIICTCS 11O BBIPAKCHUTO!

R(t)= Ulqkl )+ Uzqkz @ +...+ Unqkn )= z Uiqki (1), (1)

i=1

rae U, — KBaHTHIIN IIOTHOCTEH PacrpesieNieHus TSHKSCTH IIOCIIEC/CTBUI OTKA30B Pa3iuYHbIX BUJIOB
00BEKTa;

A.(f) — MHTEHCHBHOCTb OTKa30B OOBEKTA i-I'0 B/,

1 — KOJTMYECTBO BUIOB OTKA30B.
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Tak kak npenenbHOe COCTOSHUE, IO CYTH, OTPa)KaeT HEKUI YPOBEHb TEXHUYECKOTO COCTOSHUSI 00b-
€KTa, KOr/1a He0OX0IMMO MMPUOCTAHOBUTH €T0 SKCILTYaTaIUIo, TO CIEIYET paCCMOTPETh 0oJiee MoapOOHO
BEPOSITHOCTHYIO COCTABIISAIOLIYIO PUCKA, KOTOPasi IPEACTABISET COOON MHTEHCUBHOCTD OTKA30B (OMACHBIX
OTKAa30B) UJIM YaCTOTY BOZHUKHOBEHHE HEUCIIpaBHOCTEN (e(heKTOB), MPU HATUYUU KOTOPBIX IKCILTya-
Talus HE JI0IyCKaeTCs.

Taxkum oOpa3oM, OTHUM U3 KPUTEPHUEB MPEACIILHOTO COCTOSIHUSA SIBIISETCA 3a/1aHHas TOIMyCTUMasl Be-
JUYMHA UHTEHCUBHOCTU OTKAa30B OOBEKTA.

J11s TOrO 4TOOBI €€ OIpeIeTUTh HEOOXOAUMO 3HATh U3-3a YeTo M KaK BO3HUKAIOT T€ WU WHBIE OTKAa3bl,
T.€. BBISIBUTH IPUYHUHBI 1 MEXaHU3Mbl BOSHUKHOBEHHS OTKA30B.

Taxoke kpUTepUH NPEAILHOTO COCTOSIHUS MPEACTABIISAIOT COO0M HAOOP MapaMeTPOB (XapaKTEPUCTHK)
KEJIE3HOOPOKHON TEXHUKHU U UX Mpe/IebHbIX 3HAYCHHI, a B HEKOTOPBIX CIIy4asiX KaueCTBEHHBIX MPH-
3HAKOB, KOTOPbIE OTPaKaIOT TEXHUYECKOE COCTOSHUE JKEIE3HOJOPOKHON TEXHUKH.

Ecnu npenenvHOe 3HaueHue mapaMeTpa TEXHUYECKOTO COCTOSIHUS YCTAaHOBJICHO B HOPMATUBHOM J0-
KyMEHTAIIUH, JOMOJHUTEIBHON periiaMeHTaluy MpeaeIbHON BeIMUYUHBI HE TpeOyeTcs.

Ecnu npenenbHOe 3HaueHUE MapamMeTpa TEXHUYECKOTO COCTOSIHHUS HE YCTAHOBIIEHO B HOPMAaTHBHOM
JOKYMEHTAIIMH, TO €r0 JOJKEH OMPEeIUTh pa3paboTuyuK B 3aBUCUMOCTH OT:

- YCJIOBUH DKCIUTyaTallii, B TOM YKCIIE BUJIA M PEKUMA IKCIUTYaTallMOHHOTO HArpyKeHHUS;

- 3aKOHOMEPHOCTE MEXaHU3MOB MTOBPEKICHUI;

- IPaKTUKHU IKCIUTyaTalluu 1 JIp.;

Y IPUBECTH 3TO 3HAYEHHE B TEXHUYECKOU (IPOEKTHOM) JOKYMEHTAIIUU HA OOBEKT.

3. OcHoOBHbIe paKTOpbl, yYnMTbiBaeMble Npu onpeaesieHnmn
KpuUTepueB npeaesibHoro CoOCTosaAHUs

Kpurepun npenensHOro COCTOSTHUSI 00BEKTa 3aBUCIT OT COBOKYITHOCTH (PaKTOPOB, BO3ACHCTBHUIO KO-
TOPBIX MOBEPTAOTCS 0OBEKT WIIM €TO OTACTBHBIE JIEMEHTHI B IPOLIECCE MX PaOOTHI.

CoBOKYNHOCTH ()aKTOPOB MOKHO Pa3/IEIUTh Ha CIEAYIOIINE TPYTIIbL:

1) cunmoBoe Harpy>keHue;

2) TepMOMEXaHHUYECKOE HATPyKEHHE;

3) Bo3nelicTBHE, 00YCIOBICHHOE TPEHUEM;

4) KOPPO3HMOHHO-IPO3HUOHHOE BO3/ICICTBHE;

5) 3eKTpOMarHuTHOE BO3JIEHCTBUE.

CunoBoe HarpyeHue MpecTaBIseT coO0i BO3/IeHCTBYE HA 3JIEMEHT KOHCTPYKIMH BHEIIHEH cocpe-
TOTOYEHHOW M pacrpeielIeHHON CHJIBI, BBI3BIBAIOIICH BHYTPH MaTepHalia COOTBETCTBYIOIIEE MPOTHUBO-
neiicTBue B (hopMe pacTpeieIeHHBIX 110 CEYCHUI0 BHYTPEHHUX CHII. BHEITHUM MTPOSIBIIEHUEM CHIIOBOTO
Harpy>KeHUs SIBISIETCS eopMaIiusl.

TepmommHaMHuYecKoe HarpyKeHne 00yCIOBICHO TEIUIOBBIM YIJTMHEHUEM DIEMEHTA KOHCTPYKITHH ITPH
OTpaHUYEHUH ero J1e(hOPMHUPOBAHUSI.

BosneiicTBue, 00yciioBI€HHOE TPEHHUEM, BO3HUKAET TIPU OTHOCHUTEILHOM JIBHXKCHUH 3JIEMEHTOB KOH-
CTpYKIMH. BHEIITHUM TIPOSIBIICHUEM SIBIISIETCSI N3MEHEHHE pa3mepa u (WITH) (GopMBbI COMTpSTaeMbIX eTaei
B pe3yJbTaTe N3HAIINBAHUS.

Koppo3nonHo-3p0o3noHHOE BO3/€HCTBHE MPEACTABISIET CO00M MOCTENEHHOE N3MEHEHHE Pa3MepOB
AIIEMEHTa KOHCTPYKIIUU WMJIM CBOWCTB MaTepHalia B pe3yabrare (GU3NKO-XUMHUYECKHX B3aMMOJICHCTBHI
3JIEMEHTA KOHCTPYKIMHU C BHENTHEN arpeCCUBHOM CPEIOi.

DJeKTPOMarHuTHOE BO3JIEHCTBHE OOYCIIOBIEHO NMPOTEKAHUEM DJIEKTPUUECKOTO TOKA WM HAIUYUEM
BHEIIHUX AJIEKTPOMATrHUTHBIX H3ITy9ICHUH.

Yare Bcero Ha 00BEKT AEUCTBYIOT (DAKTOPHI U3 HECKOIBKUX TPYII CpPasy.
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CuioBoe U TepMOMEXaHUYECKOE HAarPYKEHUS XapaKTePU3YIOT KPUTEPUI KOHCTPYKTUBHOM IPOYHOCTH.
YucrneHHOEe 3HaYEHUE TOT0 KPUTEPHUS OMUCHIBAETCS ONTHUMAJIbHBIM PACIpeesIeHUeM HampsKeHHO-
ne(hOpPMUPOBAHHOTO COCTOSTHUSI KOHCTPYKIMH, T.€. TAKOTO YPOBHS HANpPSHKEHUI BO BCEX CEUCHUSX U
TOYKAX JIETAJICH, KOTOPBIN Obl HCKITFOUMII BO3MOXXHOCThH 00pa30oBaHus ¥ pOCT Ae(EeKTOB (Hampumep, Tpe-
uH). YrucaeHHble 3HAYeHUS 3TOTO KPUTEPHSI ONPEAETSIOTCS pacueTaMu U MOTYT KOHTPOJIMPOBATHCS C
MOMOIIbIO METO/I0B HEPa3pyIIAIOIIET0 KOHTPOJIA.

Takoke kpuTepuit IpeeIbHOTO COCTOSIHUA B JAHHOM CITy4ae MOXKET ObITh YCTAHOBJICH B BUJIE IPEIEIBHO
JIOIYCTUMBIX 3HaYeHUI nedopmanuii, Hanpumep, NPeaeiabHO JOMYCTUMBIN pa3Mep TPELIUHBI.

OCHOBBI pacyeToB Ha MPOYHOCTD, a TAKXKE UX CIEHU(BUKY C YUETOM pacCMaTPUBAEMbIX KOHCTPYKIUI
YKEJIE3HOJIOPOKHOM TEXHUKHU MPUBENICHBI B CIICYIONIMX cTanaaprax [3,4, 5,6, 7, 8,9, 10].

Kputepuii npesensHOro COCTOSHUSA 1O BO3CHCTBHUIO, 00YCIOBIEHHOMY TPEHHUEM, OOBIYHO 3a/1aeTCs
B BUJIE NIPEACIBLHOTO 3HAYCHMS M3HOCa JeTanu o [11].

[IpenenbHBIM COCTOSTHUEM JIEMEHTOB KOHCTPYKIIMH, TIO/IBEPTaOIIUXCS TP SKCILTyaTallii KOPPO3UOHHO-
SPO3UOHHOMY Pa3pyLICHHUIO, SBISETCS YMEHbIICHHUE Pa3Mepa AlIEMeHTa KOHCTPYKIIMH J10 MPeJIeNIbHOM (pac-
YETHOM ) BEJIMYHMHBI, HIDKE KOTOPOU HE oOecrieunBaeTcsi HEOOXOAMMBIN 3aIac ero HeCyIIel ClIoCOOHOCTH,

Tabauua 1. Bausnue (GpaxkTopoB Harpy:keHusi HA BOSHHKHOBEHHE NPeIeJbHOI0 COCTOSIHUS
HEKOTOPBIX 00bEKTOB M 3JIEMEHTOB HH(PPACTPYKTYPHI KeJ1e3HOI0POKHOIO TPAHCIIOPTA

Mepeucts CunoBoe | Tepmoau- | Tpenue [KoppozuoHHo-| Inektpo-
065 CKTOB [lepeueHb >1eMEHTOB | Harpy»Xe- [HAaMU4eckoe| (M3HaIIM- | 3pPO3MOHHOE | MarHUTHOE
HUE |Harpy>kXeHue| BaHHME) | BO3ACHCTBUE |BO3JEHCTBUE
Xo0351i1cTBO J1eKTPUPUKAIUN U FTEKTPOCHAOKEHUSI
1. Merainnueckue onopsl + + +
Konrakt- | 2. I3014TOpHI KOHTAKTHOMN N
Hasl CeThb ceTu
3. KonTaktHbIl IpOBOA + + +
1. CunoBotii Tpanchopmarop + +
Tsrosas
OBA1 1)  BBICOKOBOIBTHBIC BBOJIBI +
MOJICTaH-
1 3. Brixurouarens nepeMeH- 4
HOT'O TOKa
X0341CTBO YTH U COOPY:KeHH I
1. Penbehl sxene3Hoa0poK-
HBIE I 3BEHBEBOIO 1 Oec- + + + +
BerHee CTBIKOBOT'O IIYTHU
cTpoenue | 2. Illnasnel sxene300eToH-
OyTH | HbIC AJI1 pa3IUYHbIX TUIIOB + +
CKpEIUICHU I
3. llleGeHouHBIHM OamTacT +
Xo035iicTBO AaBTOMATHKHU U TeJleMeXaHUKH
1. poccenb-Tpancdopmarop +
2. DneKTporpuBoia (CTpeIovHbIe, aB- N
Touutarobaymos, ¥Y3II)
3. Peneiinble, 6arapeiinbie mkadpl 1 Mo- . n N N
Iy Jgist pasmettieHust anmaparypsl CLb
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W TIPEICITbHBIE pa3Mepbl HOBpeKIeHHA. ClIeyeT yUUTHIBATH TO 00OCTOSTEILCTBO, UTO ITyOUHA OT/ICITBHBIX
JIOKAJIBHBIX TIOBPEXKICHUN (MCKITFOYasi TPEIIUHBI) MOXET 3HAYMTEIBHO MPEBBIMIATh CPEIHIOW ITyOUHY
MOBPEXICHHUH (BILIOTH JI0 CKBO3HOTO Pa3pyIICHUs) U HE HApYIIaTh HeCyIel cnocoOHOCTH reMeHTa. J{o-
IIYCTHMOE KOJIMYECTBO (J0JI51) TOBPEIKACHHIA HA ITOBEPXHOCTH U MIX pa3MepPhI I0JDKHBI PErIaMEHTHPOBATHCS
B 3aBHCHUMOCTH OT XapakTepa Harpy3KH Ha 3JICMEHTHI U CBOMCTB MMPUMEHSIEMBIX MaTEPUAIIOB.

B 4dacTu BIMSHUS AIIEKTPOMArHUTHBIX BO3/ICHCTBHI MPENIEIbHOE COCTOSIHUE CBA3aHO C U3MCHEHUEM
CBOWCTB MaTEpUAJIOB M XapaKTEPU3yeTCsi U3MECHEHUEM JICKTPUUCCKHUX ITapaMeTpOB pabOThl yCTPOUCTB
HIDKE (BBIIIE) TIPEICTBHO JTOMYCTUMBIX.

B tabnuie 1 Ha mpuMepe Tpex X03aUCTB HHPPACTPYKTYPhI )KEIE3HOIOPOKHOTO TPAHCIIOPTA ITOKA3AHO,
KaKHe KJII0YeBbIe (DAKTOPBI BIMSIOT HA BOSHUKHOBEHHE TIPEICIHHOTO COCTOSIHUS KITFOYEBBIX 00BEKTOB U
AIIEMEHTOB 3THX XO3SHCTB HHPPACTPYKTYPHI.

3akn4yeHue

[IpenyiokeHHBIN TTOXOT K OTIPEICTICHUIO MTPENACITBHOTO COCTOSHUS 00BEKTOB KEJIC3HOTOPOKHOU TeX-
HUKH TI0 KPUTEPHUIO HEIOMYCTUMOCTH DKCIUTyaTalluu 00BhEKTa ¢ y4€TOM OIICHKH PUCKOB MO3BOJIUT Ha
OCHOBE JJaHHBIX O (PAKTHYECKOM TEXHUYECKOM COCTOSTHUHM 00bEKTa pa3paboTark, C y4eTOM IKOHOMUYECKUX
(hakTOpOB, MpaBwUJia IPUHATHUS OTHOTO U3 CIEAYIONMINX PEIICHUMN:

— HaIlpaBUTh B PEMOHT JIJI1 BOCCTAHOBJICHHS pecypca;

— BBIBECTH U3 DKCIUTyaTalNH (CIIMCATh WU TIEPeAaTh 1JIsi MPUMEHEHUS He TI0 HA3HAYECHHIO ) ¥ 3aMEHUTh
Ha HOBBIH;

— MOABEPTHYTh PEKOHCTPYKUMU WIIA MOJAEPHU3AIUH.

Asemop evipadicaem brazooaprocms 0.m.H., npogeccopy U.b. ILlyounckomy 3a nomowb, OKa3aHHy0
npu n0020MmosKe OaHHOU CIMAambl.
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6.I'OCT 25.001-78 PacueTsl 1 MCTIBITAHNS HA IPOYHOCTh B MAILIMHOCTpOeHUU. KoMmIlIekc HopMaTHUBHO-
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MODEL OF IDENTIFICATION OF RAILWAY EQUIPMENT’S
LIMIT TOLERANCE STATE

The paper offers an approach to definition of a limit tolerance state of railway equipment based on the
criterion that exploitation of an object on the basis of risk evaluation is unacceptable. Criteria of limit toler-
ance states shall be specified in specifications for railway equipment.

Keywords: limit tolerance state, limit tolerance state criteria, railway equipment, technical state, failure,
wear, tear.

1. General information

The criteria of limit tolerance state are used to understand when the operation of an object shall be
terminated temporarily or permanently. When reaching limit tolerance state, an object can:

— be transferred into repair for recovering resource;

— be removed from operation (decommissioned or transferred for application for other purposes than
intended) and replaced with a new one;

— undergo reconstruction or modernization.

The scheme of decision making as regards an object based on limit tolerance criteria and their use
during a life cycle are presented in fig. 1, where we define as LTS — limit tolerance state, TC — technical
conditions, and specs — specifications.

The criteria of limit tolerance state as well as failure criteria are specified at the stage of designing for
each kind of an object (its separate nodes, items). Here an object means products (railway fleet, power
converters, railway telecommunication equipment etc.), constructions (bridges, tunnels), territorially
distributed systems (catenary sections, signalling and interlocking equipment on open lines and at sta-
tions etc.).

According to GOST [1], for unrecoverable objects there are two kinds of limit tolerance state:

1) limit tolerance state corresponds to disabled state (i.e. the criterion of limit tolerance state corre-
sponds to a failure criterion);

2) the second kind of limit tolerance state is conditioned by the fact that starting from some moment
further operation of a still serviceable object starts to be unacceptable in terms of safety or unreasonable
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| Operation

v

Evaluation of technical state (based on the
results of diagnostics and expert
assessment)

Has LTS been reached as
to the criterion of operation
unacceptability (LTS as to
TC or other specs)

Has LTS been
reached as to the
criterion of operation non-

Replace or
reconstruction
(modernization)

yes Does it make sense to do

recovery repair?

expediency?

A

Decision
L~ aboutlife —«a— Repairing
cycle
prolongation

P

Are there
enough resources yes
| for replace or reconstruction
(modernization)?

Fig. 1. Scheme of decision making as regards an object based on limit tolerance criteria

in terms of economical considerations (for example, due to obsolescence). The transfer of an unrecover-
able object into limit tolerance state of the second kind takes place before the object losing its serviceable
state.

For recoverable objects, there are two or more types of limit tolerance states, for example, in addition
to those specified above, limit tolerance state requiring the transfer of an object into repair.

With the definition of the term “limit tolerance state” taken into account, the criteria of limit tolerance
state should demonstrate that:

— the operation of an object based on risk evaluation is unacceptable;

— the operation of an object based on risk evaluation is unreasonable.
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The operation is unacceptable in case that a required level of safety is not provided, i.e. the risk of an
object’ operation exceeds an accepted level.

Non-expediency of operation is defined by reduction of railway equipment operation efficiency, which
is related to increase of life cycle cost or obsolescence of an object.

2. Limit tolerance state as to the criterion of further operation
being unacceptable

As we know, the risk is a combination of an event’s probability (frequency) and its consequences. In
the context of definition of limit tolerance state, an event has to be meant a failure (hazardous failure) of
an object or emergence of malfunctions (defects), with whose presence the operation is not acceptable.
During life cycle, operation risk tends to gradually increase due to deterioration of technical state of an
object as the time goes. Technical maintenance and repairing allow reducing the frequency of failures
(malfunctions) and correspondingly reducing the risk. Then the technical state again deteriorates and the
risk increases. Therefore, the curve of risk values during maintenance can be qualitatively represented
as a saw-toothed curve (fig. 2).

R(t)h
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Unacceptable :
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l
Undesirable | s
| /\ =
> ! o
& a v L
~ I )/ <
N] IS
o | g
Acceptable =
| >
] o
/ ' :
(&}
| (n'a
- |
egligible |
i >,
-t " ; >-|¢ P < » ’
Specified life cycle I year
|
Prolongated life cycle
Legend
<) -rrolongated life cycle as to the criterion that further operation of an object is economically
unreasonable

<) -rrolongated life cycle as to the criterion that further operation of an object is unacceptable
Fig. 2. Risk level changing related to the functioning of an object during its life cycle

Fig. 3 and 4 exemplify the variants of changing of failure rates during life cycle for various types of

failures and corresponding densities of distribution of consequence probabilities. The scale of risk levels
in fig. 2 and the scale of failure rates in fig. 3 are chosen in accordance with GOST R [ 2].
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Fig. 3. Relation between failure rates and life cycles for different kinds of object failures
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1.

Usq Uzq Ung Gravity
Fig. 4. Densities of distribution of consequence gravity for different kinds of object failures

Note: U, , U,, U, are fractiles of densities of distribution of failure consequences gravity for various
types of objects (they correspond to consequences gravity values for the i-th type of object failures when
a corresponding function of distribution of consequences gravity probability takes on a predefined value,
for example, 0,8).

Correspondingly, the total risk during life cycle is defined by the expression

q

R(t)= Uqul 0+ Uzqkz @ +..+ Unqxn 0= Z U\ (1), (1)

where Ul.q is fractiles of distribution of failure consequences gravity for various kinds of objects;
L.(?) 1s an object failure rate of the i-th type;
n is the number of failure types.

As limit tolerance state actually reflects some level of technical state of an object when it is necessary
to cease its maintenance, we should consider in detail a probabilistic constituent of risk which presents
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a failure rate (hazardous failures) or a frequency of emergence of malfunctions (defects), with whose
presence the operation is not acceptable.

Therefore, one of the criteria of limit tolerance state is a predefined acceptable value of an object
failure rate.

In order to define it, it is necessary to know why and how particular failures occur, i.e. to find out the
causes and mechanisms of failure emerging.

Also the criteria of limit tolerance state presents a set of parameters (characteristics) of railway equip-
ment and their limit tolerance values, as well as in some cases quality attributes that reflect technical state
of railway equipment.

If a limit value of a technical state parameter is specified in normative documents, the limit value
doesn’t require extra regulation.

If a limit value of a technical state parameter is specified in normative documents, the limit value should
be specified by a developer in relation to:

- operation conditions, including the type and mode of operational stressing;

- patterns of damage mechanisms;

- operational practice etc.,

and give this value in technical (design) documents for a particular object.

3. Major factors taken into account for definition
of limit tolerance state criteria

The criteria of an object’s limit tolerance state depend on the set of factors influencing the object or its
individual elements in process of their operation.

This set of factors can be divided into the following groups:

1) power stressing;

2) thermomechanical stressing;

3) influence conditioned by friction;

4) corrosive and erosive influence;

5) electromagnetic influence.

Power stressing presents influencing an element of construction by an outside concentrated and distrib-
uted force provoking inside the material a corresponding counteraction in the form of inner sectionally
distributed forces. An outer representation of power stressing is deformation.

Thermodynamic stressing is conditioned by heat elongation of a construction element in case of limit-
ing its deformation.

The influence conditioned by friction occurs in case of relative movement of construction elements.
The outer representation is a change in size and (or) form of conjugated parts in the process of wearing
and tearing.

Corrosive and erosive influence presents a gradual change in sixes of a construction element or prop-
erties of the material as a result of physical and chemical interactions of a construction element with the
aggressive outside environment.

Electromagnetic influence is conditioned by passing of electric current or presence of outside electro-
magnetic emissions.

More often than not factors belonging to several groups influence an object.

Power and thermomechanical stressing characterize a criterion of constructive robustness. The nu-
meric value of this criterion is described by an optimal distribution of stressed and deformed state of a
construction, i.e. by such level of stress in all sections and part points that would exclude the possibility
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of forming and growing of defects (for example, fractures). Numeric values of this criterion are defined
by calculations and can be controlled by means of methods of non-destructive testing.

Also the criterion of a limit tolerance state in this case can be defined in the form of maximum accept-
able values of deformations, for example, a maximum acceptable size of fracture.

The bases of robustness calculations as well as their specific features considering the constructions of
railway equipment studied here are presented in the following standards [3, 4, 5, 6, 7, 8, 9, 10].

The criterion of a limit tolerance state as to influence conditioned by friction is usually defined in the
form of a limit value of wear and tear of a part according to GOST [11].

The limit tolerance state of construction elements suffered during operation from corrosive and erosive
damages is a decrease in size of a construction element down to a limit (calculated) value, when its carry-
ing capability is not provided in case of reaching lower values, or limit sizes of defects. One should take
into account the fact that the depth of individual local defects (not including fractures) can considerably
be higher than the average depth of defects (up to cut-through destruction) without compromising the
carrying capability of an element. The accepted number (share) of defects on the surface and their sized
should be regulated depending on the nature of load on elements and the properties of used materials.

As regards electromagnetic influence, limit tolerance state is related to a change of properties of mate-
rials and characterized by a change of electrical parameters of equipment operation lower (higher) than
the maximum acceptable ones.

Table 1 exemplifies key factors that influence on emergence of limit tolerance state of major infrastruc-
ture objects and elements using three infrastructure enterprises as examples.

Table 1. Influence of stressing factors on emergence of limit tolerance state
of some railway infrastructure objects and elements

. Thermo- | Friction | Corrosive |Electromag-
List of ob- . Power . . ..
. List of elements . dynamic | (wear |and erosive | netic influ-
jects stressing . .
stressing |and tear)| influence ence
Power supply and electrification
1. Metallic pillars + + +
Catenary 2. Catenary +
3. Overhead wire + + +
P b 1. Power transformer + +
OWeT Sub= 1y High-voltage lead wires +
station -
3. Alternate current switches +
Tracks and constructions
1. Rgﬂs for jointed and N N N N
jointless track mmst
Superstruc-
ture 2. Concrete sleepers for N N
various types of fastening
3. Ballast stone +
Signalling and remote control
1. Impedance bond +
2. Electrical machines (point machines, .
crossing barriers, crossing signalling)
3. Relay, battery cabinets and modules N N N N
for signalling equipment
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Conclusion

The above approach to definition of limit tolerance state of railway equipment as to criteria of inadmis-
sibility or unreasonableness of object operation based on risk evaluation will allow, on the basis of data
on actual technical state of an object, with economical factors taken into account, elaborating the rules
for making one of the following decisions:

— to transfer an object into repair to recover resource;

— to remove an object from maintenance (decommission or transfer for application for other purposes
than intended) and replace with a new one;

— to submit for reconstruction or modernization.

The author thanks Doctor of technical sciences, Professor I.B. Shubinsky for the assistance in prepar-
ing this paper.
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XopoLuo 3abbiToe

A3unpkan 3.B.

METO NOCJIEAOBATEJIbHOIO KOHTPOJI4
H.O.OEMUOOBUYA

lMokoviHbIN Halw kosanera Hukonavi OneroBuy [lemuaoBuy ycries pa3paboTars n OCTaBUTb HAM MPEKPACHbIN
MeToA NMoCAe[0BaTe/IbHOr0 KOHTPOJIS HaAEXHOCTU (M APYrux nogoOHbIX CBOVICTB U3A4E/NI), CYLLECTBEHHO
MPEeBOCXOASLMI «KIIaCCUYECKui» (T.e. BOLUeALUnY BO BCe y4eOHUKM) MeToh amepukaHua Banbga. Mano
KTO y3HaeT Ternepb metoa JemuaoBuda B FOCT P 27.402-95 v B IEC 61124. lNepBbie ero ctatbut OTHOCSATCS
k 1960-m rogam. Metoa, vicnonb3yowmi 9BM u opmyribl, no3BonseT noaobpats rpaHvLbl NocaenoBa-
Te/IbHOr0 KOHTPOJIS Tak, YTOObl 06ECrneYnTb TOYHbIE 3HAYEeHUs 3aAaHHbIX puckoB. paHvubl H.O. demvao-
BmYa MoOryt obpasoBbiBaTb 00/1aCTb HEOMNPEAeEHHOCTY /1000 GOPMbI, B T.4. 3aMKHYTYIO, HE TPEOYIOLLYIO
ycedeHnus. [aHHas cTatbsl HanvcaHa, 4To0bl BoccTaHoBuUTH ripuoputetT H.O. JemugoBuya (v TeM cambimM
— Poccum) B BOnpocax nocaenoBaresibHOro KOHTPOJIS M 3aMeHnTb MM Basbaa (Bo3aaB, KOHEYHO, rocriesn-
HeMy 3acC/1y>XeHHbIE€ MOYeCcTH).

KniouyeBbie cnoBa: metoa [lemuaoBuyda, nocaenoBaTesibHbIf KOHTPOIb, PUCKU MOCTaBLUMKA M 3aKa34uKka.

1. BBegeHue. O0OWaa meToauka nocsiegosartesibHOro
KOHTPONA HAAEXHOCTU

[NocnenoBaTenbHBIN KOHTPOJIb HAAEKHOCTH (M APYTHX MOTOOHBIX TAPAMETPOB) CBOJUTCS K TOMY, UTO B
Ka)XJIbIid MOMEHT HaOJIOICHUI HEKOTOpas BEIMUNHA TIPUMEPSETCS K IByM I'paHHULIAM: IPUEMKH 1 OpPaKOB-
KH. Mexay rpaHuLiaMu — 00J1acTh HEONIPEIEAEHHOCTH (IIPY NOMaJaHUH Ty/1a UCTIBITAaHUSI IPOIOJIKAIOT).
[Tpu ucnpITaHUAX HA HAAEKHOCTH PE3yJabTaT CyMMUPOBAHHS HApaOOTOK M OTKAa30B HAHOCAT Ha Ipaduk
TUTaHA MCTIBITAHUH B BHJIE CTYIIEHYATON JIMHUY (JIMHUU pean3alyy Ipolecca 0TkazoB). Takoii rpaduk
JUIS KJIACCUYECKOTO MOCIe10BaTeIbHOro MeToa A.Banpaa kauecTBeHHO NoKa3aH Ha puc. 1. cnpitanus
IIPOAOJIKAIOT /10 TEX 0P, TIOKA JIMHMS pean3aliy IIPoLecca 0TKa30B HE IOCTUTHET T'PaHULIbl IPUEMKH
(HYOKHSS TUHUS Ha puc. ) WK TpaHuIlbl OPaKOBKU (BEPXHSSI JIMHUSA).

Meton A.Banbaa, Bomeamnii Bo Bce y4eOHUKH, HE MPpeAroaracT Kakux-JIn0o orpaHuueHu 1o Bpe-
MeHU ucnbITannid. Kak Tonpko 001acTh HeOnpeaeIéHHOCTH Banbaa yceKkarT — TyT ke 3aMETHO (U He-
M3BECTHO, HACKOJILKO) BO3PACTAIOT PUCKH MOCTABIIMKA U noTpeOuTens. Ha kakoM ypoBHe 3Ty 001acTh
yCeKaTh, HUKTO HE 3HA€T — TYT IOJIHBIN ITPOU3BOJ, U ATO INIABHBII HEJOCTaTOK MeToa Banpaa.

H.O.JlemunoBuu pazpabotan METO, MO3BOJISIONIUNA MOA00pATh TPAHMIIBI TaK, YTO IMOCIEI0BA-
TEJbHBIM KOHTPOJIb C MX HMCIIOJIb30BAHUEM O0ECIICUUT TOYHBIC 3HAYCHHUS 3aJaHHBIX PUCKOB. | paHUIIBI
H.O.[lemuioBrya MOTyT 00pa30BBIBaTh 00JIACTH HEOMIPEACIEHHOCTH JTH000H (POPMBL, B T.4. 3aMKHYTYIO,
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He TpeOyIOIILYyI0 yceueHHs (CaM OH IPUHSI TpeyroiibHy o). Metoa npusHaH cnerpaniucramu MCO/MOK,
y3akoHeH B PD crannaprom 'OCT P 27.402-95 u Bom€n Bo BTOPYIO pEIAKILIMIO TPOEKTa MEXKTYHAPOIHOIO
crannapra [EC 61124, noaroraBnmBaemMyo K BBIIIYCKY.

OtmeTnM, uto eni€ pansiue miaHos Jlemunosuua B CCCP nossunucs miansl H.E. Spibikosa, ¢ Temu xe
npeumyiectsamu (onu Bouu B 'OCT 27.410-87, Ho He 6butn 3amedersl MOK/MCO no psity npudus).

OueBuIHO, 4TO IUIaHBI JleMHU10B1YA 3aBEIOMO JIyUllle «KJIACCUYECKUX» IIIaHOB Banbna, u nociennue
Cclie/lyeT 3aMEeHUTh BO BCEX CTaHaapTax U yueOHukax. [lepsas u3 crareit H. O. JlemunoBruya u3 xypHaina
«HanéxHocTh 1 KOHTpOIIb KauecTBa» 3a 1990 r . nepeneyarana B xxypHaine «HanéxHocte» (Ne 3 -2013).
Hwxe npuBoauTCs TEKCT Apyroit ero crarbu (oH ObuT HanucaH Kak npuioxkenue k [OCTy), roe meton
U3JI0)KEH HECKOJIBbKO Ooiee uétko. Hekotopslie nosicHenus BHeceHsl D.B. [[3upkaiom.

A

R
OBJIACTHb BPAKOBKU
OBJIACTB IIPUEMKHA
>
T
Puc. 1

2. Nopxop H. O. AemupoBuya

Pabora, nponenannas H. O. JlemunoBuuem, nmpoBoauiack B Apa yTana. BHauane on pa3padorain croco0,
MO3BOJISIIOIIHUH ¢ TOMOI1IbI0 DBM BBIYHCIATH BCE apaMeTphl (BpeMs HCIIBITaHUH, 00a prcKa U Jp.) s
u1aHa 1000 popmel. Ha BropoM dTare, mosab3ysch 3ITUM CIIOCOOOM, OH OIIpeesisieT (TIPSMBIM TOI00POM)
ONTUMAJIbHBIC TIapaMeTphl TUIaHa BBIOPAHHON (OPMBI, IPHUUEM KPUTEPUEM ONTHUMAIBHOCTH SIBIISCTCS
MPOJIOJDKUTENIBHOCTD MCTIBITaHui. Takum 00pa3om, OH ONpeseNnni CTOIBKO ONTUMAIbHBIX IIAHOB IS
pa3HBIX COYETAHUH MCXOJHBIX JAHHBIX, CKOJBKO OBLJIO HYXKHO ISl BKJIFOYEHHUS B CTAHAAPT — BHayaje
OTEYECTBEHHBIN, a 3aTEM MEXIYHAPOIHBIN.

2.1. AcxopHblie paHHbIe

[1nan ucnbITaHUi C rpaHUIIAMU [TPOU3BOJIBLHON (OpPMBI H300paxeH Ha puc. 2. OH OrpaHUYEH MaKCHU-
MaJIbHOM CyMMapHOM HapaOoTKoM T' ¥ MpeNeNbHbIM (OPaKOBOYHBIM) YUCIIOM OTKA30B R.

Ilpumeuanusn

a) Ha pucynke npenenbHoe YUCIO 0TKa30B R=5, HO B 00ILEM Cilydae 3TO MOXKET ObITh JII000e 1eoe
MIOJIOKUTENIBHOE YUCIIO.

b) I'panuipl muaHa MCIBITAHUN U300pa)KalOT HENPEPHIBHOM JIMHUEH, HO 3HAUE€HUS TPaHMIl UMEIOT
CMBICJI TOJIBKO IIPU LIEJIBIX 3HAYECHUAX JUCKPETHOM OCH OPIMHAT.
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max

Puc. 2

2.2. O0WKMit aNnropuTM BbIYNCIIEHNS XapaKTepPUCTUK NJIaHOB UCMNbITaHNIA

a2 1. Yepe3 TOUKH IEPECEUCHUS TPAHULL C TOPU3OHTAIBHBIMHU YPOBHAMM paBHbIMU 0, 1,2, mpoBOAST
BEpPTHUKAJIbHbIE CEYCHMsI, KaK MIOKa3aHO Ha puc. 3.
[Tpumeuanue — ['opuszonTaneHbIi ypoBeHb R = () mpeacTaBiseT coboi ock abCIucc.

A
R D S

»
>
v A\ 4 A\ 4 A\ 4 v v vy :' 1

— _

1 — ceuenms1, MPOXOAIINE Yepe3 TPAHHILY IIPUEMKH;
2 — ceueHwUs, MPOXOJSIINE Yepe3 TPAHUILy TIPUEMKH U OPaKOBKH.

Puc. 3

Illaz 2. BeiaensitoT TOUKHU EpeCceYeHUs] TOPU30HTAIBHBIX YPOBHEN M BEPTUKAJIbHBIX CEYEHUI BHYTpU
rpaHuII IJIaHa UCHBITaHUN H, OTACJIBbHO, TOYKHU I'PAHUIBI IPUCMKH, KaK ITOKa3aHO Ha pHC. 4. Touku BHY-
TPU I'paHUI] IIJITaHA HUCIBITAHUN Ha puc. 4 0003HAaYEHBI CBETIIBIMU KPY>XKaMH, a TOYKH I'PaHULbI IPUCMKHN
— MOJIYKUPHBIMU KPY>KKaMU.

Bce Bo3MOXKHBIC JIMHUY peaTi3aIiiy IPoIiecca 0TKa30B MEXKTY ABYMS TOUKAMHU B COCETHUX CEUCHHSIX
M300paKaroT OJHOM CTPEJIKOM, YTO TAaK)Ke MOKa3aHO Ha puc. 4.

A

R

—0O0—

ﬂ"

Puc. 4
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Kaxxnas nuHus peanuzanuy nporecca 0TKa3oB OT Hauajla KOOPJAUHAT U JI0 IIepecedeHtsl TPaHuIIbl Opa-
KOBKH WJIU JI0 JOCTUKEHUSI TPAHULIBI TPUEMKH MOKET OBITh IIPECTaBlIeHa B BUJIE ITOCIIEI0BATEILHOCTH
TOYEK U COCIUHSIONINX UX CTPEIIOK.

J1J1 TOTO, 4TOOBI BBIYUCIIUTD XapaKTEPUCTUKH TUIaHA UCIIBITAHUM, TOCTATOYHO PACCMAaTpPUBATh TOJIBKO
BbI/ICJICHHBIE TOUKH.

Bce Bo3MOkHBIE THHUM peajn3aluy Ipolecca OTKa30B J0 JOCTHXKEHUS T'PAaHUIbl IPUEMKHU IMpeJ-
CTaBJIIIOT COOOM COBOKYMHOCTb CTPENIOK, COSAUHSIIOMIMX TOYKH B COCETHUX CEUYEHHUAX, KaK MOKa3aHO
Ha puc. 5.

RA

>

Puc. 5

IHlaz 3. TlocnenoBarenbHO (10 BEPTUKAJIBHBIM CEUEHUSIM, HAYMHAS C TIEPBOTO, U CHU3Y BBEPX IO
TOYKAM Ka)KJIOI0 CEUEHHUsI) BBIYUCIISIIOT 3HAaUEHHE BEPOSITHOCTHU TOTO, UTO JIMHUA pealn3aluy Mpolec-
ca OTKa30B MPOWJET Yyepe3 aHHYI0 BHYTPEHHIOI TOUKY U 3HaY€HUE BEPOATHOCTH TOTO, YTO JIUHUS
JOCTUTHET TaHHOW TOYKH I'PAHULIbI IPUEMKHU. 3aT€M BBIYUCIISAIOT 3HAUEHUsI ONIepaTUBHOM XapakTepH-
CTHKH, PUCKOB MOCTABUIMKA U 3aKa34MKa, 0’)KUJAeMON CyMMapHOIl HapaOOTKU 10 MPUHATHS peLIeHUs
O TpUEMKe.

3HayeHue BEpPOSTHOCTH TOTO, YTO JIMHUS pean3aliy Mpoliecca 0TKa30B MPOHAET uepe3 BHYTPEHHIOK
TOYKY, JUISl K&yKJOW BHYTPEHHEH TOUKH IJIaHA MUCTIBITAHUM BBIYHUCIISIOT IO (hopmyrie

min(/,b;_;) 1-i

k) _ —MA, (k=1) (kAk) 1
=e E W) ke

QI i=ay_, ql (l - l) ' ( )

e ¢\ — BepoATHOCTH TOTO, UTO JTIMHHUSA PeaTH3aliy TIPOIecca OTKa30B IPOHIET Yepe3 BHY TPEHHION

TOYKY Ha /-M YPOBHE B k-M CEUEHUU;

k — HOMEp BepTHUKaIBHOTO ceueHus, k=1,2,...,s;

A= lT — MHTEHCHUBHOCTb OTKA30B HUCIBITYEMbIX U3JIEIHIA;

T — uctTuHHOE (HEM3BECTHOE) 3HAUCHUE CpeTHEN HapaOOTKU Ha OTKa3 WM J0 OTKa3a;

i — MHJEKC CyMMHPOBAHUS B k—M CEUEHUU;

[/ — (huKcHpOBAaHHBII HOMEP TOPU30HTaIBLHOTO ypoBHS, [ =0, 1, ..., R—1;

M — UHJEKC CyMMUPOBaHUs B (k+1)-M ceueHuy;

A, — VHTEPBAJI CyMMapHOX HapabOTKU MEXy COCEHUMU k-M U (k-1)-M ceuenusamu,

@, — HOMED HWKHEW BHYTPEHHEN TOUKH B k-M Ce€4eHnH; b, — HOMED BEPXHEN BHYTPEHHEN TOUKH B K-M
CEUEHUHU.

3HaueHne BEPOATHOCTHU TOT'O, YTO JIMHUSA pCaIn3aliun Mmponecca OTKa30B JOCTUTHET TOYKHU I'PaAHUIIbL
MMPUEMKHU, TJIA Ka}KI{OI\/’I TOYKHU I'PaHULbI IPUEMKH BBIYUCIIAIOT 110 (bopMyne:
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(k) (k=1)

p,=qt, =g e 2)

-1
IIpumeuanue — YpaBHeHue (2) sBisieTCs YaCTHBIM cilydyaeM ypaBHeHus (1).
3HaueHue ONepaTUBHON XapaKTEePUCTUKH BBIUUCIISIOT IO opMyJIe:

1

L=Y p, 3)

-0

~

WcTunnbie 3HaUeHUS PHUCKOB NMOCTABIIHKA U 3aKa3YNKa BBIYHUCIIALOT 110 (bopMynaM:

o, =1-L(T)=1- 3, p,(T,) @
B, = L(T,) = X, p,(T,) 5)

HanoMuuM, yTo prck mocTaBIIuKa (M3rOTOBUTEIIS) 0L — 3TO BEPOSATHOCTh MPUHSITUS PELICHUS O
OpakoBKe M3AEIUN MPU YCIOBUHU, YTO UCTUHHOE 3HAUY€HUE cpelHel HapaOOTKU HAa OTKa3 WIH J10
OTKa3a paBHO PUEMOYHOMY ypoBHIO T . B cBOIO ouepeib, puck 3akaszunka (morpedurens) ff —ato
BEPOSITHOCTh MPUHSTHS PEUICHUS O MPUEMKE U3ACIUNA MPU YCIOBHUH, YTO UCTHHHOE 3HAUCHHUE
cpenHeit HapaOOTKU Ha OTKa3 WUJIM 10 OTKa3a paBHO OpakOBOYHOMY YPOBHIO 7 )

3HaYeHHUEe OXKUIAEMON CyMMapHOW HapaOOTKU UCTIBITYEMbIX M3ACIUN 10 MPUHATHS PEeUIeHHs O MpH-
€MKE BBIYUCIISIIOT 110 (opMyIie:

R-1
Zr.ipj
Ty =5, (6)
ZP,-
=

IJIe 7, — CyMMapHas HapaboTKa 710 j-T0 CEeYEHUs TPaHUIIbI TPUEMKH, T=Tp e To

Ilacz 4. TTocnenoBarenbHO (MCXOA U3 Havaja KOOPAWMHAT M CHU3Y BBEPX IO TOYKAM KaXKJI0TO CEUCHUS )
BBIUUCIISIOT BEPOSTHOCTHU TOTO, YTO JIMHUS peaan3aliy Mpoliecca 0TKa30B U3 IaHHOM BHYTPEHHEHN TOUKH
nepeceyeT rpaHuily OpakoBKM B MHTEpBaje MEXKIY COCEIHUMU CEUECHUSIMHU.

A

R

>
Puc. 6
BeposiTHOCTB TOTO, YTO JIMHHS PEaM3aliy MMPOoIecca OTKa30B U3 JJAHHON BHYTPEHHEU TOUKH Tepe-
CeUeT TPaHUIly OPAKOBKH B MHTEPBAJIC MKy COCCTHUMH CCUCHHUSIMHU, JUTSI KOKI0M BHYTPCHHEH TOUKH
TJIaHa BBIYHUCIIAIOT 110 (hopmyrie:
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R (4,.)"

Qi(k) =1- e—xAkn 2 (7)
m=0

m!

COOTBCTCTByIOI_Hee 3HAYCHHUE OXKUJIACMOU CyMMapHOf/'I Hapa60TKI/I B JaHHOM HMHTCPBAJIC BBIYHCIIAIOT
o ¢opmyie:
. by =i+l
A —_ bk+1 —1 + 1 1 _ _)"Akﬂ (kAk+1) 8
k+1 A (k) e ' . ( )
Qi m=0 m.

3HaueHUEe O’KHUJIaeMON CyMMapHOK HapaOOTKH BBIYUCIISIOT 1O opMyJIe:

1 s—1 b

Pt +2 Z /70" (¢, + Akﬂ ). 9)

i=0 k=1 i=0,

1,=

~

Ilpumeuanus

Benuuunel q; Py L' T 0( ). Qi(k); Akﬂ; T ., SIBJISIFOTCSE (YHKIUSAMH, 3aBUCAIIUMU OT KOHTPOJIUPYEMOTO
nokasarens 7.

HauanbHble 3Ha4eHUs BEJTMUHH, BXOAAMMX B Gopmymsi: 7, = 0; ¢S =1;¢” = 0.

2.3. BbluucneHue ontTuMasnbHbIX MNJIaHOB

OnTuMalnbHbIe MIaHbl UCIIBITAHUHN ONPENENAIOT B TAKOM MOCIE10BaTeIbHOCTH:

IHlacz 1. 3anatoT (BIOMPAIOT, YCTAHABIMBAIOT) 3HAYEHUSI UCXOAHBIX JaHHBIX D, a, B (D — 3T0 OTHO-
HIEHUE IPUEMOYHOTO U OpakoBo4HOrO ypoBueu, D = T /T, /),).

Illaz 2. BeibupatoT BU/ IUIaHa UCTIBITAHUN (HapUMep, MOCJIE0BaTENbHbIN IJ1aH, TPAHULBI KOTOPOTO
n3o0pakensl Ha puc. 7. H.O. JlemuioBuy cunrtan Takyro ¢opmy 1iana Haubosiee 1eaecooOpa3Hoi).

R

A
Y

Tmax

A
Y

Puc. 7
Ilaz 3. BriOupaioT HayaIbHbIe (CTAPTOBBIEC) 3HAYECHUS YNIPABISIOMIMX apaMeTpos miana 4, R, T,
(cm. puc. 7).
Illaz 4. BeraucnsiioT XapaKTepPUCTUKY TUIaHA UCTIBITAHUN BEIOPAHHOTO BH/IA C HAYaTbHBIMU 3HAYCHUSIMU
YIPaBISIONIMX [IapaMeTpoB. B pe3ynprare BBIYMCIECHNN Ha 3TOM LIAre MoJly4yaroT IEePBblii, HETOYHBIN U
HEONTUMAJIbHBIN, IJIaH UCIIBITAHUM.
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Illaz 5. VI3MeHSIOT 3HaY€HUs YIPABISAIOLIMX MapaMeTPOB, MOBTOPSIOT BBIUUCICHUS MO QopMyliaM
mara 4 ¥ mojxy4aroT BTOPOH IUIaH UCIIBITAHUNA. 3aTeM CHOBA U3MEHSIOT 3HAUEHUs yIPaBIISIOUINX Mapa-
METPOB, MOBTOPSIIOT BHIYUCIICHUS U MOTYYaIOT TPETUHN UJIaH UCIIBITAHUM U T. 1. DTy IpOLEeaAypy HOBTO-
PSIIOT UTEPATUBHBIM 00pa3oM, JOOMBAsCH MOCTEICHHOTO MPUOIMKEHHSI UCTUHHBIX 3HAUEHUN PUCKOB K
3aJjaHHBIM 3HaueHusIM. Korjja uCTUHHBIE 3HAYeHUS PUCKOB COBIAIYT C 33/IaHHBIMU C HY>KHOM TOUHOCTHIO,
MIPOLEAYPY 3aBEPIIALOT.

B pesysnbrare BeIUMCICHUH HA 3TOM IIare Mojy4yaroT MepBbld TOYHBIN (HO eIie He ONTUMAJIbHBIN ) TUIaH
WCIIBITAaHUN.

Ilaz 6. VI3MeHAIOT 3HAYCHUE YIPABISIOIETO apamMeTpa 7, . B NpeesiaX yCTaHOBICHHbBIX OrpaHu-
YEHUM, TOBTOPSAIOT BBIUUCIICHUS 1O 1maram 4, 5 U MojaydaroT BTOPOM TOYHBIN MUIaH UcnbITaHUuH. CHOBA
M3MEHSIOT 3HAUY€HHUs YIPABISIONIETO TapaMeTpa, OBTOPSIIOT BHIYMCICHUS U MOTYYalOT TPETUH TOUHBIH
IUTaH UCTIBITAaHUH U T. . DTy NpoIelypy NOBTOPSAIOT UTEPATUBHBIM 00pa3oM, 100MBasiCh TOCTETIEHHO-
IO yMEHBIIEHHUs 0)KUIAEMON CyMMapHOH HapaOoTKu 7, . WM OKMIa€MOM CyMMapHO# HapabOTKH 10
MIPUHSITHS PELLICHUS O IPUEMKE TO(”. Korna sTu 3Ha4eHs1 JOCTUTHYT MUHHUMYMa C HYKHOW TOUHOCTBIO,
MPOLIEAYPY 3aBEPIIALOT.

B pesynbrare BIUMCIECHUN HA 3TOM IIIare MOdy4aroT MEePBbId TOYHBIA ONTUMAIbHBIN IJIAaH UCTIBITAHUH.

Hlaz 7. Ecnu 3HaueHUe ynpaBisIoIEro napamerpa 7' TE€pPBOro TOYHOIO ONTHMAIbHOIO IjIaHa
UCIBITAHUN HE MPEBOCXOAUT YCTAHOBJICHHOIO OTPaHMYEHUS, 3HAUCHUE YTNPaBISIIONIEro napamerpa R
YBEJIMYMBAIOT HA €IMHUILY, IOBTOPSIOT BBIYMCICHHUS M0 maram 4, 5, 6 U mojiy4aroT BTOPOM TOYHBIN
ONTMMAJIbHBIN IIJIaH UCHbITaHui. Ecin 3Hadenue ympapisiomero napamerpa T . BTOpPOro TOYHOIO
ONTUMAJILHOTO TUIaHA UCTIBITAHUHN TaKKe HE TIPEBOCXO/IUT YCTAaHOBJICHHOTO OTPAHUYEHHs1, CHOBA 3HAYCHHE
YOPaBISIOLIETO MapaMerpa R yBeanunBaloT Ha €AMHMUILY, TOBTOPSIIOT BBIYUCIICHHS, IOTYYalOT TPETUil
IUTaH UCTIBITAHUM U T. [I.

[Tpumeuanune — Kaxaplii HOCIeTyONTUH TJIaH UCTIBITAHUH SIBISIETCST 00JIe€ ONTUMAIBHBIM 10 CpaBHE-
HUIO C TPEAbLIYLIIM.

Ecnu 3snauenne ynpasnsromero napamerpa T, TIEPBOTO TOYHOIO ONTHMAILHOIO IJIAHA UCIBITAHUN
MIPEBOCXO/IUT YCTAHOBJICHHOE OIPaHUYEHUE, TO BOIIPOC O BHIOOPE TIaHA UCIIBITAHUN MMOCTABUIUK U 3a-
Ka34MK peliaoT COBMECTHO ITyTEM BO3MOXKHBIX M3MEHEHUH HabOpa UCXOIHBIX JaHHBIX U OrPAaHUYECHUS
MaKCHUMaJIBHOW CyMMapHOW HapaOOTKH.

®Dopmyist (1), (2), (7) u (8) ABISIOTCSA pEKypPPEHTHBIMU (OJMHAKOBBIMHM JIJISI BCEX TOUYEK IJIaHA UCITBI-
TaHWI) 1 00pa3ylOT PEKYPPEHTHBIN AJIEMEHT, IPUBEJCHHBIN HA puUC. 8.

RA
v

>/
y

Puc. 8

V

T

Boruncnenue 3Ha4eHui pUCKOB U XapaKTEPUCTHUK IJIAHOB UCHBITAHUN MPOBOIST C UCIIOJIb30BaHUEM
KOMITbIOTEPHOU MpOrpaMMbl. PydHble BEIUMCICHUS SBIISIOTCS IPOMO3JIKMMHU U HE TIO3BOJISIOT MOIyYaTh
TOYHBIE ONTUMAJIbHbIE TUIAHBI UCTIBITAHUH.
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Well-forgotten old

Dzirkal E. V.

N.O. DEMIDOVICH’S SEQUENTIAL CONTROL METHOD

Our late colleague Nikolai Olegovich Demidovich developed and gave us a great method of sequential control
of dependability (and other similar properties of products) that is significantly superior to the “classic” Wald’s
method (featured in all textbooks). Not many people can now recognize Demidovich’s method in GOST R
27.402-95 and IEC 61124. His first articles date back to the 1960s. The method that uses computers and for-
mulas allows choosing the sequential control boundaries that ensure the accuracy of specified risks values.
N.O. Demidovich’s boundaries can create indecision regions of any shape (including closed ones) and do
not require truncation. The purpose of this article is to reestablish N.O. Demidovich’s (and Russia’s) priority
in sequential control and replace Wald’s method (paying the latter the well-deserved tribute of course).

Keywords: Demidovich’s method, sequential control, vendor and buyer risks.

1. Introduction. General methodology of sequential control

The sequential dependability control (as well as of other similar parameters) consists in the follow-
ing: at each particular moment a certain value is compared to two boundaries, acceptance and rejection.
Between those boundaries is the indecision region (if the result falls within it, the tests continue). During
dependability tests, the summarized operating times and failures are plotted on the test plan graph in a
stepped line (failure process implementation line). Such graph for Wald’s classic sequential method is
shown in fig. 1. The tests are carried out until the failure process implementation line first reaches the
acceptance boundary (lower line in fig. 1) or the rejection boundary (upper line).

Wald’s method that is described in all textbooks, does not involve any limitations of testing time. As
soon as the Wald indecision region is truncated, the supplier and the customer risks immediately and
significantly increase (by an unknown magnitude). No one knows at what level the region should be
truncated. Usually, it is done arbitrarily, which represents the primary disadvantage of Wald’s method.

N.O. Demidovich has developed a method that allows defining the boundaries that enable the sequential
control to precisely identify the risks. N.O. Demidovich’s boundaries can create indecision regions of any
shape, including closed, that does not require truncation (he adopted a triangular shape). The method is
recognized by ISO/IEC experts, authorized in Russia by the GOST R 27.402-95 standard and is included
in the second edition of the draft international standard IEC 61124 that is being prepared to issue.

It should be noted that even before Demidovich’s plans there were other plans developed in the USSR
by N.E. Yarlykov that provided the same advantages (they were featured in GOST 27.410-87 but left
unnoticed by IEC/ISO for a number of reasons).
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N.O. DEMIDOVICH’S SEQUENTIAL CONTROL METHOD

Demidovich’s plans are obviously superior to “classic” Wald’s plans and the latter should be
replaced in all standards and textbooks. N.O. Demidovich’s first article from the Nadiozhnost i
kontrol kachestva (Dependability and Quality Control) journal as of 1990 was reprinted in the De-
pendability journal (No. 3, 2013). Below is the text of another of his articles (written as an annex
to a GOST) where the method is described in greater detail. There are some explanations added by
E.V. Dzirkal.

A

R
REJECTION AREA
ACCEPTANCE AREA
.
T
Fig. 1

2. N.O. Demidovich’s approach

The work by N.O. Demidovich was performed in two stages. First, he developed the method that uses
the computer to calculate all parameters (testing time, both risks, etc.) for plans of any shape. At the
second stage, he used that method to identify (by selection) the optimal parameters for the plan of the
chosen shape, the criterion being the duration of testing. He identified as many optimal plans for different
combinations of input data as was required for inclusion in the Russian, then international standards.

2.1. Input data

A test plan with randomly defined boundaries is shown in fig. 2. It is limited by the maximum total
operating time 7, and limit (rejection) number of failures R.

Notes

a) In the figure, the limit number of failures R=5, but in general cases it may be any whole positive
number.

b) The boundaries of the test plan are shown with a continuous line, but the boundary values only have
a meaning under integer values of the discrete Y-axis.

2.2. General algorithm of test plan characteristics calculation

Step 1. Through the points of intersection of boundaries and horizontal levels; = 0, 1, 2, vertical sec-
tions are drawn as shown in fig. 3.
Note: horizontal level R = 0 is the X-axis.
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RA

Tmax
Fig. 2
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e ™
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_ T
—~

1 - sections crossing the acceptance boundary
2 - sections crossing the acceptance and rejection boundaries

Fig. 3

Step 2. Points of intersection of horizontal levels and vertical sections within the test plan boundaries
are marked along with the acceptance boundary points, as shown in fig. 4. Points within the test plan
boundaries in fig. 4 are marked with light-colored circles, while the acceptance boundary points are

marked with semi-bold circles.
All possible failure process implementation lines between two points in adjacent sections are shown

with one arrow as also shown in fig. 4.

A
R

—O—

Fig. 4
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Each failure process implementation line from the origin of coordinates to the intersection with the
rejection boundary or attainment of the acceptance boundary can be represented as a series of points and
connecting arrows.

In order to calculate the test plan characteristics it suffices to consider the marked points only.

All possible failure process implementation lines before the acceptance boundary represent a total of
arrows connecting the points in adjacent sections as shown in fig. 5.

RA

Y

A 4
A 4
\ 4

>
T

Fig. 5

Step 3. Successively (along vertical sections beginning with the first one and from bottom to top along
the points of each sections) the probability value is calculated of the failure process implementation line
passing through this inner point and probability value of the line reaching this point of the acceptance
boundary. Then, the operating characteristic, vendor risk, buyer risk and expected total operating time
before acceptance decision are calculated.

The probability value of the failure process implementation line passing through the inner point for
each inner point of the test plan is calculated according to the formula

min(/,b;_;) I—i
(k) _ —2A (k=1) (kAk)
= oM ) 12T 1
q] l-;l qz (l _ l) ! ( )

where ¢* is the probability of failure process implementation line crossing the inner point at the /™
level in the k™ section;

k 1s the number of vertical section, k=1, 2,..., s;

A= yT is the failure rate of tested products;

T is the true (unknown) value of mean time to failure;

i is the summation index in the A section;

[ is the fixed number of horizontal level, /=0, 1, ..., R—1;

m is the summation index in the (k+7)™ section;

A, 1s the interval of total operating time between adjacent k™ and (k-1)™ sections;

a, is the number of the lower inner point in the k™ section; b, is the number of the higher inner point
in the k™ section.

The probability value of the failure process implementation line reaching the point of acceptance
boundary for each point of the acceptance boundary is calculated according to the formula

_ (k) __(k=1) _—AA
D=4 =4, € " (2)

-1
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Note: equation (2) is a special case of equation (1).
The operating characteristic value is calculated according to the formula:

L= 2 P (3)

True values of vendor and buyer risks are calculated according to the formulas:

0€1=1—L(Ta)=1—2p,(Ta) (4)
B, =L(Ty) = 3, p,(T;). )

It is to be reminded that the vendor (manufacturer) risk o is the probability of product rejection decision
under the condition that the true value of the mean time to failure equals the acceptance level T . Buyer
(consumer) risk B is the probability of product acceptance decision under the condition that the true value
of the mean time to failure equals the rejection level T P

The value of the expected total operating time of tested products before acceptance decision is calcu-
lated according to the formula:

T = (6)

where 7, is the total operating time to the j section of the acceptance boundary, T=Tp e T,

Step 4. Successively (from the origin of coordinates and from bottom to top along the points of each
sections) the probability value is calculated of the failure process implementation line from the specified
inner point crossing the rejection boundary between adjacent sections.

A
R

HV

Fig. 6
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The probability value of the failure process implementation line from the specified inner point crossing
the rejection boundary between adjacent sections for each inner point of the plan is calculated according
to the formula:

Q,‘(k) _A'Alml bil (XAk+l )m ) (7)

The corresponding value of the expected total operating time within the interval is calculated accord-
ing to the formula:

B b+ l+1 ~ bk+l_l+1 (kA . )
Ak+1 — "k IQ(k) (1_ M Z A+ i (8)

The value of the expected total operating time is calculated according to the formula:

R-1 s—1 b »
T,=> T+, 2,400 (1, +A,). ©)
j=0 k=1 i=o,

Notes
Values g, p; L; T,("; 0% A, T, are functions depending on the controllable value T.
Initial valués of the variables featured in the formulas: t,=0;9" =14 =0.

2.3. Optimal plans calculation

Optimal test plans are identified in the following order:

Step 1. Input data D, a, B (D is the relation between the acceptance and rejection boundaries,
D=T,/T /;) are specified (chosen, set).

Step 2. Test plan type is chosen (e.g. consecutive plan with the boundaries shown in fig. 7. N.O. Demi-
dovich deemed this plan shape to be optimal).

R

A
\ 4

Tmax

A
\ 4

Fig. 7
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Step 3. Initial values of the plan’s control parameters 4, R, T, are chosen (see fig. 7).

Step 4. The characteristics of the chosen test plan type with initial values of control parameters are
calculated. As the result of the calculations, at this step the first inaccurate and non-optimal test plan is
generated.

Step 5. The values of the control parameters are modified, calculations according to step 4 formulas are
repeated and the second test plan is obtained. Then, values of the control parameters are modified again,
calculations are repeated and the third test plan is obtained, etc. This procedure is repeated iteratively
to eventually obtain true values of risks approximating the preset values. When the true values of risks
match the preset values with predefined precision the procedure is finished.

As the result of the calculations, at this step the first accurate (but not yet optimal) test plan is gen-
erated.

Step 6. The value of the control parameter 7 is modified within set limits, calculations as per steps
4 and 5 are repeated and the second accurate test plan is obtained. The value of the control parameter is
modified again, calculations are repeated and the third accurate test plan is obtained, etc. This procedure
is repeated iteratively thus reducing the expected total operating time 7' . or expected total operating
time before acceptance decision To(ﬂ. When those values reach the minimum with required precision
the procedure is finished.

As the result of the calculations, at this step the first accurate optimal test plan is generated.

Step 7. 1f the value of the control parameter T, of the first accurate optimal test plan does not exceed
the specified limit, the value of the control parameter R is increased by one, calculations as per steps 4,
5, 6 are repeated and the second accurate optimal plan is obtained. If the value of the control parameter
T,,. of the second accurate optimal test plan does not exceed the set limit either, the value of the control
parameter R is again increased by one, calculations are repeated, the third test plan is obtained, etc.

Note: each subsequent test plan is more optimal compared to the previous one.

If the value of the control parameter T . of the first accurate optimal test plan exceeds the set limit,
the vendor and buyer jointly decide upon the choice of the test plan by means of possible changes in the
set of input data and limitation of the maximum total operating time.

Formulas (1), (2), (7) and (8) are recurrent (identical for all points of the test plan) and form the recur-
rent element given in fig. 8.

RA
A

— 1/ /
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Fig. 8
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Risk values and test plans characteristics are calculated using a computer program. Manual calculations
are cumbersome and do not allow obtaining accurate optimal test plans.
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B KHYre npuBefeHsl OCHOBHbIE NMOHATWA 1 NOKa3aTent
CTPYKTYPHOM HaIEXHOCTU MHPOPMALIMOHHBIX CUCTEM, NOKa3aHa
0BWHOCTb 1 CreumdUIecKme OTaMYmaA NoKasaTteneil HaaexxHoOCTH,
NPUMEHAEMBIX B OTEYECTBEHHDBIX V1 MEXAYHAPOAHBIX CTaHAAPTAX.
OTpakeHbl HeAABHME U3MEHEHWA B MOAXOAAX K MOAENMPOBAHMIO
HagexHoCTV. Moapo6HO onvcaHbl MapKOBCKME MOAENN HAEXHOCTH
1 rpadoBble NMOAYMapPKOBCKME METOAbI pacyeTa HafeXHOCTH,
KOTOPbIE NPOUMNIOCTPUPOBAHBI MHOTOUUCIEHHBIMM MPUMEPAMU.
3HaunTenbHOE BHUMaHUE YAENEeHO UHXEHEPHbIM METOAAM pacyeTa
11 NPUBINKEHHOTO MPOrHO3MPOBAHNA CTPYKTYPHOM HAAEXHOCTH
MHOOPMALMOHHBIX CUCTEM, OLIEHKaM MOTPELLHOCTEN PacYeToB,

a Takke CTaTUCTUYECKOM OLeHKe NMoKasaTenein HaaexXHOCTU.
B KOHLE Ka/4oM MaBbl COAEPKATCA KOHTPONbHbIE BOMPOCHI
no Hambosnee CNOXKHOMY 1 3HAYMMOMY MaTepPUany rnasbl.

KHura paccuvtaHa, B NepBeyio ouepesb, Ha CneLuranvcTos,
3aHUMAIOLLIMXCA NPAKTUYECKOM PaboTor No pa3paboTke,
MPOW3BOACTBY, SKCMUTyaTaLmm 1 MOAUGUKALIMI MHGOPMALIMOHHbIX
cuctem. OHa npefHa3HayeHa HayyHbIM paboTHUKaM B 0611acTu
CTPYKTYPHOW HafeXHOCTV Pa3fNUHBIX AVCKPETHbBIX CUCTEM,
NpenofaBaTeNbCKOMy COCTaBY, aCMMPaHTaM 1 CTyAeHTaMm,
crneymany3npyowmMcs B 061acT MHGOPMALIMOHHBIX CUCTEM,

a TaKKe B 06/1aCTIN aBTOMATU3MPOBAHHBIX CUCTEM YPABAEHNS.

Mpuo6pecTn nsgaHne MoXKHO yepes p ) )KypHana «H )CTb»
no Ten. 8 (495) 967-77-05, 406.186; 8-916-105-81-31 ([NaTpukeera EBreHus),

e-mail: E.Patrikeeva@gismps.ru, www.dependability.pro
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SCIENTIFIC AND TECHNICAL JOURNAL

2012 DEPENDABILITY
REPRESENTS

The book presents the basic concepts and parameters of the
structural dependability of information systems. It discusses
general and specific differences in dependability indices used
in domestic and international standards, along with recent
developments in approaches to dependability modeling.
Markov reliability models together with graph semi-Markov
methods for calculating reliability are described in detail and
illustrated by numerous examples. Considerable attention is
paid to the engineering methods of calculation and the
approximate prediction of structural dependability and error

Igor B. Shubinsky

Structural
Dependability of
Information Systems

Publication can be purchased
through the editorial board
of Journal Dependability Ltd.

8 (495) 967-77-05, ext.186;
8-916-105-81-31
(Patrikeeva Evgenia)

E.Patrikeeva@gismps.ru,
www.dependability.pro

estimation of information systems as well as to the statistical
assessment of dependability parameters. At the end of each
chapter there are checklists of the most complex and
significant subjects of the chapter.

The book is intended primarily for professionals involved in
practical work on the development, production, operation
and modification of information systems. It is designed for
scientists in the field of structural dependability of various
discrete systems, academic staff and graduates (students)
specializing in information systems as well as in the field of
automated control systems.

Methods of analysis

Igor B. Shubinsky

STRUCTURAL DEPENDABILITY OF INFORMATION SYSTEMS
Methods of analysis

Editor: Patrikeeva Evgenia
Make-up: Kurtish Boris S.

Journal Dependability Ltd Proofreading: Komarova Catherine E.

109029, Moscow,
Nizhegorodskaya str, 27, bldg. 1, office 209

Copy deadline 12.07.2012. Format of the edition 70x100/16.
Tel./ Fax: +7 499 262 53 20

Publication can be purchased through the editorial board of Journal Dependability Ltd.
by phone 8 (495) 967-77-05, ext.186; 8-916-105-81-31 (Patrikeeva Evgenia)
e-mail: E.Patrikeeva@gismps.ru, www.dependability.pro

E-mail: E.Patrikeeva@gismps.ru

Offset printing. Offset paper. Conv. Sheet I. 24,05
Circulation of 700 copies. Order number 1452.



.B.lWLy6uHcKkunn
«PYHKUMOHaNbHaA HAQEXHOCTb
MNHPOPMALNIOHHbIX CCTEeM»
2012r.

9v92-62L4 NSSI I

I IHAVHHO TEXHUYECKUN XYPHAT

Mpuobpectn n3panne
MOXHO Yepes peaakuuio

B KHWre BnepBble MpeacTasneHa Teopusa GyHKUMOHANbHOM
HaZEXHOCTU MHOOPMALIMOHHBIX CUCTEM Kak COCTaBHas YacTb OOLen
TEOPUM HAAEXKHOCTU. OHa BKIIOUAET MOHATUA 1 OMpeaeneHus;
OCHOBHbIE Yrpo3bl HapyLLeHNs GYHKLMOHANbHOM HAAEXHOCTM

U. . WYBUHCKIN 000 «ypHan <HagexHocTe» MNHOPMALIMOHHBIX CUCTEM; CUCTEMY MOKa3aTenelt; METOAb OLleHKM
8(495) 967-77-05, 106,186 dYHKLMOHANBHON HAAEKHOCTM uvv@posux YCTPOWCTB; MeToabl 1
8-916-105-81-31 MOoZENN oLeHKM GYHKLMOHANBHOM HAAEXHOCT NPOrPaMMHOIO
AU SRR (Natpukeeea Esrenus) obecneueHus. B otaenbHOM r1ase paccMoTpeHa dyHKLMOHanbHas
WAl ; " HaEXHOCTb KPUTUUECKN BaKHBIX MHOOPMALIMOHHBIX CUCTEM,
HaOeXXHOCTb E.Patrikeeva@gismps.ru,
A www.dependability.pro B TOM YnCIie NOHATNE KPUTUYECKM BaXKHOW CLUCTEMbI, OCOBEHHOCTI
MHGOPMALIVIOHHbIX OLEHKM COOMHbIX OLINOOK, OLIEHKM GYHKLMOHANbHOM HAAeXHOCTY
CNCTEM OMepaTopOB, OLIEHKM OMACHBIX OTKA30B M PUCKOB, TpebOBaHWS

K GYHKLMOHANBbHOM HAAEXKHOCTI U K apXUTEKTYPE NMPOrpaMMHOTO
obecneueHns KPUTUUECKM BaXHbIX MHGOPMALIMOHHBIX CUCTEM.

B KOHLIE Kaxk/J0M raBbl COAEPKATCA KOHTPOSbHbBIE BOMPOCH
o Havbonee CIOXHOMY 1 3HAUMMOMY MaTepuay rasbl.

KHura paccumtaHa, B nepByto ouepesb, Ha CreumnanicTos,
m 3aHUMAIOLLIMXCA MPAKTUYECKOMN paboTol Mo pa3paboTke,

MPOW3BOACTBY, SKCMYyaTaLUMmn ¥ MOANGUKALMN MHGOPMALIMOHHBIX

TEXHONOTW N MHPOPMALIMOHHBIX cucTem. OHa npefHasHayeHa
Hay4HbIM PabOTHMKaM B 0611aCTN HAAEXKHOCTV NPOrPaMMHO —

Metogpbl aHanusa
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Igor B. Shubinsky
FUNCTIONAL DEPENDABILITY
OF INFORMATION SYSTEMS
DEPENDABILITY SCIENTIFIC AND TECHNICAL JOURNAL

2012
REPRESENTS

For the first time, this book presents the theory of functional
dependability of information systems as a component of the
general dependability theory. The book comprises basic
concepts and definitions, major threats for the functional
dependability of information systems, system parameters,
methods for estimating the functional dependability of digital )
devices, and methods and models of estimating software g_(:f;)&(z::;zs, Sxtlse:
functional dependability. A separated chapter considers the Functional (Patrikeeva Evgenia)
functional reliability of critical information systems, including Dependability of
the concept of a critical system, features of faults, estimation
of functional reliability of operators, estimation of hazardous
failures and risks, the requirements of functional dependability
and the software architecture of critical information systems.
A checklist of the most complex and significant subjects is
provided at the end of each chapter.

Publication can be purchased
through the editorial board

Igor B. Shubinsk
g v of Journal Dependability Ltd.

E.Patrikeeva@gismps.ru,

Information Systems www.dependability.pro

Methods of analysis

The book is primarily intended for experts who are engaged
in practical development, manufacture, operation and
updating of information technologies and information
systems. It is intended for researchers in the field of
software-hardware of information systems, academic staff,
post-graduate students and students specializing in the field
of information technologies as well as those working in the
field of automated control systems.
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Dear colleagues!

In 2005 the informal Association of Experts in Reliability, Applied Probability and
Statistics (I.G.O.R.) was established with its own Internet website GNEDENKO FORUM. The
site has been named after the outstanding mathematician Boris Vladimirovich Gnedenko (1912-
1995). The Forum’s purpose is an improvement of personal and professional contacts between
experts in the mathematical statistics, probability theory and their important branches, such as
reliability theory and quality control, the theory of mass service, storekeeping theory, etc.

Since January 2006, the Forum has published a quarterly international electronic
magazine

“Reliability: Theory and Applications”.

The magazine is registered with the Library of Congress in the USA (ISSN 1932-2321).
All rights reserved for authors so that articles can be freely published in any other publications or
presented at conferences.
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pax, ¢ npucTatenHbiM 61bnmorpadru4ecKnM CriicKOM,
NpenocTaBAseTCs C OAHNUM KOMIMIEKTOM PUCYHKOB
BHumanue! HaseaHusa ctatbn, PUO aBTOPOB, aH-
HOTaUMs 1 Klo4eBbIE CnoBa 06583aTeNbHO NpeacTas-
NA0TCS B COOTBETCTBUU C TpeboBaHuamu BAK Ha
PYCCKOM M aHMNIACKOM si3blKax.

MHdopmaums 0 KaxaomM aBTope A0/KHA CoaepXaTtb
cneaylowme cTaHgapTHble CBEAEHUS:

e damunus, nms, 0THECTBO;

e YyeHas CTeneHb, yHeHoe 3BaHne, No4YETHOE 3BAHUE;
® YneHCTBO B 0OLLECTBEHHbIX COIO3ax U T.4.;

e MecTo paboTbl, AOJIKHOCTb;

¢ [epeyeHb 1 HoMmepa xypHanos IDT Publishers, B
KOTOpPbIX paHee NybnnKoBannchb CTaTb aBTOPA;

e CBeneHus Ol KOHTaKTOB;

e (doTorpacdurm Bcex aBTOPOB CTaTbM.

TekcT Heobxoammo HabupaTtk B peaaktope Word 97-
2003 wpudTtom Ne 12; TekcT He popmaTupyetcs. Ab-
3aLbl OPraHM3ylTCsa NyTeEM HaxaTua knasmwn Enter.
TekcT cTaTbl HABMPaETCS Yepes NoATopa UHTepBasa Ha
cTpanuue dopmata Ad; cneea A0/mKHO ObITh Nose 2 CM;
CTpaHuLIbl HYMEPYIOTCS, «KpacHasi CTpoka» 00s3aTesnbHa.
Bce 6ykBeHHble 06003Ha4YeHns, NpUBeAeHHbIe Ha
pUCyHKax, HEOB6XOANMO MOSICHATL B OCHOBHOM WA

noapuCcyHO4YHOM TekcTe. HegonycTumMbl OTn4Yma B
0603HavYeHNsIX Ha pUcyHKax 1 B TekcTe. HymepoBaTtb
cnenyeT TONbKO Te GOopPMYyJSibl U ypaBHEHUS, HA KOTO-
pble eCTb CChljIka B TEKCTE.

HenocpencTBeHHO B TEKCTE HabMpatoTCs NPOCThie
dopmynbl (Hanpumep, m2; n%, C=1+DDF -A,),
rpeyeckme 6ykBbl 1 CUMBOJIbI, HANPUMEP, B, © —
wpudgTom Symbol. To, 4ToO HEBO3MOXHO HabpaTb
HEeNnocpeacTBEHHO B TEKCTOBOM peaakTtope, — C
ncnosib3oBaHueM pegaktopa dopmyn Microsoft
Equation (Bxoasiiero B komnnekT noctaBsku Microsoft
Office) nnu pepaktopa dopmyn Mathtype.

He ponyckaeTcs npeacTaBfieHne TEKCTA, B KOTOPOM
dopMynbl NpeacTaBneHbl B BUAE N300paxeHus.
doTorpadum 1 puCyHKM K cTaTbsiM NPEeaoCTaBASAOTCS
oTaenbHbiMu darnamu ¢ pacwumpenvem TIF, nunn EPS
nnn JPEG c paspelweHnem He meHee 300 dpi .
Cnuncok Ncrnosib3oBaHHOM NnTepaTypbl COCTaBASETCS
B NOpsSiAKe UMTUPOBAHUS 1N OAETCS B KOHLE CTaTby.
Ccbliku Ha MMTEpaTypy B TEKCTE OTMEYaoTCs Nopsa-
KOBbIMU LMdpamu B KBaapaTHbIX CKOOKax.

BHMMaHUIO aBTOPOB, NYOJIMKYIOLWMXCSH B XXYpHa-
nax IDT Publishers.

MpepctaBneHHasa MHGopMaLms O Kaxa0oM aBTope
NoMMMO XypHana 6yaeT pasmMeLlaTbcs Ha canTe
techizdat.ru B pasgene “ABTOpbI” HA OTAENBHOWN
MHTEPHET-CTPaHuLLE.

ABTOpaM Takxe NpeaocTaBAseTCsd BOSMOXHOCTb Mpwu
nyénmnkaumm CBOUX cTaTel HanpaBuTb B peaakuuio
CBOIO 9/IEKTPOHHYIO poTorpaduio n 4ONONHUTENbHbIE
Martepuasnbl 418 Pa3MeLLLEHNS X HA 3TON MHONBUAY-
anbHoM NHTepHeT-BM3nTKe. 1o CBOEMY YCMOTPEHUIO
aBTOP MOXET pacckasaTth 6oniee noapobHo o cebe,
00 MHTEepPEeCHbIX NpUMepax U NCTOPUAX peLleHns
TEXHUYEeCKMX NpobnemM, 0 COBPEMEHHbIX 3afa4ax - B
COOTBETCTBUM C TEMATUKON COOTBETCTBYIOLLLENO XYP-
Hana - 1 T.n. XXenatenbHbli 06beM 3TOro Mmatepmana
— He 6onee 1000 3HakoB ¢ Npobenamu.

NoANnUCKA HA XYPHAN «<-HAAEXXHOCTb»

Moanuncatbes Ha XypHan B 2015 rogy MOXHO:

e Yepes areHTCcTBO «PocneyaTtb» — nHaekc 81733;

¢ [Mo katanory «[Mpecca Poccun» arentctea «KHura-Cepsuc» — nugekc 11804;

e Yepes penakumio Ha 1todon cpok

Ten.: 8-916-105-81-31
e-mail: E.Patrikeeva@gismps.ru
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A letter from the organisation where the author (s)
works or from the author (s) personally with the paper
offered for publication should be sent to the de facto
editorial office address: 107078, Moscow, 5 Orlikov
lane, Office 755, LLC JOURNAL DEPENDABILITY” or
e-mail: E.Patrikeeva@gismps.ru (in scanned form).
For journals of the publishing group of “IDT PUBLISH-
ERS” the paper offered for publication should be sent
to the address: 105005, Moscow, 15 Quay of Aca-
demician Tupoley, building 29, LLC “the publishing
house Technology» or e-mail to: knstas@yahoo.com
<mailto:knstas@yahoo.com> (in scanned form).

The letter should be attached to a paper text containing
the summary and keywords, information on authors,
bibliographic list, and one complete set of figures. All
listed items are to be presented in an electronic form
(on CD or via the e-mail address provided above).
Attention! Titles of papers, names of authors, sum-
mary and keywords must be presented, in Russian
and English languages, according to the requirements
of the Higher Attestation Commission. The information
on each author should contain the following standard
data:

e Surname, name, patronymic;

e Scientific degree, academic status, honorary title;

e Membership of relevant public unions, etc.;

¢ Place of employment, position;

e The list and numbers of Journals of IDT Publishers
in which papers of the author have been previously
published;

e Contact information.

Texts should be presented in Word 97-2003 format

in a 12-point typeface; the text should not be format-
ted. Paragraphs should be arranged by pressing the
“return” key. The text of the paper should be double-
spaced on pages of A4; on the left there should be a
margin of 2 cm; pages should be numbered, the «first
line indent» is obligatory.

All alphabetical designations represented in figures
should be explained in the body text or in a legend.
Inconsistencies between designations in figures and
in the text are inadmissible. Numbering should only
be applied to those formulas and equations that are
referred to in the text.

Simple formulas appearing directly in the text (for
example, m?, n?t, ¢ =1+ DDF - A,), and the Greek
letters and symbols, for example, 8, © may be typed
using the Symbol font. When it is not possible to type
directly in the text editor, use the “Microsoft Equation”
formula editor (available with the complete installation
of Microsoft Office) or the “Mathtype” formula-editing
program. Representation of formulae in the text in the
form of images is not admissible. Photos and figures
for papers should be provided in individual files with
extension TIF, EPS or JPG with a resolution of not less
than 300 dpi. The list of literature referred to in the
paper (bibliography) is presented according to order
of citation and provided at the end of paper. Refer-
ences to the literature in the text are marked by serial
numerals in square brackets.

To authors that are published in journals

of “IDT Publishers”.

In addition to the journal, information on each author
will be presented at the techizdat.ru site in the «Auth-
ors» section on the individual web page.

Authors of papers for publication have the oppor-
tunity to send an electronic photo and additional
material to appear on this individualised Internet-
business card. At their own discretion, authors can
present more details about themselves, interest-
ing examples and stories of solutions to technical
problems, about contemporary problems according
to subjects of corresponding journal, etc. This ma-
terial should not exceed 1000 characters including
spaces.
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It is possible to subscribe to the journal for 2015:

e Through the agency «Rospechat»
— for the first half of the year: an index 81733;

e Under the catalogue “Press of Russia” of the agency «Books-services»:

— for half a year: an index 11804;

¢ Through the editorial office:

— for any time-frame
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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.



