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CTPYKTYPHASAA HAOEXKHOCTb. TEOPUSA U MPAKTUKA

KawutaHos B.A.

YMPABJIEHUE CTPYKTYPOU B MOAEJNIAX MACCOBOI'O
OBCJ1TY)KUBAHUA U HAOEXHOCTU

C wucrnosib30BaHEM yripaBJiieMblX [10J1yMapKOBCKMX [POLIECCOB UCCAeAyeTCcsl OonTuMasibHasi cTparervs
yrpaBJ/ieHUs CTPYKTYPOU B MOLEJISIX MacCOBOIro OOC/IyXnBaHWUS N HaAeXHOCTU. JJoka3aHo, 4TO OnTuMasib-
HYIO CTpaternio MOXHO MUCKaTb B K/1aCCe MopOroBbiX CTparer.

KniodyeBble cnoBa: yrnpassiieMblvi M0JyMapKOBCKUY MPOLECC, BbIPOXAEHHbIE UV [0POroBble CcTpareruu
yrnpaBsJieHWs, CUCTEMbI MacCOBOro 0OC/IYXUBaHWS, MOAEN HAAEXHOCTU U TEXHNYECKOE O0OCYXnBaHME.

BeBepeHue

Mozenu MaccoBOro 00CITyKUBaHUS BECbMa YacTO MCHOJIB3YIOTCS JUIs aJeKBaTHOTO OITH-
CaHus MporeccoB (PyHKIIMOHUPOBAHUSI MHOTUX PEasIbHBIX TEXHHYECKHX U IKOHOMHUECKUX
cucteM. XapaKkTepHbBIMU OCOOEHHOCTSMH cUcTeM MaccoBoro obciyxuBanus (CMO) siBis-
IOTCSI: HAJIMYME BXOJHOTO ITOTOKA 3asBOK, HAJMYHE OOCITYKHUBAIOUIUX MPUOOPOB, OUepe/Iu,
13 KOTOPOH 3asBKH TOCTYNAIOT Ha 00CITyKMBAIOIINE TPUOOPHI.

3amaun uccienoanns CMO aHaNOTHYHBI 3a/ladaM TEXHHUYECKOTO OOCITYyKHBaHUS,
KOTOPBIE SIBJISIIOTCS HEOTHhEMIIEMOM YaCThI0 MaTEMaTH4ECKON TEOPUHU HAJEHKHOCTH, MO~
CKOJIBKY MEpEUNCICHHBIC BBIIIIE KOMIOHEHTHI MPUCYIIH TIpolieccy QYHKIIMOHUPOBAHUS
mo00# TexHuueckol cucteMsl. [10TOK 3asiBOK Ha 00CIy)KMBaHHWE 00Pa3yIOT AIIEMEHTHI
cUCTeMBI (TIOJICUCTEMBI), OKa3aBIlne B Iporecce (pyHKIMOHHPOBaHUS M Tpelyromue
BOCCTAaHOBIICHUSI, KaHaJbl 00CITYKUBAHUS — ITO PEMOHTHBIE OpHUTaJbl, OCYNIECTBISIO-
II1€ PEMOHT.

[pu nccnenoannu CMO 1 HaJIS)KHOCTH BXKHOE MECTO 3aHMMAIOT MTPOOJIEMBI ONITHMH-
3aIUM. YUYUTHIBasi XapaKTepHbIe 0COOEHHOCTH UCCIEAYEMBIX CHCTEM, 3a/1a4a ONTUMH3AIIH
MOXET OBITh IOCTABJICHA JJISI BCEX JJIEMEHTOB, ONPEACISIONINX CUCTeMY. B dacTHOCTH,
yIpaBlIeHUE CTPYKTYPOI CUCTEMBI pacCMaTPUBAETCs KAK U3MEHEHHE YHCIA 33]IeHCTBOBAHHBIX
KaHaJIOB 00CITy)KMBaHUs (DEMOHTHBIX OpHras) U yucia MeCT JIIsl OXKHUIaHUsL.

Crenyst oOIIMM MPUHIMIIAM ITOCTAHOBKH 3aJ1a4H yIIPABICHHS, ONIPE/ICIIUM: 00beKn ynpas-
JleHus — yIpaBIsieMblii IPOLECC, OMUCHIBAOIINI 3BOJIOIMIO CUCTEMBI BO BpDEMEHU, CHipame2uu
ynpaenenusi — MHOXKECTBO PEIIEHUH U MPaBUJIO NPUHATHS dTHX PELICHUN, U nokazamens,
XapaKTepU3YIOIIUI Ka4eCTBO YIIPABICHHSI.

3agaua CBOAUTCS K ONPEAETICHUIO CTPATETUu yNpaBieHUs], i1 KOTOPOH MoKa3areib, Xa-
PaKTEpU3YIOLINI KaueCTBO YNPaBICHUS, IPUHUMAET SKCTPEMAIBHOE 3HAUCHHE.

B Hacrosimieit paboTte Bcnonb30BaHa MOJIEIb YIPABIsEMOT0 OJIyMapKOBCKOTO Tpoliecca
[1] ot mocTpoeHust ONTUMAIBHOM CTPATETuH YIPABIECHUS CTPYKTYPOI. YIIpaBIseMblil OIy-
MapKOBCKHI MPOLECC OMPEAENAETCS KaK MPOLEecC, UMEIOIIUI 1BE CTyeHYaThle KOMIIOHEHTBI
X(O)={&@),u(t)}, () eE, u(t)e U, rae E —pocTpaHCTBO cOCTOSTHNH, U — IPOCTPAaHCTBO yIpaB-
JICHWH, IPUYEeM MOMEHTHI Pa3pbIBOB KOMIIOHEHT COBIAJAIOT U B OTH MOMEHTBI M3MEHCHUS
COCTOSIHUH TTporecc obnanzaeT MapKOBCKHM CBOWCTBOM.
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HcxonHble BEPOSITHOCTHBIE XapaKTEPUCTUKU:

* noyMapKoBCKoe Apo O;(t,u) = P&+, 0,+1<V/&,=i,
U,+1=U}, KOTOPOE PABHO YCIIOBHON BEPOSITHOCTH TOTO, YTO
cIietyroniee 3HaueHHUE TIEPBOM KOMITOHEHTHI PABHO /, &,,41=,
U TPOM30HIET ATOT MEPEexXox 10 MOMEeHTa f, 0,.<t, mpu
YCIIOBHH, 4TO MPEIBIIYIIEE 3HAUEHUE TIEPBOI KOMIOHEHTHI
PaBHO i, £,=i, ¥l IPUHATO PEUICHUE U, U, 1=l

* Mepel G(B), i€ E, ue U, B€ A, KOTOpBIE 331a10T CTpaTe-
THIO yNpaBJieHus! (IPaBUIIO BBIOOPA PEIICHNH ). DTH Mepbl
OIpEJIENIEHbl HA U3MEPUMBIX IMPOCTPAHCTBAX yNPaBICHUH
(U, 1),

[oxkazarenb kadecTBa onpenenseTcs GyHKuusImu Ry (z,u),
ijeE, ueU, 0<t<co, KOTOpbIE PaBHBI MaTeMAaTUYECKOMY
0XXMJAHUIO HAKOIIIIEHHOTO 3(h(heKTa 3a BpeMst IpeObIBaHHS
CMO B cocTOsIHUHM I IPH YCIIOBHH, YTO YEPE3 BpEMsI f OHA
nepeiieT B COCTOSTHUE j M OBIJIO IIPUHATO PEILICHUE .

BBeneHHBbIe BhIIIE XapAKTEPUCTHKH ITO3BOJISIIOT OIPEe-
JUTh MaTeMaTH4eCcKoe OXKMAaHNE HAKOIUICHHOTO 3((peKra
3a BpeMst MPeObIBaHMs IPOLIECCa B COCTOSHUH i

;= | [Ry(eu)dQ, (x,u)G, (cle) (1)
JEE yeU; 0
U MATEMATHYCCKOC OKMJAAaHNUE BPEMCHU HECIIPEPBLIBHOI'O
Hp€6LIBaHI/I$I mnmponecca B COCTOSIHUN i

m=Y | xdQ,(x.u)G,(du). )
JEE yeU;

B paborax [1, 2, 3] moka3aHBI CleyIONIHE YTBEPKIC-
HUSL:

* Ecim BioxeHHas memnb MapkoBa HEMPHBOAMMA, TO
JUTSL MaTeMaTHYeCKOro OKUmaHus S;(f) HAKOIUIGHHOTO 3a
BpeMs ¢ 3P PeKTa IpH YCIOBHU CTApTa U3 COCTOSHUS i€ E
CIIPaBEUIBO aCUMIITOTHYECKOE PAaBEHCTBO MpPH t—>00
S{0)=St+o();

* 3aBUCHMOCTbH OT MCXOIHBIX XapaKTePUCTUK (QYHKIIHO-
Haja S onpenesnseTcs: paBeHCTBOM

i M=

ST,
S (é): L, (3)
m.Tt.

-

i%vi

rae 4epes m;, i€E 0003HaueHO CTAIlMOHAPHOE pacIpe-
JieJIeHHEe BIIOXKEHHOHU e MapkoBa, KOTOpPOE SIBJISIETCS
HOPMHPOBAHHBIM PEIICHHEM aireOpandeckod CHCTEMBbI
ypaBHeHU [4]

m=3 e 2 =l
= J=E

E

Py = j limQ, (t,u) | G, (du); 4)

[—o0
e OyHKUMOHAT S (@) €CTh IPOOHO-THHEWHBIH (YyHK-

IIMOHAJI OTHOCHUTEIIBHO pacnpeneneHuii G = (G1 ,G,,.., Gy, ),
ompeessomux MapKoBCKYIO CTPaTeruio yIpaBiIeHUs;

4

* Ecnut axcTpeMyM ApoOHO-IIMHEHHOr0 (yHKIIMOHAIA
CYLIECTBYET Ha MHOXKECTBE JOMYCTUMBIX CTPATerHid U BCe
BBIPOXKICHHBIE CTPATETHHU IOy CTHMBI, TO 9TOT SKCTPEMYM
JIOCTUTAETCSI HA MHOYKECTBE BBIPOXKICHHBIX CTPATETHH.

OTH MareMaTH4YeCKHE Pe3yJIbTaThl HCIIONIB3YEeM IIPU HC-
CIICIOBAHHMH KOHKPETHBIX YIIPABJISEMBIX MOJIEIICH MACCOBOTO
o0CITy)KMBaHUsI M HAIOKHOCTH. B yacTHOCTH, nanbHeinme
BBIKJIJIKM TIPOBEAEM Cpasy JUIsS BBIPOXKICHHBIX CTpaTeruid
YIIPaBJICHUSL.

Urak, onpeneneHue noryMapKoBCKOIO sipa H COOTHO-
menus (1) — (4) popMUPYIOT TOCTIEIOBATEIIEHOCTD TAIIOB
HCCIIEIOBAHNUS KOHKPETHBIX MOJICIICH.

lMocTtaHoBKa 3aga4un

B Hacrosiem pasaene 6ynem uccnenoBats CMO, Ha BXOTT
KOTOPOH TTOCTyIaeT PeKyppEeHTHBIH IIOTOK TPEOOBaHMIT FITH
TIPOIIECC BOCCTAHOBICHMS. VIHTEpBaIbI MEXIY COCETHUMHI
MOMEHTaMH ITOCTYTUICHHUs TpeOOBaHMi 0003HaYNM depes &;,
i=1,2,...k,..., a pyHKIHIO pacipeereHIs STUX HHTEPBAJIOB
obo3HaunMm uepe3 F(x)=P{{<x}, F(0+0)=0. ITocnennee
YCIIOBHE O3HAYaeT OPJMHAPHOCTH BXOJHOTO TMOTOKA. J[mm-
TETHHOCTH OOCITY)KHBaHHUS 1| UMEIOT SKCIIOHCHIIHATHHOE
pacmpexnenenne G(x)=P{n<x}=1-e**, x>0. B cucteme
HEeT ouepenn. B oTinmyame oT KIIaCCHYECKUX ITOCTAHOBOK
OyZeM CUHTaTh CTPYKTYPY CHCTEMBI IEPEMEHHOMN — YHCIIO0
(YHKIMOHUPYIOMINX KaHAJIOB B CHCTEME MEHSETCS, HO He
MOYKET TPEBBIIIATh BETMIUHEI 1], 0<n<oo.

Pemenne 00 n3mMeHeHNN dncia GyHKIHOHUPYIOIINX KaHa-
JIOB B CUCTEME MTPUHUMACTCS B MOMEHTHI #;, — MOMEHTBI TIPH-
XOZIa OYSpPETHOTO TPeOOBaHMS. JTO 3HAYNT, YTO B HHTEPBAJIC
BPEMEHH [f;, #;+1) B CHCTEMY TpeOOBaHUS HE IMOCTYTIAIOT, a B
MOMEHT {41 TOCTYTIUT TOJIBKO 00HO TpeboBaHme. YNCI0 MeCcT
JUTSL OKUTaHAS PABHO HYITIO, TIO3TOMY TIPHIIIEAIIESE B MOMEHT
t;+1 TpeOOBaHME TEPSETCSI, €CITM B MOMEHT €ro TIPUXona BCe
HMEIOMINECS B CHCTEME KaHaITbl 00CITyKHBaHUS 3aHSTHI, U Ha-
YHHAET 0OCITYKUBATHCS, €CITA B MOMEHT /) | €CTh CBOOOTHBII
KaHa1. Hammane B MOMEHT 1 CBOOOTHOTO KaHAJIa 00CITy K-
BaHUS YBA3aHO C IPOIIECCOM OCBOOOYKICHIS 3aHATHIX KaHAIOB
B MHTEpBAJIC BPEMEHH (7, #;.+ 1) 1 IPHHATHEM PEIIICHHI O YHCIIe
(YHKIMOHHUPYFOINX KAHAJIOB B MOMEHT £},

Bynem mpenmnorarars, 9To, €CIIM B MOMEHT £, OBIIT TIOA-
KJIIOY€H CBOOOIHBIM KaHaJl, TO BC€ OCBOOOAMBIIMECS Ha
TIEPUONE [f4, ¢}+1) KAHAIIBI OTKITFOUAIOTCS, €CIIA B MOMEHT /;,
He OBLI MMOAKIIFOYEH CBOOOIHBINA KaHal, TO U3 OCBOOOIMB-
IIUXCS Ha TIEPUOJE [, ¢+ 1) KAHAIOB BKIIIOYCHHBIM OCTACTCS
TIEPBEIii, @ OCTAIFHBIC OTKIIIOYAIOTCS; €CITH XKe Ha TIepHoIe
[#4, t;+1) HU OIVH KaHAJ HE 0CBOOOIHIICS, TO TIPHUIIEAIICE B
MOMCHT {}4. TEPSCTCA.

O6o03HaunM gepes uy=0 pemeHne 0CTaBUTh B CUCTEME
YHCIIO KaHAJIOB, pAaBHOE YHCITY TPeOOBaHU, HAXOMSIITIXCS
B CHCTEME B MOMEHT £, +0, depes u;=1 pemnreHne — moMumMo
KaHAJIOB, 3aHATHIX 00CITy’)KHBaHIEM UMEIOIINXCS B MOMEHT
#;,+0 TpeGoBaHUI1, OCTAaBUTPH €IIe OAWH IOMOTHUTEIHHBINA
CBOOOJHBIN KaHAJ (JIOCTAaTOYHO OCTABIATH CBOOOIHBIM
TOJBKO ONTMH KaHAI, TAK KaK B MOMEHT . | TIOCTYTIAT TOJIBKO
OIHO TpeboBaHme).
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Ecmu B cucreme B MOMeHT npuHATHS penierns B CMO
HaxoauTcs i TpeboBaHM, To ¢ BepoaTHocThI0 0<p ;<1 mpu-
HuUMaeTcs pemenne uy=0 u ¢ BeposaTHocThio 0<¢;<1 mpu-
HUMaetcs pewenne u=1, p/+q~=1, i=0,1,2,...,n. Ilpu i=n
nmeeM p,=1, ¢,=0 B CriTy OrpaHUYEHHOCTH OOIIETO YHcia
KaHaJIOB BEJIMYMHOW 7. EciM MCIIONB30BaTh MaTeMaTHUe-
CKyI0 TEPMUHOJIOTHUIO, IIPY MOCTAaHOBKE 3a7jayM CHaJasa
UCIIOJIB3YETCsl KJIacC PaHAOMHU3MPOBAHHBIX CTpaTerni
ynpasienus [ 1, 2].

BBeneMm cTOMMOCTHBIE XapaKTePUCTUKHU, KOTOPbBIE
OTIPENEISIOT (PYHKIIMOHAJ, XapaKTePU3YIOMNH KaueCTBO
(hyHKIIMOHNpOBaHUS U yrpasieHus. I1ycTs: ¢y — npubbuIb
3a OTHO OOCITYy’)KeHHOE TpeOOBaHUE; ¢| — IIaTa 3a O/IWH Yac
paboTHI 3a71€HCTBOBAHHOTO KaHAIIA; ¢, — IIJ1aTa 32 OIMH 4ac
MIPOCTOsI CBOOOTHOTO KaHaJIa, C3 — IJ1aTa 3a IOTEPI0 OJJHOTO
TpeOoBaHUS.

OnwncaHHas BBIIIE MOJEIH MOJTHOCTBIO YKIIAAbIBACTCS B
MOZIENb TUCKPETHOTO YIIPABIECHHS MOIYMAapPKOBCKUM IPO-
eccom [1].

PeweHue 3apaumn

1. IlTocmpoenue obvexma ynpasaenus. OObEKTOM
yIpaBieHus: OyJeT MOTyMapKOBCKHM mporecc X(f), omu-
CBHIBAIONIN I SBOIIOLIMIO UCCIIEyEMOM CHCTEMBI MACCOBOTO
o0ciTy>KMBaHU BO BpeMeHH. J{J1s1 ero ompeieeHns BBeAeM
B paccMOTpEHHUe TMOCIe0BaTeIbHOCTD =0, #;, k=1,2,...,
1;<tj+1, COCETHUX MOMEHTOB IIOCTYIUICHUS 3aBOK B CUCTE-
My. OnpenennM ciryqaifHbIi mpouecc X(7), monoxus X(£)=i,
te[t,ti+1), €cu B MOMEHT #;, +0 B cHCTEMe HaXOJUTCS Ha
o0cCITy>)KUBaHMH I 3as1BOK. 113 3TOTO OnpeesieHus Cle/1yer,
YTO BBEJECHHBIN BbIIIE CIIyYalHBIH IIPOLIECC MPUHUMAET
3HaueHust U3 MHokectBa £F={0,1,2,...,n}. 3ameTum, 4TO
coctosiHue =0 peanusyeTcs TOTAa, KOTAa B CUCTEME HE
Ob1T0 TpebOBaHMM W MpuIIenniee TpedboBaHUE MOTEPS-
nock. Ecy M3BeCTHO YMCIIO 3asIBOK B CHCTEME B MOMEHT
MOCTYIUICHHUS OYE€PETHOTO TPEOOBAHNS, TO TIPU MPHHITHIX
MPEIONOKEHUSIX 3TOT MOMEHT SABJIsAETCS MapKOBCKHUM,
MTOCKOJIBKY pacIipe/iefieHne MHTepBaja BPEMEHH, uepes
KOTOpO€ MOCTYNHT CIenylonas 3asBKa, HE 3aBHCHUT OT
MPOIIOTO M paclpenesieHne Ynuciia 00CIyKEeHHBIX B
9TOM HMHTEpBaJIe BPEMEHH 3asBOK TaK K€ HE 3aBHUCHUT OT
MPONUIOTO B CUJIY CBOMCTBA OTCYTCTBHUS MOCJEACHCTBUS
Y OKCIIOHEHIIMAIBLHOTO pacrpeeneHus. Takum oOpazom,
CIIPaBEIMBO yTBEPXkACHUE, 4TO mporecc X(f) sBusercs
MTOJTyMapKOBCKHUM.

2. Onpedenenue noaymapkogckou mampuywl. st uc-
CIIeIyeMO MOJAETH JI€MEHTHI TIOTyMapKOBCKON MaTpPHIIBI
ONPEAEIISAIOTCS paBEHCTBAMU IIpU (€L

O (t’l): F(t),
0, (61)= [ € e (1 = ey (x),

i=(0,1,...,n-1), 0< j<it+l;

0, (10)= [e +ic 9% (1 - e Y]dF (x),
0 i=(0,1,...n);
0, (1,0)= jc,.f-le*f-““x (1- ey dF (x),
i0=(2,..., n), 1< j<i-l. (5)

OCTaJIbHBIE HJIEMEHTHI TIOJTyMapKOBCKOW MATPHIIBI PABHBI
HYIIO.

IMosicanm paBencTsa (5). Ecm n3BecTHO, Kakoe perieHue
MIPUHSTO, TO U3BECTHO, CKOJBKO 3asiBOK OOCITYKHBAETCS B
MOMEHT ITPUHSTHUS PELICHHUSI — MOMEHT ITOCTYTIICHHSI 3a5IB-
ku. Ecnm u3BecTHO, 9TO ciemyromiee TpeOoBaHUE MOCTYIIUT
yepes BPeMsI X, TO B CHITY 3aMeUaTelIbHOTO CBOWCTBA OTCYT-
CTBUSI TTOCTICACHCTBHSI SKCIIOHEHIIMAIBHOTO PACTIPEACIICHHS
YHCIIO0 HEOOCITYKEHHBIX 3aSBOK B MOMEHT IOCTYTIJICHUS
OuepEeHON 3asiBKU UMEET paclpenenenHue bepuymu ¢ na-
pameTpoM e ™. OTCIoIa M CIIEMYIOT paBeHcTRa (5).

3. Onucanue npocmpancmea yYnpagieHuil U npocmpan-
cmea cmpameezuil. [l xaxmoro coctosans i€ E={0,1,2,. ..
,n} mpocrtpancTBa ynpasnenuit U={0,1}, i#n, U,={0},
COCTOSIT U3 IByX BO3MOKHBIX PEIICHHUHN: BKIIIOYATh WIIH HE
BKJTIOYATH CBOOOIHBIN KaHaJ (KPOME COCTOSIHUSA i=1, KOTJa
CBOOOIHBIX HE (PYHKITMOHUPYIOMINX KaHAIOB HET), CIIEI0-
BaTEeNbHO, PAHIOMU3HPOBAHHBIC CTPATETUH OTPEIEIISIOTCS
BEpPOSITHOCTHBIMH pacupeneneHusmu (p;,q;), p.=0, ¢;=0,
pitqi=1, i#n, q,=0. Takum obpa3om, TOOYIO paHIOMHU3H-
POBAHHYIO CTPATETUIO MOJKHO TPEJICTABUTH BEKTOPOM (P,
P1s ++> Pn1> Pn = 1). IIpoCTpaHCTBO BBIPOXKACHHBIX CTpa-
TEruil ¢ y4eToM paBeHCTBA p, = 1 MOXHO OTOXJECTBUTH
C MHOXXECTBOM 7-MEPHBIX BEKTOPOB M3 HyJECH M E€AWHMUIL,
comepkammM 2" »eMeHToB. B mampHelimeM 1r00yro BbI-
POXKIICHHYIO CTPATETHIO OyAeM onpeaemsTh (n+1)-MepHbBIM
JIBOMYHBIM BEKTOPOM, B KOTOPOM EIMHHINA B k-M paspsizie
03HAYAET, YTO B COCTOSHUM k C BEPOATHOCTHIO CIUHMIA
MIPUHUMAETCS PEIICHUE MOCTABUTh CBOOOIHBIN KaHAI
0OCITy’)KNBaHHSA, a HOMb B A-M paspsijie 03HAYAET, UTO B CO-
CTOSTHUH k C BEPOSITHOCTBIO €IMHHUIIA TIPUHUMACTCS PEIIICHHE
HE CTaBUTH CBOOOIHBIN KaHAT 00CITYKUBaHNUS. 3aMETHM, UTO
3TOT ABONYHBII BEKTOP MMEET BCETAA 3HAYCHNE ITOCIIETHETO
paspsizia paBHBIM HYIIIO.

4. Ilocmpoenue gynxyuonana. O603HauMM Hepes A (1,u),
ijeE, 0,u=0, 1 cobpITHE, COCTOSIIEE B TOM, YTO IIPOIIECC,
MIPeObIBAIOIINI B COCTOSHHUH i, TIEPEIIEI 3a BpPeMsI { B CO-
CTOSIHUE j ¥ OBUIO IPUHATO PEIICHUE U.

Ecmu B coctosann i€ E mpuaumaercs permenue u=0 u
TIPOIIECC MEPEXOAUT B COCTOSIHHUE j, TO:

» npu ;=0 B Hadayie mepuoma HET OOCTYKHBAEMBIX
TpebOBaHNU, HA OMH KaHAN He paboTaer, mpuIIeanee
TpeboBanue Tepsercs. CiemoBaTenbHO, IPH TIEPEINCIICH-
HBIX yCIOBHSIX MAaTeMaTHYECKOE O)KHAAHNE HAKOIIEHHOTO
a¢deKTa, BRIPAKSHHOTO Yepe3 JOXOABI M PACXOIbI, PABHO
Roo(2,0)=c3. (6);

e pu i=1,2,...,n, j=i B Hayaye mepuoaa i TpeOOBaHUI
o0cCTyXKMBarOTCS M CBOOOIHBIX KaHaoB HeT. [lepexon B
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COCTOSIHUE j=i BO3MOXEH B JIBYX CIyJasx: JTHOO B TCUCHHE
3TOTO NEPHO/IA HE 3aKOHYEHO 00CITY’KUBaHUE HU OJJHOTO Tpe-
OoBaHM (B ATOM CITydae MpHUIIeariee TpeOoBaHIe TePSIETCS)
— coOpITHE B), OO B TEYCHHUE STOTO MEPHOAA 3aKOHICHO
o0ciTy>)knBaHHE OTHOTO TPEOOBaHUS U TpHUIIIEAIIee TpeOo-
BaHHE MTOCTYIHJIO Ha o0cykuBaHue — coopitre B. Torma
TIPH IPUHATHIX 0003HAYEHUSIX U3 PaBEHCTB (5) cuemyer

-int
eH

Mo TR (1= e’

e IR (1 — g @)

-ipt + l-e-(i-l)pt (1 _ e-pt) :

Po=PB,/ 4,(1,0)} = —

p=P{B [ 4,,0)} = B

Jlamee 0603HaYMM Yepes3 v 9ICIo 00CITyKeHHBIX Tpebo-
BaHWM, a yepe3 { cymmapHOe BpeMs paOOThI KaHAJIOB Ha
HepHoJie MEXIY COCEIHMMU MapKOBCKUMH MOMEHTaMH
npuxona Tpedosanuil. Torna mpu NPHUHATHIX YCIOBHAX
MaTeMaTH9IecKoe OKUIaHUe HaKOIUIEHHOTO 3((ekTa, BEI-
PaXKEHHOTO Yepe3 TOXOIbI M PacXOJbl, PABHO

R (1,0)= ¢, M[V/ 4 (£,0)]+C, (1,0)+ c;(1 - M[V/A, (£, 0)]), (8)

rie C; (t,0) — MaTeMaTHUECKOE OXKHUJIaHNE 3aTpaT Ha pabo-
TY U TIPOCTO# KaHasa 00CTy)KUBAHUSI HA PACCMATPUBACMOM
MepHOoJIe MTPU TeX XKe ycloBusix. [Toatomy nmeem

B e (1M
T et (1-e*)’

—ipt

MV 1 4,(1,0)]
©)

e

- e e (e

1= M[v/ 4,(t,0)]

Y4uTHIBasi, 4YTO ATU 3aTPAThl NPONOPLHOHAIEHBI CyM-
MapHOMY BPEMEHH pabOThI KaHAJIOB 00CITYKIBAHHSI, MOKHO
3ammcarhb

Cn‘ (,0)= CIM(C/ Aii(t’ 0)) +cz[t - M(C/ Aii(t’ 0))]:

rae M(E/A;(t,0)) — maTemaTnieckoe OKUIaHUE CyMMap-
HOTO BpeMeHHU paboTHl KaHAJIOB OOCITYy)KWBAaHHUS Ha pac-
CMaTpUBAEMOM MEPHOJIE P yCIOBUH TIEPEX0Aa Mporiecca
u3 cocTosiHus i€E B cocTtosiHue jeE 3a Bpems t. [lanee
3aMETHM, 4TO TP HMPUHATHIX MPEIIOIOKEHHUIX MPOLECC,
OTIPEACIIAEMBII KaK YHCII0 3asIBOK B CHCTEME, ONICHIBACTCS
MapKOBCKHM IIPOIIECCOM YHCTOH THOCSITH ¢ HTHTEHCHBHOCTS-
MU TIepexonoB L=k, j—1<k<i. [ToaToMy cymMmMapHOE BpeMs
paboTHl KaHAIOB OOCTYKHBAaHHS Ha pacCMaTPHUBAEMOM
MEpHOJIE MIPU YCIOBUH MEPEX0/a MPOLecca U3 COCTOSHUS
ieE B cocTosiHUE jEE 3a BpeMs f €CTb MUHTErpaji OT Tpa-
extopun &(t,) MapKoBCKOTO Tporiecca 9uCToi rudenu ¢
WHTEHCUBHOCTSMH TEPEXO0B L, =kLL, j—1 <k<i, muis KoTopoii
BBITONHATOTCS yenmoBus oo {E(0)=i, &(f)=i}, mbo {E(0)=i,
E(H=i-1}.

B [2] niis ycmOBHBIX MaTeMaTHYeCKUX O’KUTaHUI HHTE-
TPaJioB TPHUBEIACHBI COOTHOUICHUS, U3 KOTOPBIX CIIETYIOT
paBeHCTBa

6

M(fé(x,w)dx/i(t) =k, &0)=n) =

1 (1 —e™ )— te™

=kt +(n—k) 2 , k=n. (10)

1—e*

Torna ¢ yuerom coorHomenuit (7) u (10) moxHO 3a-
UcaTh

C,(6,0)= ¢, M/ A,(1,0))+c,[it = M(C/ 4, (1,0))] =

= o[ pM([E(x 0)dx/ &) = i, E0) =1)+

+pM([EC @) /E(1) = i-1, (0) = )]+

t

ve it p,M([(x.0)de  §(0) =1, &(0)=1)-

0

-pM (Jé(x, 0)dx/&(0) =i-1, §(0) = i)] =

_
itCii—ie—ipt+Cii—(i—l)e—(i—l)llt(l_e—pt)[(i_l)t+[1_ te “ID
u

I-e

=¢ - ,
1 - . —(i- —
e et l)“’(l—e )

gt (t _ 1(1 _ e"“))
U

+CZ e—fpt + l-e—(i-l)pt (1 _ e—pr) (1 1)
OO6wenunsts paserctsa (8), (9) u (11), momygaem
ie” M (1 —e™)
R.(2,0)=c, +(c, — . .
(L0=6+(6-c) e ie M (1—e™)
je U (z - l(1 - e“’))
n
TG e ™M i M (1—e ™) -
ite™™
+Cl[efiul + l-ef(ifl)pl (1 _ efut) +
. 1 it
i Z ey -ty = O
o l-e™
+ I (12)

e*ipl + ie*(i*l)ut (1 _ e*pt)

Ipu 2<i<n, 0<j<i—1 Ha IEpHOIE MEKAY COCETHIUMHU MO-
MEHTaMH IIOCTYIUICHUS TPEOOBaHHH B CHCTEMY ITPOUCKOIUT
TONBKO OOCITy’KMBaHHE TPEOOBAHUI M YMCIIO TPEOOBAHUH,
HaxOIALINXCA B CHCTEME, COKparnaercst. Yuciio oociryxeH-
HBIX TPeOOBAHUIM MOIOKHUTEBHO U paBHO i—j+1>2. CrieoBa-
TEJIbHO, B MOMEHT HOCTYIUICHHS] HOBOTO TPEOOBaHUs OyeT
CBOOOIHEIN KaHANI U TpeOoBaHNE HE oTepseTcs. Toraa

R, (1,0) = ¢, (i~ j+1)+C, (1,0), (13)
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rie gepes C; (¢,0) 0003HaIEHO MATEMATUIECKOE OJKHIA-
HUE 3aTpar Ha padoTy M MPOCTOH KaHAJIOB OOCITYKHBAaHUS Ha
paccMarpruBaeMOM MEPHOAE MPH YCIOBHH, YTO IIPOH30LLIO
cob6wrTre 4;(2,0). Yncmo obcmyeHHbIx TpeboBaHui paBHO
i—j+1>2, mo3TOMy yCIOBHOE MaTeMaTHIeCKOe O)KHIaHHE
CYMMapHOTO BpeMeHH paboThl KaHAJIOB, ONpenelsieMoe
paserctBoM (10), paBHO

M| [e(x,0)dx /&) = j, E(0) =i | =

1 (1-e™)—te™™
%)

= (=D =D

MTOCKOJIBKY BHOBB IpHUIIEAIIee TpeOOBaHNE TOIBKO Ha-
YUHAET 00CITYKIBATHCS.

B 10 Xe Bpems mepBBIA O0CBOOOMHMBIIHIICS KaHAI
OCTaJICs BKJIIOYEHHBIM M MPOCTaWBal B HepabodeM co-
CTOSHUH 10 MOMEHTA IPHUXO/Ia OUEPEAHOTO TPEOOBAHMS.
B [2] Oplmo ompeneneHO MaTeMaTHYECKOE OKHIaHUE
ME,, /&(t)=j—1,E(0) =i) Bpemenu pabGoThl mepBOro
0CBOOOAMBIIETOCS KaHANA

i—j+l

dx.(15)

ME, 6=/ -1 80)=0=]| "

Wcnonesys pasercTsa (14) u (15), momygaem npu 2<i<n,
0<j<i—1

C,t,0)=cM j‘i(x, w)dx /&)= j,E(0)=i |+

=c,[1-M(E, &0 = j-1LE0)=0)]=

1 (1-e™)—te™
=q (]—1)l+(l—]+1)u17 +
Ll e NI
tc, t—j[%) d |. (16)
o\ 1—e

Torma mpu 2<i<n, 0<j<i—1 umeem u3 (13) u (16)

R,(1,0)=c (i~ j+1)+

1 (1—e™)—te™
+¢ (j—l)t+(i—j+1)“1# +
L g g i j+1
+c, l‘—J. W dx |. (17)
0

Takum 00pa3oM, BEIMHCIICHBI BCE HCKOMBIE MaTeMaTHye-
CKHE OKUJIaHUS TP NpUHATHN petnenns u=0. st ocTanb-

HBIX 3Ha4YE€HWH MapaMeTpPOB i,j € £ BBIUUCIATH 9TH XapaKTe-
PUCTHKH HET HEOOXOTMMOCTH, TOCKOJIBKY COOTBETCTBYIOIIINE
AIIEMEHTHI ITOTYMapPKOBCKOTO sipa (5) paBHBI HYIIO.

Ecnu B coctosinum i€ E npuHumaertcs peuieHue u=1 u
MIPOIIECC MEPEXOIUT B COCTOSHUE j, TO:

» npu ;=0 B Havayie mepuoma HET OOCTYKHBaEMBIX
TpeOOBaHM, HM OAWH KaHAT HEe paboTaeT, BKIIFOYCH OTUH
CBOOOIHBIN KaHaJ, IpHUINE/AIIee TpeOOBaHNE HE TePACTCH,
MTOCKONIBKY OBLT BKJIOUEH CBOOOAHBINM KaHan. CremoBa-
TENBHO, MPH MEPEUNCICHHBIX YCIOBUSIX MaTeMaTHIEeCKOe
OXHUJTaHUE HAKOIUICHHOTO 3(deKTa, BEIpaKEHHOTO depes
JIOXOJIBI ¥ PACXOAIbI, PABHO

Ry (1,1)=c,t; (18)

* IIPU =1 PEIICHNE O TIOCTAHOBKE CBOOOJHOTO KaHasa
HE MOKET OBITh mpuHsTO. [IpH n—1>>1 B Havane neprona
i TpeOoBaHMI OOCTYXKMBAIOTCS M €CTh OAWH CBOOOIHBIN
KaHall, B TEYCHHE TEepPHOo/ia 3aKOHUYEHO 00CITyKHBaHUE
i—j+1>0 TpeOoBaHUil W, HAKOHEI], MPHUIIEAIICEe B KOHIIC
neprioaa TpeboBaHuE He TepsieTcs. Toraa mpy nepedncieH-
HBIX YCJIOBUSIX MaT€MaTHUECKOE OKHJIAaHUE HAKOIUICHHOTO
a¢dexra, BRIpaKEHHOTO Yepe3 TOXOABI M PACXOAbI, PaBHO
Ri(t,1)=co(i-5+1)+C; (t,1)+cyt e, Kak m panee, uepes C; (1,1)
0003HaYCHO MaTeMaTHYecKoe OXKHIAHWE 3aTpaT Ha padoTy
KaHaJI0B 00CITy>KUBaHHs HA PacCMaTpPUBAEMOM IIEPUOJIE TTPU
TEX JKE YCIOBHSAX, TO ECTB TIPOM30ILIO cOObITHE A;(1,1).

HWcnoms3ys paBeHcTso (10), momygaem mpun>i +1>7>1
MaTeMaTHIECKOE OKHMaHNE CyMMapHOTO BPEMEHH padOThI
KaHAJIOB OOCITY)KUBAHUS

1
—(=e*)—te™

C .(th)=c|G-Dr+(i-j+nE -
” l-e*

CrenoBaTensbHo,
R, (t,1)=c,(i—j+D+c,t+

1
—(1-et)y—te™

+e, (j—l)t+(i—j+1)ul7. (19)

OcrajbHble MATEMATHUYECKUE OXKHJIAHUSI BBIYUCIISAThH HE
HAJ10, TIOCKOJIbKY COOTBETCTBYIOIIUE 3JIEMEHTBI MOIyMap-
KOBCKOTO $1/Ipa PaBHBI HYIIIO.

Buiyucnenue mamemamuyeckux 0dCUOAHUL 8peMeHU
HenpepuleHo20 Npedbl6anus Npoyecca 8 UKCUPOBAHHOM
cocmosinuu. Matemarudeckue oxunanus m(u), ie E, u=0,1
C y4eToM paBeHCTB (2) u (5) Ans mccieayeMoi MOIeIH
OIIPE/ICIISIIOTCSI PABEHCTBAMU

mu)=[1dF ()= M, i€ E, u=0,1. (20)
0

Buiuucnenue mamemamuueckux oxcudanuii doxooa. Mare-
MaTudeckue okumanus s (u), i€ E, u=0,1 npuOsIm 3a Bpemst
HEMPEPhIBHOTO MPEObIBAHUS MIPOLIECCa C YUETOM PABEHCTB
(1), (5), (12) m (17)-(19) onpenensroTcsi paBEeHCTBAMH
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s, (D= coi]i (I-e™)dF(t)+c, ]i tdF (¢) +
+cliT 1M dF (1) + ¢, ﬁ (- +p)e™)dF (1) =
= coi]i (I-e™)dF(t)+c, ]: 1dF (1) + ¢, ﬁj (1 - e’“’)dF(t) =

= ]:i(co +%) (l—e’“’)dF(t)JrcthdF(t), (1)

5,(0) = ic, T (1 - e’“’)dF(t) +e, T e ™MdF(t)+

Jﬁfq-e-“’)dF(nHZT t—@ dr(t), 1sis<n,
ny 0 "

5,(0)=c¢,, i=0. (22)

Buiuucnenue cmayuonapnvix éeposimuocmeni CoCmosHul
enodicenHotl yenu Mapkoea.

C y4eToM cooTHOMEHNH (5) 11 37IeMEHTOB MaTpHIIbI P
MIePEXOHBIX BEPOSITHOCTEH CIICIYIOT PaBEHCTBA

Pu() =0y (=, 1)=1,

Py =0, (o, 1)=[C/ e UM (1= ey dF (),
0

i=(0,1,...,n-1), 0<j<i+1;

m@=g@ﬁkﬁf”Hw”WhéMM%&
Ol'=(0,l,...,n);
2;(0)=0; (,0)= TCi""e‘<"")““ (1= ™) dF (x),
i=(20,...,n), 1<j<i-l. (23)

Jlaee paccMOTPUM MHOXECTBO BBIPOXKIACHHBIX CTpaTe-
TUH, IS KOTOPBIX PEIICHHE BKIFOYATh CBOOOIHBIN KaHAJ
C BEPOSATHOCTh CIUHUIIA IIPHHAMACTCS JUISI COCTOSHUM i,
0<i<k<n.DTH BBEIPOXKJICHHBIC CTPATET X BEIPAKAIOTCS JIBO-
WYHBIMH BEKTOPAMH, Y KOTOPBIX IIEPBbIC X KOMITOHEHT IIPH-
HUMAIOT 3HAYCHUEC CMHUIIA, k+1-51 KOMITOHEHTA IPUHIMAET
3HAYCHHE HOJIb, a3 OCTaJIbHBIC KOMIIOHEHTHI MPUHIMAIOT
TM00OBIe 3HAYCHUS, KpoMe 1,=0, TO €CTh BCE MHOXKECTBA BBI-
POXKICHHBIX CTPATETHA pa30MBaeTCs MpH pa3nuaHbIX 0<k<n
Ha HeTepeceKaronecs moaMuoxkectsa suaa (1,1,..., 1, 0,
Upi15- - -» Uy_1, 0). L1151 TFOOOM CTpaTETUul M3 STOr0 MHOKECTBA
=0 ¥ py 1(0)=0.

Torma mpu 0<k<n cramyoHapHBIC BEPOSITHOCTH COCTOSI-
HUU BIIO)KEHHOM 1lenu MapkoBa 7, i€ £ ynoBIETBOPSIOT

8

cHucTeMe anreOpandecKux ypaBHeHHH (5), rie mepexoaHbie
BEPOSTHOCTH OIPEICISIOTCS paBeHCTBaMH (23).

Ipu py 4+1(0)=0 nepexons! u3 cocrosauuit £,={0, 1, ...
k} B cocrostHMsI M3 MHOXecTBa E\={k+1, ..., n} HEBO3-
MoxHBI. CllefoBaTeIbHO, MHOXKECTBO E1={k+1, ..., n} ecTbh
MHOXECTBO HECYIICCTBEHHBIX COCTOSIHUH, 2 MHOXKECTBO
E={0, 1, ... k} oOpasyer 3aMKHYTHIH KJIacC COOOIIAO-
LUXCSI COCTOSIHUM [4] U CcylIecTBYeT eIMHCTBEHHOE CTa-
LIMOHAPHOE PACHPEACTICHNE, U KOTOPOTO BBHITOTHSIIOTCS
COOTHOIICHHS

T, > 0, ie EO = (0,1,...,k), n = O’

k
i€ E =(k+1..,n), Y1 =1
i=0

Jns ompeneneHus CTalMOHApHOrO paclpenesieHus
>0, i€ E), HeoOX0nMMO HaHTH HOPMUPOBAHHOE PEIICHHE
CHCTEMBI

k-1
T, = 2 7, p,0()+ 7,y (0),
j=0

k-1

m=> T,p,(N+mp(0), i=12,..k  (24)

Jj=i-1

xotopoe o6osHaummM T, 0<k<i<n.

PaBencTBO (24) mOKa3bIBACT, YTO IS JIFOOOH BBIPOKIICH-
HOU CTpaTeruy 13 BbLACICHHBIX MHOKECTB, CTAIHOHAPHbIC
pacrpeneeHus BIOKEHHOU 1end MapKoBa OTMHAKOBBI.

Boiuucnenue noxazamens kauecmea u 6bl00p Onmii-
ManbHOU cmpame2uu ynpaeieHust. JInsi paccMaTpuBaeMoro
Clydasi MHO)KECTBO COCTOSHHHU Iporiecca oOopa3yeT OIHH
KJIACC COOOMIAFOIIUXCS cOCTOsTHMA. [1oaTOMY ISl BEIYHC-
JICHUS TIOKa3aTels KadyecTBa HCIIONB3yeM pPaBeHCTBO (3).
[MoncraBnseM HOPMUPOBAHHOE PEIICHUE aNreOpamdecKoi
cucteMsbl ypaBHeHUI (24) u Beipaxkernus (20) — (22) B (3),
nonyuaem SO=c;, k=0 u npu 1<k<n

k-1
> ahs, () +7s, (0)
S(k) _ =0 —

deF (x)

0

Snf“ Ui(co + i) (1—e™)dF()+ cjtdF(t)]
— =0 0 . 0 n

[ xdF(x)

0

+w“i(kcof(l —eM)dF (1) + cje"'“’dF 0+
0

jxdF (x) 0

0

+%I(1— e‘“)dF(t)+cz;|j t—(l_k;;w) dF (t)).



YMNPABJIEHUE CTPYKTYPOW B MOOEJIAX MACCOBOIO OGCNTY)KMBAHUSI U HABEXXHOCTU

Bri6upaem max (S, SU0, . S0 §)=5*0) i gomep
ko, Ha KOTOPOM 3TOT MaKCHUMyM IOCTHTaeTcs. Takum 00-
pa3oM, IIOCTPOSHA MOPOTOBast ONITHMAIIbHASI CTPATETHsI, IS
KOTOPOH HAJI0 MOIKITIOYATh CBOOOIHEIN KaHa 00CITyKHBa-
Hus B coctostHMsIX i=0,1,...,ky—1, a B cocTostHIN i=k( HE HATI0
MTOKITIOYATh CBOOOMHBIN KaHaT 00CTYKIBaHUSI.
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Structural reliability. The theory and practice

Kashtanov V.A.

STRUCTURE CONTROL IN QUEUING AND RELIABILITY

MODELS

The optimal strategy of the structure control in queue and reliability model is studied by using controlled
semi-Markov processes. The optimal strategy has been proved to be looked for in the class of threshold

Strategies.
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Introduction

Queue models are quite frequently used for adequate description of the functioning processes
of various real technical and economic systems. The specific features of queuing systems (QS)
are the presence of an input stream of requests, serving devices, a queue which distributes the
requests to serving devices.

The tasks of QS analysis are similar to the service tasks, which are an integral part of the
mathematical theory of reliability, as the abovelisted components reside in the process of func-
tioning of any technical system. The stream of service requests is composed by the elements
of a system (subsystem) failed during operation and requiring recovery and service channels
are the service teams responsible for repair.

When analyzing QS and reliability, the optimization problems hold an important place.
Considering the characteristic features of systems under study, an optimization task can be
set for all the components which determine the system. In particular, the control of system’s
structure is considered as a change of the number of involved service channels (service teams)
and of the number of waiting facilities.

Following the general principles of the control task assignment, let us define that a control
object is a controlled process describing the system evolution with time, control strategies is
a set of decisions and the decision rule, and a measure, specifying the control quality.

The task is to define the control strategy, for which a measure specifying the control quality
takes on an extremum value.

This paper represents the model of the controlled semi-Markov process [1] necessary to
construct an optimal strategy for the system structure control. The controlled semi-Markov
process is defined as the process with two consecutive components X(¢)={&(¢),u(?)}, E(t) €E,
u(f)e U, where E is a state space, U is a control space, where the moments of discontinuity of
the components do coincide, and at these moments of the state change the process possesses
a Markov property.

Initial probabilistic characteristics:

* Semi-Markov kernel Q(%,u) = P{E,+1=/, 0,+1<VE,=i, u,;=u}, which is equal to a condi-
tional probability of the fact that the following value of the first component is j, &, =/, and
this transition shall happen up to the moment ¢, 0,,<t, provided that the previous value of
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the first component is equal to 7, &,=i, and then the decision
is taken u, u,;=u;

* The measures G{(B), ieE, ue U, BeA, which define the
control strategy (decision rule). These measures are defined
on measurable control spaces (U, 4)

Quality indicator is defined by the functions Ry(%,u), i,j€E,
ue U, 0<t<wo, which are equal to the mathematical expecta-
tion of the accumulated effect for the duration of QS being
in state i provided that in time ¢ it shall pass into state j and
then the decision u is taken.

The above integrated characteristics let us define the
mathematical expectation of the accumulated effect for the
duration of the process being in state i

5=, | [R,(ru)dQ, (x,u)G, (clu) (1)
JEE yeU; 0
and the mathematical expectation of the process continu-
ously being in state

m=Y | xdQ,(x.u)G,(du). )
JeE ueu;

Papers [1, 2, 3] prove the following statements:

* If an imbedded Markov chain is irreducible, then for
the mathematical expectation Si(¢) accumulated during the
time ¢ of the effect, provided it starts from the state i€ E, an
asymptotic equation holds true with t—o0 S,(¢)=St+o(?);

* Dependence on the initial characteristics of the func-
tional S is defined by the equation

W@ZZMi

i=
N

2 mm,
i=1

where m;, ieE denotes a stationary distribution of the
imbedded Markov chain, which is a normalized solution of
the algebraic system of equations [4]

n=X M, 2, =],
J=E j=E

=] (ani, (r,u)]G,- (d; )

U‘ 1—o0

) 3)

* The functional S (é) is a linear fractional functional
with regard to the distributions G = (G1 ,G,,..., Gy, ), specify-
ing the Markov control strategy;

« If the extremum of a linear fractional functional does
exist on the set of the acceptable strategies and all the de-
generated strategies are acceptable, then this extremum shall
be reached on the set of degenerated strategies.

These mathematical results shall be used for analysis of
the exact controlled queue models and models of reliability.
Particularly, the further calculations shall be made directly
for degenerated control strategies.

Now then, the definition of a Semi-Markov kernel and
formulas (1) — (4) prescribe the sequence of the stages for
the analysis of the exact models.

Task definition

This section will be dedicated to the analysis of QS which
receives a recurrent flow of demands or a recovery process at
its input. Intervals between the neighboring moments of the
demands entries shall be specified through &, i=1,2,.. k,...,
and the function of distribution of these intervals shall be spec-
ified through F(x)=P{§,<x}, F(0+0)=0. The latter condition
means the ordinariness of the arrival stream. The durations of
service 1 have exponential distribution G(x)=P{n<x}=1—¢*,
x>0. There is no queue in the system. Unlike classical arrange-
ments, let us consider the system structure to be variable —the
number of functioning channels varies in the system, but it
can not exceed the value n, 0<n<oo.

The decision to change the number of functioning channels
in the system is taken in the moments 7, — the moments of entry
of a recurrent demand. It means that within the time interval
[#» ti+1) there are no demands to the system, but at the moment
of t;., there is only one demand entry. The number of waiting
facilities is equal to zero, that is why the demand received at
the moment of ;. is lost, if at the moment of its entry all the
available service channels are occupied, and it is taken into
service if there is an available free channel at the moment of
t+1- The availability of a free service channel at the moment
of t;.1 s linked to the release of the occupied channels within
the time interval [, #,) and to the decisions taken about the
number of functioning channels at the moment of #;.

Let us assume that if at the moment of #; a free channel
is connected, all the channels released within the period [#,
t+1) are disconnected; if at the moment of ¢, a free channel
is not connected, then among the channels released within
the period [#, #.+) the first channel remains active, and all
the other channels disconnect; if within the period [#, #.)
none of the channels release, any requirement received at
the moment of 7, is lost.

Let us use u;=0 to specify the decision to retain the number
of channels, equal to the number of demands present in the
system at the moment of #,+0, using ;=1 decision to retain
one more additional free channel along with the channel oc-
cupied with service operation of the demands current at the
moment of +0 (it is sufficient to retain just one free channel as
at the moment of #;| there will be only one demand entry).

If at the moment of decision making there is i of demands
in QS, then with the probability 0<p;<1 the decision u,=0
is made, and with the probability 0<g,<1 the decision u;=1,
pitq=1,i=0,1,2,...,n is made. With i=n we have p,~=1, ¢,=0
due to the limited total number of the channels of value n. Us-
ing mathematical terminology, at first, a class of randomized
control strategies is used [1, 2] under the task definition.

Let us enter the cost performance characteristics which
define the functional, specifying the quality of performance
and control. Let us assume that ¢ is the profit per one served
demand; ¢ is a pay for one hour of the involved channel
operation; ¢, is a pay for one hour of a free channel down-
time, c; is a pay for the loss of one demand.

The model described above fully stays within a model of
discrete control of a semi-Markov process [1].

11
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Task solution

1. Construction of a control object. The control object
shall be a semi-Markov process X(¢), describing the evolu-
tion of the respective queuing system with time. In order
to define it, let us introduce the sequence #,=0, ¢, k~=1,2,...,
45t of neighboring moments of the demands entries
into the system. Let us define a stochastic process X(¢),
with X(9)=i, te[t;,t;+1), if at the moment of #; + 0 there are
i requests under operation. This means that above intro-
duced stochastic process takes the values from the range
E={0,1,2,...,n}. We shall note that the state /=0 is realized
when there were no demands, and when the arrived demand
was not lost. If we know the number of demands in the sys-
tem at the moment of entry of a recurrent demand, then under
the taken expectations this process is a Markov process, as
the distribution of the time interval followed by the next
request, does not depend on the past, and the distribution
of the number of the demands served in this time interval
does not depend on the past either, due to the absence of
consequence of the exponential distribution. Therefore, this
is true that the process X() is semi-Markov.

2. Definition of a semi-Markov matrix. For the model
under analysis, the elements of a semi-Markov matrix are
defined by the equations with ie £

Oy (t’1)= F([)’
0, ()= j‘Cl.j'le’(j’“’” (1— ") dF (x),

i=(0,1,..,n-1), 0< j<i+l

0, (1,0)= j[e*"“* +ie M (1= e )]dF (x),
0 i=(0,1,...n);
0, (1,0)= jc/"a“”w (1- ™y dF (x),
i0=(2,...,n), 1<j<i-l (5)

Other elements of a semi-Markov matrix are equal to
zZero.

Let us clarify the equations (5). If we know the taken
decision, then we also know the number of requests being
served at the moment of decision-making — the moment of
the request entry. If we know that the next demand shall
arrive at time x, then, due to a wonderful property of the
absence of consequence of exponential distribution, at the
moment of a recurrent request the number of unserved de-
mands has the Bernoulli distribution with a parameter e,
It leads to formulas (5).

3. Description of control space and strategies space. For
each state ie £={0,1,2,...,n} the control spaces U={0,1},
i#n, U,={0}, are composed of two possible decisions: to
link a free channel, or not to link it (except for the state
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i=n, when there are no free functioning channels available),
therefore, randomized strategies are defined by probabilistic
distributions (p,,q,), p;20, 4,20, p/+q=1, i#n, q,=0. Thus, any
of the randomized strategies can be expressed by a vector
(Pos P15 «-+s Pn1> Pn = 1). Space of degenerated strategies,
with consideration of p, = 1 can be equated with a set of
n-dimensional vectors of zeros and ones, containing 2" of
elements. We shall further define any degenerated strategy
by (n+1)-dimensional dyadic vector, in which the one in the
k-th bit means that in the state £ with probability one, the
decision is taken to link a free service channel, and a zero
in the k-th position means that in the state k£ with probability
one, the decision is taken not to link a free service channel.
Let us note that this dyadic vector does always have the
value of the last bit equal to zero.

4. Construction of the functional. Let us use 4;(t,u), i,j€E,
20, u=0, 1 to specify the event of the process in the state
i, passed during the time ¢ into the state j and the decision
u was taken.

If in the state i€ £ the decision #=0 is taken and the proc-
ess passed into the state j, then:

* with /=0 there are no demands in service at the beginning
of the period, none of the channels is activated, the arrived
demand is lost. Consequently, under the listed conditions,
a mathematical expectation of the accumulated effect, ex-
pressed through income and efforts, is equal to

Roo(t,0)=c3. (6);

» with i=1,2,...,n, j=i at the beginning of the period the
i of demands are in service and there are no free channels.
The transition into the state j=i is possible in two cases:
either during this period no demand is completely served
(in this case the arrived demand is lost) — the event B,
or during this period one demand is completely served
and the arrived demand entered the service — the event
Bj. Thus under the accepted specifications the equations
(5) lead to

-ipt
ell

-ipt + ie-(i-l)ut (1 _ e-pt) 2
ie-(i-l)ut(l _ e-uf) (7)

-ipt + ie—(i—l)ur (1 _ e—p/) :

Po=PB, 1 4,000} =-

p=P{B, ] 4,(,0)} = B

Further on6 let us use v to specify the number of demands
after service, and £ could be used to specify the total time of
channels operation on the period between the neighboring
Markov moments of the demand entries. Then under the
accepted conditions, the mathematical expectation of the
accumulated effect, expressed through income and efforts,
is equal to

R (1.0)= ¢, MY/ A .0)]+C, (1,0) + (1~ M[V/A,(1,0)]).(8)

where C; (¢,0) is the mathematical expectation of the ef-
forts on the operation and the down time of a service channel
on the period under consideration under the same conditions.
That is why we have
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B ie (1™
= —,
e i (1—e™)

—iut

T g (1-e™y)’

MV 1 4,(2,0)]

©)
1= M[v / 4,(1,0)]

Considering that these efforts are proportional to the total
time of operation of the service channels, we can write

G, (#,0)= clM(C/ Aii(t’ 0)) +o[t -M(/ Aii(t’ 0)}.

where M(C/A;(t,0)) is the mathematical expectation of
the total time of the operation of the service channels on the
considered period provided the transition of the process from
the state i€ E to the state je E during ¢ time. Let us further note
that under the accepted statements, the process defined as the
number of requests in the system is described by the Markov
process of death with the transitions rates =k, j—1<k<i. That
is why the total time of operation of service channels on the
considered period providing the process transition from the
state i€ E to the state je E during ¢ time is the integral of the
path &(t,m) of the Markov process of death with the transi-
tions rates p=kp, j—1<k<i, for which either {(0)=i, E(¢)=i}
condition, or {£(0)=i, §(¢)=i-1} condition are fulfilled.

The paper [2] contains the correlations for integral con-
ditional mathematical expectations, and these correlations
lead to the formulas

M([E(x, )/ &(1) = k, &(0) = n) =

1 (1 —e™ )— te™

=kt+(n-k)2 L k=n (10

1—e™

Then, with account of correlations (7) and (10) we can
write

Cii(t’o) = CIM(C/ Aii(t’())) +Cz[it -M(/ Aii(tso))] =

= ¢ [pM([E(x)de/ (0 =i, §0)=0)+

t

oM (fi(x, ®)dx /(1) = i-1, §(0) = )]+

0

e[t - pM(J E(x,0)dx /&) =1, &0)=1)-

t

- pM([ & 0)dv/ E(1) = -1, €(0) = )] =

0

»
itc;-l’e-“”+cj‘“-“e-“-”“’(l—e-”‘)((i-l)H(I- re D
u

1-e™

=c : .
1 — . —(i- —
e ie M (1 —e™)

Cii—(i-l)e—(i»l)w ([ _ l (1 _ e-uf ))
i

e 4ie M (=)

(11

+c,

By combination of the equations (8), (9) and (11), we
can get

;= (i-Dpt —ue
ie (1I-e™)
R (1,0) = c; + (¢, —¢3) Tint L G-t .y
e ™ +ie (1-e™")

je U (t - l(1 - e'“’))
s +

2 —i . —(i- _
e M 4ie M (1=

—int

+c

ite
+Cl[e—i;,u + ie—(i—l)pr (1 _ e—pu) +

iy
pol-e

+ e—i;u + ie*(i*l)ul (1 _ e*p!) ]’ (12)

» with 2<i<n, 0<j<i—1 in the period between the
neighboring moments of demand entries into the sys-
tem, only the demands are being served and thus the
number of the demands reduces. The number of the
served demands is positive and is equal to i—j+1>2.
Consequently, at the moment of a new demand entry,
there will be a free channel available and the demand
won’t be lost. Thus,

R;(1,0) = ¢, (i— j+1)+ C;(1,0), 13)

where using C; (2,0) we shall specify the mathematical
expectation of the efforts for operation and down time of
service channels on the considered period provided there oc-
curred the event 4,(2,0). The number of the served demands
is equal to i—+1>2, that is why the mathematical expectation
of the total time of service operation, defined by the formula
(10), is equal to

M( Jetewydx /g = j, £(0) = ,-) =

l(l—e‘”’)—te'”’
=(-De+(i-j+DE (9

1—

as a newly arrived demand just starts being served.

At the same time, the first released channel remained
being linked but was in a down state up the moment of a
new demand entry. The paper [2] defines the mathematical
expectation M (€, , /§(7) = j—1,§(0) = i) of the first released
channel operation time

e —e ™

ME, /Et)=j-1, §(0)=i)=j(—J  de.(15)

1—e™

Using the equations (14) and (15), we get with 2<i<n,
0<j<i-1

13
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C,(1,0)= clM(jﬁ(x, w)dx /(1) = /,E(0) = i] +
=c,[1-M(E, /&0 = j-1LE0)=0)]=

l(l—e’”’)—te’“’
=c (j—l)t+(i—j+1)“l— +

—ur

ff o i-j+
+c, [t -| (%) de. (16)
0

Then with 2<i<n, 0<j<i—1 from (13) u (16) we shall have
Ry (1,0)=c¢,(i—j+1)+

l(l—e’”’)—te’“’
te, (j—1)t+(i—j+1)“l— +

e

Cf e\
+C2 [1 —J(%) de (17)
0

So we have calculated all desired mathematical expecta-
tions under the decision ©#=0. It is not necessary to perform
these calculations for other parameter values i,j € E, because
the respective elements of a semi-Markov kernel (5) are
equal to zero.

If in the state i€ E the decision u=1 is taken and the proc-
ess passes to the state j, then:

» with /=0 at the beginning of the period there are no
demands in service, none of the channels is activated, one
free channel is linked, the arrived demand is not lost, as there
was a free channel available. Consequently, under the listed
conditions, a mathematical expectation of the accumulated
effect, expressed through income and efforts is equal to

R, (t,1) =c,t; (18)

» with /=n a decision on the fitting of a free channel can
not be made. With n—1>i>1 at the beginning of the period
the demands in the amount of 7 are being served and there
is one free channel, during the period the demands in the
amount of i—+1>0 are completely served and, at last, the
demand arrived in the end of the period is not lost. Thus,
under the listed conditions, the mathematical expectation
of the accumulated effect expressed through income and
efforts is equal to R;(t,1)=co(i5+1)+C; (t,1)+c,t, where, as
before, the C; (¢,1) is used to specify mathematical expecta-
tion of the efforts on the service channels operation on the
considered period under the same conditions, i.e. the event
Aji(t,1)occurred.

Using the equation (10), with n>i+1>>1 we get the
mathematical expectation of the total time of service chan-
nel operation

14

1
—(l=e*)—te™

C .t)=c|(G-Dr+(i-j+DHE —
” I-e™*

It leads to
R, (t,1)=c,(i—j+D+c,t+

1
—(1-e™)—te™

+e, (j—l)z+(i—j+1)“l7. (19)

It is not necessary to calculate the rest of mathematical
expectations, as the respective elements of a semi-Markov
kernel are equal to zero.

5. Calculation of mathematical expectations of time
of the process continuously being at a fixed state. For the
model under analysis, mathematical expectations m;(u),
ieFE, u=0,1 with consideration of (2) and (5) are defined
by the equations

mu)=[1dF ()= M, i€ E, u=0,1. (20)
0

6. Calculation of mathematical expectations of income.
Mathematical expectations s;(u), i€ E, u=0,1 of the income
for the time of the process continuously being with con-
sideration of (1), (5), (12) and (17)-(19) are defined by the
equations

s, (D= coi]i (1-e™)dF(H)+ cz]itdF(t) +

+¢, iT teMdF(f)+c, ﬁ]ﬁ (1 —(1+ ut)e"”)dF(l) =
0 0

=¢,i j (1—e™)dF (1) + cjtdF(t) +¢, ﬁ(l —e™)dF (1) =

0

= Ti(co +;—1] (1—e’“’)dF(t)+c2TtdF(t), 1)

5,(0)= icojf (1 - e’“t)dF(t) + cje’””dF(t) +

0

+ifllT(1—eW)dF(t)+czj;[t_ (l_e: )]dF(t), 1<i<n,

5,(0)=¢,, i=0. 22)

7. Calculation of steady-state probabilities of an imbed-
ded Markov chain.

With consideration of correlations (5) for the matrix
elements P of transition probabilities the following equa-
tions follow
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Py () =0y (=,1)=1,

Py (=0, (=, 1)=[C/ e UM (1= ey dF (),
0

i=(0,1,...,n-1), 0<j<i+];

», (0) = Qi,- (00’0): J[e—iux 4 johux a- e H YIdF (x)’
0
i= (0,1,...,n);

2,(0)= 0, (,0)= JC/"e‘(""”““ (1— ey dF (x),
0

i=(2,..,n), 1< j<i-1. (23)

Let us further consider the set of degenerated strate-
gies, for which the decision to link a free channel with
probability one is taken for the states i, 0<i<k<n. These
degenerated strategies are expressed by dyadic vectors,
first £ of components of which take on the value of one, the
k+1-th component takes on the value of zero, and the rest
components takes on any values except #,=0, i.e. all the sets
of degenerated strategies under different 0<k<n divide into
disjoint sub-sets of the type (1,1,..., 1, 0, uyiq,..., 4, 1, 0).
For any strategy of this set 1,=0 and py, 44+1(0)=0.

Thus, under 0<k<n, stationary probabilities of the states
of the imbedded Markov chain m;, i€ E correspond to the
system of algebraic expressions (5), where the transition
probabilities are defined by the equations (23).

Under py +1(0)=0 transitions from the states E£,={0,
1, ... k} into the states from the set E1={k+1, ..., n} are
impossible. Therefore, the set E,={k+1, ..., n} is the set
of nonexistent states, and the set E0 = {O,l,...k} forms
a closed class of communicating states [4] and there is the
only steady-state distribution, for which the following cor-
relations are valid:

T, >0, ie E,=(0,1,...k), @, =0,
k
i€k =(k+l.,n), Y m =1

i=0

To define steady-state distribution of >0, i€E), it is
necessary to find a system’s normalized solution

k-1
Ty = 2 7,0, (1D)+ T, P (0),

j=0

k-1
m= 3 1,0+, p,(0), i=12,...k,

Jj=i-1

(24)

which shall be specified by t'*, 0<k <i<n.

The equation (24) proves that for any degenerated strat-
egy of the selected sets, the steady-state distributions of the
impeded Markov chain are common.

8. Calculation of the quality indicator and selection of
optimal control strategy. For the case under consideration,
the set of process states forms a single class of communi-
cating states. That is why we shall use the equation (3) for
calculation of quality indicator. Let us plug a normalized
solution of algebraic system of equations (24) and expres-
sions (20) — (22) into (3), then we have S©=c;, k=0 and
under 1<k<n

inf“si (1)+7t,((")sk 0)
S(k) _ =0 _ —
deF(x)
kf‘nf“ Ui(co + i) (1—e™)dF )+ czjftdF(t)J
— i=0 0 _ 0 +
[ xdF(x)

0

Tc(k) e .
t————(ke, [ (1= *)dF (1) + ¢, [ e ™ dF (1) +
fxdF(x) 0 0

0

+ﬁI (- e™)dF(n)+ CQI[t _(1-%”)) dF (1))

u

Let us choose the max(S©®, U9, ..., §¢+1_ §0))=8*0) and
the number £, this maximum is achieved at. Thus, there is a
threshold optimal strategy, for which it is necessary to link
a free service channel in the states i=0,1,...,k—1, and in the
state i=kj it is not necessary to link a free service channel.
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CTPYKTYPHAAA HAOEXKHOCTb. TEOPUA U MPAKTUKA

PotwrtenH A.T1.

PAH)XXUPOBAHUE 3JIEMEHTOB CUCTEMbI HA OCHOBE
HEYETKUX OTHOLUEHUWA: METO4 HAMMEHBLLUEIO
BJINAHUSA

B o104 cTatebe npeasioxeH HOBbIVi MEeTOL PaHXUPOBAHUS 3J1IEMEHTOB 1Py 00eCcredeHnn HaaexHoCTu CUCTEM
C NMPUMEHEHNEeM TeOPUN HEYEeTKVX OTHOLLEHWI. 3aaa4a paHXnpoBaHUs CBeaeHa K aBTOMarn4eckori Kiaccu-
pukaLmm Ha OCHOBE TPaH3UTUBHOIO 3aMbIKaHWSI HEYETKOIO OTHOLLIEHUS] CXOACTBA. ITO NMO3BOJISIET pa3buBatb
MHOXECTBO 3/IEMEHTOB CUCTEMbI HAa HErNEepeCceKkaroLLMecs] K1accChl, HE Pas3NYuMbIe M0 BaXHOCTU.

15 NoCcTpoeHusi HeYEeTKOro OTHOLLEeHMSI CXOACTBA KaXxAdbli 3/1eMeHT CUCTEeMbl MPeAcTaB/iseTcs B Buae
BekTopa BavsHWHA. Mepori cxoacTBa napbl 371I6MEHTOB SIBJISETCS PACCTOSIHUE MeXAy ABYMSI BEKTOPaMMU.
CTeneHb BVSHUS KaxXaoro aeMeHTa rnpeaiaoXeHO BblYUCSTb METOAOM HaUMEHbLLIEro BJIVNSIHUS, KOTOPbIV
MCMOIb3YEeT IKCNEePTHbIE 3HAHUS O HAUMEHbLLEM BJINSIHUM 3JIeMEHTa U CPaBHEHUE C HUM APYIrvX BJVNSIHWIA
no 9-6anbHou wwkane Caartu.

lMpennoxeHHsbIi MeToag cBoboAeH OT AOMyLIEHUsS O He3aBUCUMOCTU 3/IeMEeHTOB M GUHapHOM XapakTepe
HaAexXHOCTU. «eCTb OTKa3 — HeT oTka3a». BO3MOXHbIMY cepamu npuMeHeHUs: NnpeaioXeHHOro MetToaa
SIB/ISIIOTCS CUCTEeMbI C J1I0XO OrNpPeaesIeHHOV CTPYKTYPOU v MHOrOQYHKLNOHAIbHBIMU 3J1eMeHTaMu: opra-
HU3aLMOHHbIe, 3PraTtn4eckmne, BOeHHbIe U T.I1.

KnroyeBbie csioBa: cucrtema, HaaeXHOCTb, BAXHOCTb 3JIEMEHTA, HEYETKOE OTHOLLUEHUNE BITUSIHUIS, TPaH3nN-
TUBHOE 3aMblkaHue, KﬂaCTeprll;'l aHalsings.

1. BBegeHue

Ha paHHEX 3Tanax IpoeKTUPOBaHUS CUCTEMbI BO3HHKAeT HEOOXOANMOCTh OLIEHKH PAHIOB
€e JIeMEHTOB. PaHT — 3TO KOJIMYECTBEHHAsl XapaKTEPUCTHKA Ba)KHOCTH JIEMEHTa, KOTOpas
HCIIONB3YETCS IIPU PELICHUH CIISIYIOIIHX 3a/1a4:

- popMupoBaHue TPeOOBAHMIA K HAZCKHOCTH IIEMEHTOB, UCXO/S M3 33/IaHHBIX TPeOOBaHH
K HaZ@KHOCTH CUCTEMBI B LIEJIOM;

- pacripezielieHue CPEeCTB Ha NOBBIILICHNE HAIeKHOCTH CUCTEMBI MEXY €€ HJIeMEHTAMH.

Kiraccnueckuii Toaxo/ K BEIYMCICHUIO PAHTOB HUCIIONB3YeT YyBCTBUTEIBHOCTD (DYHKLIUH
HaJIeKHOCTU CHCTEMBbI K M3MCHEHHIO HaJe)KHOCTH €€ DIEMEHTOB. AJIETEPHATHBOH ITOMY
TTOJIXOMY SABJISIOTCS DKCIIEPTHBIE OIEHKH, (OpMan3yeMble CpeacTBaMH HedeTkon (fuzzy)
MaTeMaTHKH.

I1poko W3BECTHBIM MPUMEPOM IKCIIEPTHOTO PAH)KUPOBAHUS HJIEMEHTOB SBIISICTCS KPbI-
JIaToe ¥ CTaBllee Iy TIIMBO-UPOHUYECKUM BripakeHue B.U. JleHnHa «o moure u Tenerpade»
13 paboTsl «COBETHI MOCTOPOHHETO»: « ... YTOOBI HEPEMEHHO OBUIM 3aHSATHI a) MoYTa, 0)
Tesnerpad, B) KeIE3HOAOPOKHBIE CTAHIINY ... » (TIEpBBIE, 00s3aTeIbHbBIC COrTacHO JIeHnHy,
YCIIOBHS YCIICIITHOTO BOCCTAHHU).

Vpes manucaHus STOH CTaThd BO3ZHMKIA B XOJE JUCKYCCHH IO JOKIany Ipodeccopa
N.b. T'epubaxa (Kapmuens, U3panis, 2013), B KOTOPOM paHTH IEMEHTOB HCTIONB30BAINCH
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PAH)XWPOBAHUE 3NIEMEHTOB CUCTEMbl HA OCHOBE HEYETKMX OTHOLUEHWIA: METOZ4 HAUMEHbBLLEIO BJIMAHUS

JUTSL pacTIpeNieIeHUs] CPE/ICTB Ha TIOBBIIMICHUE HAJICKHOCTH
JIOPOT U COOPY>KEHUI B CEHCMOONIAaCHOM paiioHe.

B 31011 cTaThe aHAM3UPYIOTCS MTOAXOABI K PAaH)KHPOBa-
HUIO 3JIEMEHTOB CHCTEMBI M IIPEIaraeTcsi METOM BBIUHMC-
JICHHUST PAaHTOB Ha OCHOBE TECOPHH HEYETKHUX OTHOIICHUH.
[Ipenmonaraercs, 9T0 BAXKHOCTH DIIEMEHTA OIPEACISCTCS
€ro BIUSHUEM Ha APYTHE JIEMEHTHI: OOJIbIIe BIMSHAC —
0OJIbIIIE BAXKHOCTb.

Hcxonnas nH(pOpMANUA O CTPYKTYpE CUCTEMBI (hopma-
JU3YETCSI B BUJIC HEUEMKO20 OMHOULeHUS 61UsHUS, KOTOPOE
npeoOpas3yeTcs B Heuemkoe OMmHOuIeHUe CX00Cmea U €20
MPAH3UMUBHOE 3aMbIKaHUe. ITO TIO3BOIISET Pa30UTh MHO-
JKECTBO 3JIEMEHTOB CHCTEMbI Ha KJIACChI, SKBHBAJICHTHBIC
10 Ba)KHOCTH.

J171s1 BEIYUCIIEHHSI CTEIICHEH BIIMSHUS SJIEMEHTA CUCTEMBI
Ha JPYyTHE 3JIEMEHTHI MPeUIaraeTcs CIeUaNbHBIA METO/,
HCTIONB3YIOINN WH()OPMAIIUIO O HAMMCHBIIEM BIIHSTHUH
U CpaBHEHUE ¢ HUM 10 9-0ampHO mikane Caaru. OTcrona
Ha3BaHUE: MemoO HAUMEHbULE20 GNIUSHLSL.

B pasnerne 2 aHaTU3UPYOTCS TIOIXOABI K PAHKAPOBAHUIO
AIIEMEHTOB CUCTEMBI, HICXO/IS U3 IPUIHHHO-CIICICTBEHHBIX
CBsI3EH MEKIY OTKa3aMH.

B paszzmene 3 BBOAHMTCS HEYETKOE OTHOIICHHE BIHSHUS
KaK MOJICITb CTPYKTYPBI CHCTEMBI.

B paznene 4 mpemiaraetcst METOI HAMMEHBIIIETO BITUSTHUS
Ut (hopMaTU3aIiK SKCIIEPTHBIX 3HAHUN O CHCTEME.

B paznene 5 onmpeznensiercs mepexo 0T HEYeTKOTO OTHO-
IIICHUS BIUSHUS K HEYETKOMY OTHOIIICHUIO CXOJICTBA.

B pasmene 6 mpuBomsTcs GOpMyIbl IS TPaH3UTUB-
HOI'O 3aMBIKAHUS HEUETKOIO0 OTHOIICHHUS CXOACTBA M €0
0-YPOBHEH, TTO3BOJIAIONINE BBISBIATh KIACCHI AIEMCHTOB,
9KBUBAJICHTHBIX 110 BaKHOCTH.

B paznene 7 paccMarpuBaeTcs mpuMep, WDTFOCTPUPYTO-
[IUA alTOPUTM IPUMECHEHUS MPEIIOKESHHOTO METO/IA IS
CHCTEMBI U3 5-TH SIIEMEHTOB.

2. BHEWHU 1 BHYTPEHHUM Noaxoabl

W3BecTHBIC MOAXObI K PAHKUPOBAHHIO IEMEHTOB CH-
CTeMBbI MOYKHO Pa3/IeMTh HA JIBa KJIAcCa, UCXOMIS M3 THIA
MIPUYMHHO-CJIEICTBEHHBIX CBsI3el MEX 1y oTkazaMu. Hazo-
BEM 3TH TTOIXOH BHEITHIM U BHYTPEHHUM (Tabm. 1).

Tadomuna 1. Ioaxoasl K paHKMPOBAHUIO IJIEMEHTOB

IMoaxon Ipuunnsl CaeacrBus
Buemmnii | OTka3 i-ro anmemenTa | OTKa3 CHCTEMBI
Brytpennnii | Otkas i-ro samementa | OTKa3 j-To 31eMeHTa

2.1. BHewHuii noaxon,

OTOT MOAXO0J BOCXOOUT K pabore [1] u mcmombiyer
YYBCTBUTEIBHOCTh HAJCKHOCTH CUCTEMbI K M3MEHEHHIO
HAJICKHOCTH €¢ IeMeHTOB (cM. Takxke [2]). PaccMorprim
(hYHKINIO HaIe)KHOCTH

PS:f(Pl’PZ""!Pn)’ (1)

KOTOpasi CBSI3bIBACT BEPOSATHOCTH OE30TKa3HOW paboThI
cucremsl (Pg) u ee ameMeHToB (P;). [IpencraBum sty QyHK-
LU0 B BUJIC psfa:

n n
Po=b,+ > bP+ Y bPP+.., )
i=1 i,j=1
KOS(i)(i)I/IL[I/IeHTLI KOTOPOI'0O UMCIOT CMBICJI YaCTHBIX IIPO-
HU3BOAHBIX:

b.=a£ __=82_PS
" or’ " 0POP’

Koa¢pdummert b, B (3) COOTBETCTBYET HHACKCY BAXKHOCTH
i-ro snemenra (reliability importance index), BBeIeHHOMY B
pa6ore [1]. Koopduumenr b;; B (3) cOOTBETCTBYET HHIEKCY
Ba)XHOCTH COBMECTHOTO BJIUSIHUS i-TO M j-TO 3JIEMEHTOB
(joint reliability importance), BBeneHHOMY B padore [3].

st cucreM, HaeKHOCTh KOTOPBIX MOJIETHPYETCS Me-
tozoM Monte-Carlo, mHAEKCHI BaKHOCTH (3) BBIYUCIISIOTCS
B paborax [4, 5].

B paborte [6] paccmaTpuBaeTCst METOI BEIYUCIICHHS BaXK-
HOCTH JJIEMEHTOB CHCTEMBI HENOCPEACTBEHHO Ha OCHOBE
JIOTHYECKOHN (WK CTPYKTypHOU [2]) DyHKIII

Ol :ﬁ(alﬂ O, -y an)a (4)
rae og(o;) = 1(0), eciiu cuctema (i-i 211eMeHT) padoTaet
(oTkazamn), f; — OymeBa QyHKIHS.

OrpaHuyYeHNs pACCMOTPEHHOM I'PYIIIHI METO/I0B (BHEIII-
HUH MO/IXO/) COCTOAT B CIIC/TYOLIEM:!

1. bunapHBIA XapakTep Momenu HaxexxHocTH (1 — HeT
oTka3a, 0 — eCTb 0TKa3) HE MO3BOJISIET YUUTHIBATH IPOME-
JKYTOYHBIE COCTOSHHS SJIEMEHTOB, KOTOPBIE JINIIb CHU)KAIOT
3G PEeKTUBHOCTD PabOTHI CHCTEMBI, HO HE NPHUBOIAT K €e
TIOJTHOMY OTKa3y.

2. IlpenrnonoxeHne 0 HE3aBUCHUMOCTH 3JIEMEHTOB HE
I03BOJISIET YYUTHIBATH BIIMSIHUE HapylIeHHU B paboTe are-
MEHTOB JPYT Ha Apyra.

3. AIeKBaTHOCTH MOZENHN HAISKHOCTH (1), Ha OCHOBE KO-
TOPO¥ BBIYHCIISIFOTCS] HHIEKCHI BAXKHOCTH (3 ), CHIIBHO 3aBUCHT
OT KBIM(HKALIMN SKCIIEPTA, 3AITHCHIBAIOIIETO CTPYKTYPHYIO
¢dyHKIMIO (4). DTO MOPOXAAET MPOTUBOPEUHE MEXIY CTPO-
TOCTBIO omeparyu TuddepeHnupoBanus (3) U CyObEeKTH-
Bu3MoM MozienH (1), K KOTopoit 3Ta onepanust IpUMEHSIeTCSL.
B pesyubrare, nosydaemple HHIEKCHI BAKHOCTH SJIEMEHTOB
MOT'YT He 00J1ajaTh CBOHCTBOM POOACTHOCTH: OHU CIIMIIIKOM
YyBCTBUTEIIHHBI K U3MEHEHHUSM B CTPYKTYpE M IapaMeTpax
mozemu (1). B obrem Bune Takue npotusopeurs J1. 3ane (L.
Zadeh) copMynupoBan KaK npuHyun HecosmMecmumocmu
(incompatibility) BEICOKOIT CJIOKHOCTH M BBICOKOH TOYHOCTH
[7]. [TprMeHnTETEHO K MHACKCAM BaYKHOCTH (3) 3TO O3HAYACT,
YTO C TIOBBIIICHUEM CIIOKHOCTH U HEOTIPEICIICHHOCTH CHCTe-
MBI, CTPEMJIEHHE K TOYHOCTH BBIYHMCIICHUI TEpsIET CMBICIL.
31ech yMEeCTHO HATOMHHTB U3BECTHBIHN aopn3M: «MareMaTu-
KU JIENAOT BCE TaK, KaK Hy>KHO, HO TOJIBKO TO, YTO MOKHOM.

€)

2.2. BHyTpEeHHuA noaxon

DTOT NOIXO/ BOCXOIUT K OLIEHKE 3HAYMMOCTH JIEMEHTOB
Ha OCHOBE TEOpPHUH OTHOIIEHNH 1 TpadoB. [IlepeHoc Teopun
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OTHOUICHUH B TEOPHIO HAJECKHOCTH BIIEPBHIC BBHITOIHHUI
B.1. Heunmopenxo [8, 9].

BryTpennuit moaxoa He TpeOyeT MOCTPOCHUS CTPYK-
TypHO#t pyHKUIMH (4) U PyHKunn HagexHocTH (1). OH
onupaercsi Ha UH(POPMALIUIO O CTPYKType CHCTEMBI, T.C.
COCTaB €€ JJIEMEHTOB U CBsi3ed Mexay HUMHU. [Ipu sTom
MOT'YT HCIOJIb30BaThCS 3HAHUS O BIMSIHUM HapyIICHUH B
OIIHUX 3JIEMEHTaX Ha BOSHNKHOBCHNE HAPYIIEHHH B APYTUX
aneMeHTax. HanpumMep, «yXxox mapamMeTpoB i-ro 3JIeMeHTa
MPUBOANT K YXOAY MapaMeTpPOB j-TO IEMEHTA, YTO B CBOIO
odepeb MPUBOINUT K OTKa3y A-TO IEMEHTa, U T.A.». Takum
00pa3om, MOXKET YIUTHIBATECS «d(P(EKT JToOMHHOY.

Hocurenem mH(pOpManum Ui BBIYACICHUS PAHTOB B
[8,9] cmyxuT MaTpuma cBs3ei

A=loyl,ij=1,2,...,n, %)

B KOTOpPO# 0, = 1(0), ecom i-# sneMeHT CBsA3aH (He CBA3aH)
C j-M DIIEMEHTOM.

Panr i-ro aneMenTa BEIYUCIAETCS KaK CyMMa 3JIEMEHTOB
i-W CTPOKU MaTpULbI

D=A+ A, (6)

KOTOpasi y4HUTHIBAET OJHOLIATOBBIC U JBYXILATOBBIC
BJIVSIHUSL HAPYLLICHHUH B i-M DJIEMEHTE CHCTEMBI.

Orpanndenne noaxona [8, 9] cocTout B OMHaApHOM Xa-
pakTepe MaTpHUUEI (5), KOTOpask He MO3BOJISET yYUTHIBATH
CHITy CBsi3eH (WJTH BIMSIHUHN) MEXAY dneMeHTamu. [1oato-
My BO3HHKAeT WHTEpeC K 000OIIEHHIO 3TOTO MOAX0Aa Ha
ciaydall HeuyeTKuX oTHommeHui [7]. CiexyeT 3aMeTHTB,
YTO COOTHOIIeHHUE (6) O CBOCH CTPYKType HAIlOMHHA-
€T OTHOIICHHWE TPAH3UTHBHOTO 3aMBIKaHUA (transitive
closure), K0OTOpo€ HCIONB3YyeTCS B KIIACTEPHOM aHAIIN3€
[10]. DTO HaBOIUT Ha MBICHb, YTO 3a7a4a PAHKUPOBAHU
JIEMEHTOB MOXET (POPMYIINPOBATHCS KaK 3a/1a4a aBTOMa-
TUYECKOH KIIacCH(PHUKAIINN, KOTOpasi COCTOUT B pa30neHUN
MHOXXECTBA JIEMEHTOB Ha KJIACChl, YKBUBAJICHTHBIE 110
Ba)KHOCTH.

Hwxe npemyiaraercsi pelieHue 3a1addl paHKUPOBaHHS
9JIEMEHTOB Ha OCHOBE HEYETKOI'0 TPAH3UTHBHOTO 3aMBbl-
kaaug [11, 12] u cuenuanpHBIX TPOIEAYp MOCTPOCHHUS
HEYETKHUX OTHOLICHHH BIMSHUS U CXOICTBA.

3. HeueTkoe OTHOLIEHMEe BAUSAHUS

ITycts X = {x}, X, ..., X,,} — MHOXKE€CTBO JIEMEHTOB CH-
cTeMbl. BiusiHue siiemenTa xieX Ha OCTAJIbBHBIC DJICMCHTHI
3aaUuM HECYCTKHUM MHOXCCTBOM:

=B Mo Ml %

rie p; — uucno B untepsaie [0,1], kotopoe xapakrepu-
3yeT CTETEHb BIIMSAHUSA JJIEMEHTA X; € X Ha JJIEMEHT X; € X; 1,
j=12,...,n

Bynem mpeanonarars, 4TO BIMSHHUE JIEMEHTA X;€X Ha
€aMoTo ce0st OTCYTCTBYET, T.€.

18

w;=0,i=1,2,...,n.(8)

CoBOKyNHOCTE cTemenel BausHus ; u3 (7) s Beex
JNEMEHTOB X;€X 00pa3yeT Heuemkoe omHouieHue GIusHUA
[, 3ananHO€e Ha neKkapToBOM IpousBeneHuu X X X, T.e. [ <
XxX:

I i j=12,.n 9)

M
)
(5-x,)
Yucno L, KOTOpOe CTABUTCSA B COOTBETCTBHE KaX0U
Tape IIEMEHTOB (X;, X;), MOXKET 3a1aBaThCS SKCIIEPTHO, THOO
METOJIOM HAUMeHbUe20 AN, KOTOPBIN TpeIaracTcs
HIDKE. 3aMETHM, 9TO TOJ00HAs MPOIEAypa BHIYHCICHUS

CTeMeHel MPUHA/UISKHOCTH UCIIOIbh30BaAIaCh paHee B pa-
oore [13].

4. MeToa HaUMeHbLUEro BANAHUSA

ITycTs f;; — cuna BIMAHMS DIEMEHTA X;€X HA DJIEMEHT
X;€X, IPUYEM BBITIONHAETCS yCIOBHE: «4eM OOmbIIe CHita
Jij» TeM OOJIbIIE CTENEHDb BIUSHUSA W;», T.6. HMEET MECTO
COOTHOIIIEHHE:!

Mo Mo Mo M (10)

foo T i i
IIpenmonaraercs, 4TO B COOTBETCTBUH C (8):
fi=0,i=1,2,...,n. (11)
IlycTb X; — 2J1EMEHT, Ha KOTOPBIN 3JIEMEHT X; UMEET Hau-
MeHbIee Bnusaue. M3 (10) umeem:
_ .f;’] _ -](iZ _ -f;n
Wi = My =7 My = Ry = = Wy, =y =
i Ji i
IToncrapmnss (12) B TpeboBanue
My + l‘li2+ +Hin: 1’ i= 1929 s N,
MOJTy4aeM HAaWMEHBIIYIO CTEICHb BIUSHUS JJIEMEHTA
x;€X B cucreme:

(12)

-1

Ju, Jo /.

W, = +E 4+
Jo Ja i
Cootnomenus (13) u (12) mo3BoISIOT BEIYUCIISITH CTEIE-
HU BJIMSIHHAS B HEUYETKOM OTHOIIEHUH (9) IyTeM cpaBHEHUS
CHUJI BIIMSIHUH f;; C HAUMEHBIIEH CUIIOH BIMSHUSL /7 JUTS KaxK-
Joro sneMenTa x;€X. [lyig aToro ucnons3yercs 9-6ampHas
mkana Caaru [14]

(13)

Ju_ 1,3,5,7,9, (14)

il
€CIIM BIMAHUE «ij» (DJIEMEHTA X; Ha DJIEMEHT X;) TI0
CPaBHEHUIO C HAUMEHBIINM BIHSHUEM «if» (dIeMEHTa X;
Ha dIIEMEHT X;): 1 — Takoe ke, 3 — HeMHOTO Ooublle, 5 —
0oJIblIIE, 7 — 3HAYUTENBHO O0bIIE, 9 — aDCOIMFOTHO OOIBIIIE
(BO3MOYKHBI POMEKYTOUHBIE OILIEHKH: 2, 4, 6, 8).

5. HeueTkoe oTHOLWEHUe cxoAacTBa

Mepy cx0ICTBa 10 CTEINIEHU BIUSHUS MEKAY dJIEMEHTaMU
X;€X 1 x;€X onpenenim BeTnIHHON
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e dlj — pacCTOAHUE MEXKAY HEUCTKUMU MHOXECTBAMU

BJIMSAHUA 3JIEMEHTOB X; U XjZ

;=M He o W
i 2 9 *cy b

xl 'x2 xn

[ _ u'jl “]2 u'/n
j - _,_’ .;.’_

xl x2 xn

Jl1s1 BBIMUCIIEHHS dj; MOTYT HCTIONB30BaTCS OTHOCHTEb-
h
HBIE PACCTOAHUSA 10 XEMMHHTY (d; )) w10 EBximny (d f)):

1 n
d == |w, — 1wl (16)
N =

1) (17)

COBOKYITHOCT BENMYMH #;; IUIS BCEX Tap (x;,X;) € XxX
00pa3yeT HeUYeTKOEe OTHOIIICHHE CXOACTBA RC XXX

R=[ry/ (x;x))], (18)

KOTOpOe 00J1a/1aeT CBOMCTBAMHU:
(a) peprnexcusrocme, T.e. ry = 1, ans Beex x;€X,
(6) cummempuunocmo, T.€. 1y = 1y, JUISL BCEX XX, €X.

6. Knaccudpmkauuna u paHxmposaHme
3/1EMEHTOB

Jlnst pa3dbuennss MHOXKeCTBA X Ha HeTlepeCceKaromecs
KJIACCHI AJIEMEHTOB, CXOJHBIX 10 CTETICHH BIUSIHIS, HE00XO0-
JIIMO TIPUAATh UCXOAHOMY HETPAaH3UTHBHOMY OTHOIIEHHUIO
CXOZICTBA R CBOMCTBO TPAaH3UTUBHOCTH. Takoe mpeodpazopa-
HHE 00eCIeYnBaeT ONePaIHs TPAH3UTHBHOTO 3aMBIKAHUS He-
YEeTKOTO OTHOIICHUS, BIIEPBBIE paccMoTpeHHas B [11, 12].

TpaH3UTUBHBIM 3aMBIKAHNEM OTHOIICHHUS R Ha3bIBACTCS
oTHOweHHE R, OTIpeIeNIIEMOE CIEAYIOIINM 00pa3oM:

R=R'UR*U..UR'U.., (19)
TJIe OTHOIIEHHs R OIpeNeNsroTes: peKypCHBHO:

R'=R, RF=R""oR, k=2,3,....n1

U — oniepauus 00BbEIUHEHUS HEUCTKHUX OTHOmeHHﬁ;

© — onepanus HEUYETKOM KOMIIO3UIINH.

Onepaulm HaJl MaTpuaMu OTHOIIICHWH BBITIOTHSIIOTCS
10 CXEME!

a b ol € f| |avelbvf
c d g h cveldvh |
a blle f ((a/\e)v(b/\g))|((a/\f)v(b/\h))

¢ d|lg ] [(cre)v@ng)(crs)vdrn)|

A=min, V=max.

Ota cxeMa BBIYHCIICHUH, KOTOpast s IPOCTOTHI M3J10-
JKCHHUS MTOKa3aHa Ha PUMeEpe MaTPHIBI 2X2, COXPaHACTCS
JUISL MATPHII TIPON3BOIBHON Pa3MEPHOCTH.

EcTecTBeHHO MPEIIIONOKNUTD, ITO PAHT MIEMEHTA X; 3a-
BHCHT OT KOJIMYECTBA €TO CBA3EH C APYTUMH JIEMEHTaMU
CHCTEMBI, CXOOHBIMH T10 CTETICHH BIUSHAA, [ = 1, 2, ... , n.
ITosToMy, yunThIBasi TPAH3UTHBHBIE CBS3HU, PAHT AJIEMEHTA
ONpEACIUM CYMMOH 3JIEMEHTOB - CTPOKHM MATPULBI OT-
HOIICHHUS f?( 19).

Kitaccel 211eMEHTOB, CXOHBIX 110 CTETICHH BIHUSIHUS, 00-
pasyloTcs MyTeM pa3ioKeHHs OTHOIIECHHS R0 0-ypPOBHSIM
(cpezam):

R=JaR,,ael0,1], (20)
o

rae R, — 0-ypOBEHb OTHOIIEHHUS R.
Jnsa Heuetkoro otHomeHus R (19), 3anmucaHHOro B
BHJE

A
A

R=|-—11—
(%)
OOBIMHOE OTHONIEHHE R, COCTONT U3 TaKuX Mmap (X;, X;), y
KOTOPBIX CTEIICHb MPUHAICKHOCTH HE MEHBIIIE, YEM O, T.C.

1(0)

, (6, x)EXXX, i,j=12,..,n

>

R= , 31ecer; 20 (7, <0L). (21)

7. llpumep

Paccmorpum cuctemy u3 5-TU 3JIEMEHTOB, T.€.
X = {x1, xp, X3, X4, X5}. DKcriepTHas wH(POpMAIHA, HEOO-
XOIUMasl JUIS BBIYHUCICHUS OTHOIIEHHS (9) METOA0M Ham-
MEHBIIIETO BIHSHUSA, TIPEICTaBIeHa B Ta0I.2.

Taoauna 2. UcxoaHble JaHHBIE AJA METOAA
HAUMEHbIIEro BJIMSHUA

ijlil
i " X1 X2 X3 X4 X5
X1 h)
X2 X
X3 Xs
X4 X2
Xs X1

Bropoii cTonben Tabm.2 (x;) cOmep>KUT dIEMEHTEHI, Ha
KOTOpBIE COOTBETCTBYIOIIHE AIIEMEHTHI IEPBOTO CTOIOIA
(x;) IMEFOT HaMMEHBIIICe BIHSHNC: X| HANMEHEe BIFSICT Ha
X,, X, HAMEHEe BIUSCT Ha X1, ..., X5 HANMEHee BIUSICT Ha
x1. UcTouHIKOM 3TOH WHPOPMALIUH SBISETCS IKCIIEPT.

Suetikn Tabn.2 comepKar AKCIIEPTHBIC CPAaBHEHUS CHIT
BIMSHHH f;; C HANMEHBIIMMH CUIIAMM BIHAHUA f;. Jlns
KpPaTKOCTH, BMECTO f;/f; 3anmcano ij/il:

— 3amuch ??7? 0003HAYACT, UTO BIUSHHE AIEMEHTA X| Ha
AIIEMEHT X3 6onbuse (5), 9eM BIHSTHAC X HA X5}

— 3armick ?7? 0003HaYAeT, YTO BIIMSTHAE JIEMEHTA X5 Ha HJe-
MEHT X3 abcontomuo bonvute (9), 4eM BISTHAC X5 HA X1, H T.JT.

HyneBrle 3HaueHUs B s4eifkax TablI.2 COOTBETCTBYIOT
TOMY, uTO f; = 0 mnst Bcex i=1,2, ..., 5.
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[onp3ysce maHHBIME U3 Tabn.2 u Gopmynamu (13) u

(12), BBIYMCITAM CTETIEHH BIMAHUSA L;; JUIS OTHOIIEHHS (9). M % N Y s
3nech ;= 0. x| 0 1/10 5/10 3/10 1/10 max=5/10
Jns snementa x; (i = 1, £ = 2) numeem: S 1/14 0 9/14 3/14 1/14 max =9/14
u, =0, Tx, 915 315 0 2/15 115 max=9/15 (22
-1 x, [ 112 112 712 0 3/12 max=7/12
_(Suy ey S S s ) ! _ L '
Mlz_(ﬁ2+ﬁ2+ﬁ2+.ﬂ2+ﬁ2J T 041454341 107 xg|1/22 5/22 9/22 7/22 0 max=9/22
THETI & = 1, 5= i’ J1n1s HopManu3ayy OTHOIICHHS (22) pa3IeiM AeMEHTHI
S 10 10 Ka)KJIOl CTPOKM Ha MAKCHMAaJIbHOE 3HAYCHHE U HOyYHM:
1 3
M14=H12%=E'3=E’ X X, X3 Xy Xs
f” | | x| 0 02 1 06 02
=M, >=—1=—. x, 10,11 0 1 0,33 0,11
10 10 =77 ’ ’
Sz ! x| 1 033 0 022 011 23)
AHAJIOTWYHO MOTyYEeHBI OCTAIFHBIC CTETICHH MPUHAIIICHK- x, | 0,14 0,14 1 0 0,43
HOCTH, KOTOpbIE 00pa3yOT HEYETKOE OTHOILICHUE BIHSHISA: x; [ 0,11 0,56 1 0,78 0
Taoauna 3. OTHOLIEHHUS] O-YPOBHS M HUX rpadbl
o R, I'pad
1 2 3 4 5
1 1 1 1 1 1
2 1 1 1 1 1
0.53 3 1 1 1 1 1
4 1 1 1 1 1
5 1 1 1 1 1
1 2 3 4 5
1 1 1 0 1 1
0.83 2 1 1 0 1 1
’ 3 0 0 1 0 0
4 1 1 0 1 1
5 1 1 0 1 1
1 2 )
3 4 5 e
1 1 1 0 0 0 7
2 1 1 0 0 0 E)ae
0,87 E)»,
’ 3 0 0 1 0 0 Q"
4 0 0 0 1 0 e G
5 0 0 0 0 1 u .
1 2 3 4 5 A
1 1 0 0 0 0 75
2 0 1 0 0 0 Q@ ~.
1 F).2
3 0 0 1 0 0 %
4 0 0 0 1 0 N
/'( 4 ; ( B
5 0 0 0 0 1 L R0
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Hederkoe otHOMmeHue cxozactea (18), momydeHHoe U3
(23), mmeeT BHI:

X, X, X, x, X,
x| 1 087 0,48 0,76 0,83
x, 10,87 1 0,53 0,83 0,44
x 10,48 0,53 1 0,48 0,44
x, 10,79 0,83 0,48 1 0,67

x5 10,83 0,78 0,44 0,67 1

(24)

CrerieHH IPUHAIEKHOCTH B (24) momyueHs! u3 (23) ¢
HCTIOJNB30BaHUEM paccTosHuS 1m0 XeMMuHry (16). Hampu-
mep, rip=1-dyy, e

d, = %[(0, 0,2,1,0,6,0,2)—(0,11,0,1,0,33,0,1)] =
=§[|O—0,11|+|O,2—0|+|1—1|+|0,6—O,33|+|O,2—0,1|]=

1
=5[0,11+o,1+o+0,27+0,09]= 0,13

J1u1st TONTyYeHusI TPAH3UTUBHOTO 3aMbIKAHUSI OTHOIICHHSI
cxozactia (19) u3 orHOmEeHUA (24), HAXOMUM:

X, X, X, X, X
0,87 0,53 0,83 0,83
x, | 0,87 1 0,53 0,83 0,83
x, |0,53 0,53 1 0,53 0,53
x, 0,83 0,8 053 1 0,79
x, | 0,83 0,83 0,53 0,79 1

X, 1

R*=R*oR=
X, X, X5 X, X
x| 1 087 0,53 0,83 0,83
x, |0,87 1 0,53 0,83 0,83
x (0,53 0,53 1 0,53 0,53
x, 0,83 0,83 0,53 1 0,83
x; | 0,83 0,83 0,53 0,83 1

=R'=R'=.=FR".

(25)

[TosToMy TpaH3uTHBHOE 3ambIkaHue (19) B HameM ciry-
yae UMEeeT BUJL:

R=RUR*UR U..UR'U..=R’, (26)
T.€. COBIAJIACT C OTHOIICHUEM (25).
CyMMupYy$ 3Ha4eHUsI CTPOK Marpuisl (25), morydaem
KOJIMYECTBEHHBIE 3HAUCHHUS PAHTOB MIEMEHTOB:

p =1+0,87+0,53 + 0,83 = 4,06,

pr =4,06, p; =3,12, py = 4,02, ps =4,02. 27

HedeTkoe oTHOmenue (26) MOXHO Pa3l0OXUTH IO
0-ypPOBHSIM CJIC/TYIOLITMM 00pa3oM:

R=JaR, =0,53R, ;,| J0.83R, 4, J0.87R, ;| R,

I7ie YeTKHE OTHOIICHHMS 0-ypPOBHSI R, 1 MX rpadbl mpen-
CTaBJIeHBI B TaOJ. 3. 31ech Ul KPaTKOCTH SJIEMEHT X; 000-
3Ha4YaeTCs CUMBOIIOM 7, 1 = 1, 2, ..., 5. UeTKHe OTHOIICHUS
a-ypoBHs (TalI. 3) 00pa3yrOT KITACCHI AIICMEHTOB, YKBUBA-
JICHTHBIX 110 BaXXHOCTH (Tabi. 4). JlepeBo 1eKoMITO3UINH
MHO)KECTBA 3JIEMEHTOB CHCTEMbI Ha KJIACChI HKBUBAJICHT-
HOCTH IIPEACTaBICHO Ha puc.1.

Taonuna 4. Kinaccbl 321eMeHTOB, 3KBHBAJIEHTHBIX
M0 BAa’KHOCTH

YPOBeHb YucJjio KjIaccoB Kiaccobl 21eMeHTOB
a=0,53 1 {x1, X2, X3, x4, X5}
(120,83 2 {x13x23 X4, XS}’ {X3}
(1:0,87 4 {xlaXZ}a {X3}, {x4},{x5}
a=1 5 i), o), Ixab, {xad, {xs)
S (=) [ [#] (3] e
] ][] [ e
| X ‘ X2 ‘ X4 ‘ X5 | X3 a=0,83
‘ X ‘ X ‘ X3 ‘ X4 ‘ Xs ‘ 0=0,53

Puc.1 JlepeBo 1eKOMIO3UIINH HA KIACCHI
O9KBHUBaAJICHTHOCTHU

Yucno o MOXXET HHTEpPIPETUPOBAThCA KaK ypPOBEHBb
OTIpeNIeNIEHHOCTH HAIllMX 3HaHWH o cucreme, a (1 — a) —
YPOBEHb HEOIpe/IeIeHHOCTH. EcTecTBeHHO, UeM ClIoKHee
cucTeMa M 4eM OoJjblliee YUCIO peanuil He yUYUTHIBaeTCs
P MOJICIIMPOBAHUH, TEM OOJIbIIE HEONPEICICHHOCTh U
HIKE YHCIIO 0.

W3 puc.l BUAHO, YTO TPH MaKCUMaJlbHOM OmpeaeseH-
HocTH (00 = 1) KaKIbIM M3 2JIEMEHTOB X; MPEACTAaBISICT
co0oM YHUKaJNBHBINA Kiacc BaKHOCTH. OJHAKO Ha ypOBHE
0= 0,53 Bce 211eMEHTHI CUCTEMBbI HE Pa3JINYUMBI [T0 paHTaM.
C y4eToM KOJMUYECTBEHHBIX OIEHOK (27) s MmpaxkTuye-
CKHUX PacuyeToB MOXKHO BbIOpATh YPOBEHb ONPE/ICIICHHOCTH
o = 0,83, Ha KOTOpOM:

Pr=p,=ps=ps =4, p;=3.

Ecmu C, — nomyctumbie 3aTparhl Ha 00CCIICUCHUE Ha-
JIE’KHOCTH CUCTEMBI, TO C YUYETOM PAHTOB AJIEMEHTOB 3TH

3aTparbl JOJDKHBI paCIpeAC/IAThCA TaK:
S 4 3
;q =C, C=C,=C,=C, :EC‘” C, :EC‘)‘

AHaJOrMYHO, eCcliu Ay — TpeOyeMasi HHTEHCUBHOCTB OT-
Ka30B CHCTEMBI, TO UL SKCIIOHEHIINAILHOTO 3aKOHA HAaIeXK-
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HOCTH 1 IPOCTENIIEH MOCIEN0BaTENbHON CXEMBI I10JIy4aeM
TpeOyeMble A-XapaKTePUCTUKH dIIEMEHTOB:

25‘7\..=7\. A=h=A=A =i7» A =i?\..
i 0> 1 2 4 5 19 0> 3 19 0

i=1

8. 3aknuyeHue

PamwxupoBaHue 271€MEHTOB CUCTEMBI Ha JTalle €€ Ha-
JICKHOCTHOTO MPOCKTUPOBAHHS MOXKET BBITIOJTHATHCS C
MPUMEHEHHEM JIByX MPHUHIUIHAIBHO PA3HBIX MOJXOIOB:
BHEIITHETO U BHYTPEHHETO.

BHemHN# M0AX0A MCHOJB3yeT YyBCTBUTEIBHOCTH
HaJIe)KHOCTH CHUCTEMBbI K M3MEHEHHIO HAJEKHOCTH €€
3JIeMEeHTOB. BHYTpeHHUI MOJX0/l OCHOBAH Ha 3HAHUSAX O
BIIMSTHUM OTKA30B KaXKI0TO M3 AIEMEHTOB Ha OTKA3bI IPYTUX
JJIEMEHTOB.

B pamkax BHYTpPEHHEro IMOJIX0a B 3TOW CTaThe Mpe-
JIOKEH HOBBII METOJ paHKHPOBAHHS DIEMEHTOB C INpH-
MEHEHHEM TEOPHH HEYETKHX OTHOIICHHUH. 3ajada paHKu-
pOBaHMs CBeJieHa K aBTOMAaTHYECKOM Kiaccu(uKaluy Ha
OCHOBE TPAaH3UTHUBHOTO 3aMBIKaHUS HEYETKOTO OTHOIICHHS
CXOJICTBA. DTO TO3BOJISIET pa30MBaTh MHOKECTBO 3JIEMEHTOB
CHUCTEMBI Ha HETIEPECEKAIOIINECS KJIACChI, HE Pa3InYUMble
10 Ba)KHOCTH.

J171s mocTpOeHMsI HEUETKOTO OTHOIIICHHUS CXO/ICTBA KaX-
JIBIA SJIEMEHT CHCTEMBI NPEJCTaBISETCS B BHJIE BEKTOpa
BIMSIHUNA. Mepoil ¢XOACTBa Mapbl 3JEMEHTOB SIBISAETCS
paccrosiHue MeXIy AByMs BekTopamu. CTEeTeHb BIUSHUSL
Ka)KJ0r0 3JIEMEHTA Ha JPYTHUE JIEMEHTBI IIPEJI0KEHO BbI-
YHUCIATH METOJIOM HAaUMEHBIIIETO BIUSHUA. DTOT METOJI HC-
MOJTBb3YET SKCIEPTHBIC 3HAHUS O HAaNMEHbBIIIeM BIMSIHUH dJTe-
MEHTAa U CpaBHEHHE C HUM JIPYTUX BIMAHUI 110 9-0anbHOM
mkane Caatu.

[IpenmoxeHHBII METO ] CBOOO/ICH OT OTPaHUIEHUIL, TpH-
CYIINX METOJaM BHEIIHETO MOAXO/a, KOTOPBIE CBSI3aHBI C
JIOTTYIIEHUSIMUA O HE3aBUCHUMOCTH JIEMEHTOB M OMHAPHBIM
XapaKTepOM HaJIeXKHOCTU: «ECTh OTKa3 — HET OTKa3a». Bos-
MOXHBIMH C(hepaMi IPIMEHEHHS TPETI0KESHHOTO METOIa
SIBIISIFOTCSL CUCTEMBI € IVIOXO OIPEIEIEHHON CTPYKTYpOU U
MHOTO(YHKIMOHAJIBHBIMHU 3JIEMEHTAMU: OPTaHU3ALHOHHbIE,
Ipratudeckue, BOCHHBIC U T.II.
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Structural reliability. The theory and practice

Rotstein A.P.

RANKING OF SYSTEM ELEMENTS ON THE BASIS OF FUZZY
RELATIONS: THE LEAST INFLUENCE METHOD

This paper proposes a new method of ranking of elements to ensure the reliability of systems with application
of the fuzzy relations theory. The ranking problem is formulated as automatic classification on the basis
of the transitive closure of similarity fuzzy relation. It makes possible to divide a set of system’s elements
into disjoint classes undistinguishable by importance.

For construction of a similarity fuzzy relation, each element of a system is represented in the form of a
vector of influences. A measure of similarity of pair of elements is the distance between two vectors.
Degree of influence of each element is proposed to be calculated by a method of the least influence,
which uses expert knowledge about the least influence of an element and comparison of other influences
with it by the 9-point Saaty scale.

The proposed method is free from assumption on independence of elements and binary character of reliability:
«there is a fault — there is no fault». Possible fields of application of the proposed method are systems with
ill-defined structure and multifunctional elements, e.g. organizational, ergatic, military ones, efc.

Keywords: system, reliability, importance of element, fuzzy relation of influence, transitive closure, cluster
analysis.

1. Introduction

At early stages of system design there is a necessity of evaluation of ranks of its elements.
The rank is a quantitative characteristic of element’s importance, which is used for solution
of the following tasks:

- Development of requirements for reliability of elements on the basis of specified require-
ments for the reliability of a system as a whole;

- Distribution of resources to increase system’s reliability between its elements.

The classical approach for evaluation of ranks uses sensitivity of function of system’s reli-
ability to changes of the reliability of its elements. An alternative to this approach are expert
opinions formalized by means of fuzzy mathematics.

A widely known example of expert ranking of elements is a popular expression of V.I. Lenin
“about post office and telegraph” from his work «Advices of an outsider», which became
facetious/ironical “... that it was necessary by all means to capture post office, telegraph,
railway stations ...” (according to Lenin, these are the first and obligatory conditions of a
successful revolt).

The idea of writing this paper appeared during discussions over the report of professor
1.B. Herzbach (Karmiel, Israel, 2013), in which ranks of elements were used for distribu-
tion of resources aimed at the increase of reliability of roads and buildings in a seismic
hazardous area.

In this paper approaches to ranking of system’s elements are analyzed and a method of
evaluation of ranks on the basis of the theory of fuzzy relations is proposed. It is supposed
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that importance of an element is defined by its influence
on other elements: the more the influence is, the more the
importance is.

Initial information on system’s structure is formalized in
the form of fiizzy relation of influence, which is transformed
into fuzzy relation of similarity and its transitive closure.
It makes possible to divide a set of system’s elements into
classes, equivalent in importance.

For calculation of the degrees of influence of system’s
element on other elements, a special method is proposed
using information on the least influence and comparison
with it by the 9-point Saaty scale. From here follows the
title: method of least influence.

In section 2, approaches to ranking of system’s elements
are analyzed on the basis of cause-and-effect relations be-
tween failures.

In section 3, fuzzy relation of influence is introduced as
a model of system’s structure.

In section 4, method of least influence for formalization
of expert knowledge of system is proposed.

In section 5, transition from fuzzy relation of influence
to fuzzy relation of similarity is defined.

In section 6, equations for transitive closure of fuzzy rela-
tion of similarity and its a-levels are given making it possible
to expose classes of elements equivalent in importance.

In section 7, an example illustrating algorithm of applica-
tion of the proposed method for the system of 5 elements
is considered.

2. External and internal approaches

The known approaches to the ranking of system’s ele-
ments can be divided into two classes on the basis of the type
of cause-and-effect relations between failures. We would call
these approaches external and internal (Table 1).

Table 1. Approaches to the ranking of elements

Approach Causes Consequences
External |Failure of the i-th element |Failure of the system
Internal | Failure of the i- thele- | Failure of the j-th

ment element

2.1. External approach

This approach goes back to paper [1] and uses sensitiv-
ity of system’s reliability to changes of the reliability of
its elements (see also [2]). Let us consider the reliability
function

Ps:f(PI’Pb'“aPn), (1)

which connects probabilities of non-failure system opera-
tion (Pg) and its elements (P;). Let us present this function
in the form of a series:

RensSaneYarne. @
i=1

i,j=1
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which factors are partial derivatives:
b=y OB

Factor b; in (3) corresponds to the index of impor-
tance of the i-th element (reliability importance index)
introduced in paper [1]. Factor b;; in (3) corresponds to
index of importance of joint influence of the i-th and
j-th elements (joint reliability importance) introduced
in paper [3].

For systems, whose reliability is modeled by a Monte-
Carlo method, indices of importance (3) are calculated in
papers [4, 5].

Paper [6] contains the analysis of the method of evalu-
ation of the system’s elements importance directly on the
basis of logic (or structural [2]) function

)

O :ﬁ(ala O, vvey an)a (4)

where ag(a;) = 1(0), , if the system (the i-th element)
works (fails), f; is the Boolean function.

Limitations of the considered group of methods (external
approach) consist in the following:

1. Binary character of reliability model (1 — no fail-
ure, 0 — failure) does not make it possible to consider
intermediate conditions of elements, which only reduce
system’s efficiency, but do not lead to its complete
failure.

2. Supposition about independence of elements does not
make it possible to consider the influence of violations in
the work of elements on each other.

3. Adequacy of the reliability model (1), on which basis
indices of importance (3) are calculated, strongly depends
on qualification of an expert writing down a structural func-
tion (4). It generates a contradiction between the severity
of a differentiation operation (3) and the subjectivity of a
model (1), to which this operation is applied. As a result,
the received indices of importance of elements cannot
possess the property of robustness: they are too sensitive
to changes in the structure and parameters of a model (1).
In general, L. Zadeh formulated such contradictions as
an incompatibility principle of high complexity and high
accuracy [7]. With reference to indices of importance (3),
it means that with increase of system’s complexity and
uncertainty aspiration for accuracy of calculations loses
sense. Here it is pertinent to remind a known aphorism:
“mathematicians do everything the right way, but only the
thing which is possible to do”.

2.2. Internal approach

This approach goes back to evaluation of importance
of the elements on the basis of theory of relations and
graphs. Transfer of the relations theory into the theory
of reliability for the first time was made by V.I. Nechi-
porenko [8, 9].

The internal approach does not require construction of
a structural function (4) and the function of reliability (1).
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It relies on the information about a system’s structure, i.e.
the structure of its elements and links between them. In the
meantime, knowledge of influence of violations in some
elements on the origination of violations in other elements
can be used. For example, “a drift of parameters of the i-th
element leads to a drift of parameters of the j-th element,
which leads to a failure of the k-th element, etc.” Thus, the
“domino effect” can be considered.

The constraint matrix serves as a data carrier for evalu-
ation of ranks in [8,9]

A=[0‘l/]’ l7]=172’7n5 (5)

in which a;; = 1 (0), if the i-th element is connected (not
connected) with the j-th element.
The rank of the i-th element is calculated as the sum of

elements of the i-th row of a matrix
D=4+ 42, (6)

which considers one-step and two-step influences of
violations in the i-th system’s element.

The limitation of approach [8, 9] consists in the binary
character of the matrix (5), which does not make it possible
to consider the force of connections (or influences) between
elements. Therefore, there is an interest for generalization of
this approach for the case of fuzzy relations [7]. It is neces-
sary to note that the correlation (6) by its structure reminds
of a relation of transitive closure, which is used in cluster
analysis [10]. It suggests that the task of ranking of elements
can be formulated as a problem of automatic classification,
which consists in division of a set of elements in classes,
equivalent by importance.

Below there is a proposed solution of the problem of
ranking of elements on the basis of fuzzy transitive closure
[11, 12] and special procedures of construction of fuzzy
relations of influence and similarity.

3. Fuzzy relation of influence

Let the X= {x{, x,, ..., x,,} be a set of system’s elements.
Let us set the influence of the element x;eX on other ele-
ments by a fuzzy set:

Ii :{ﬁaha'“aﬁ}a (7)

XX, X

n

where p;; is the number in the range of [0,1] which char-
acterizes degree of influence of element x;€X on element
xeX,i,j=1,2,...,n.

Let us assume that the influence of element x;€ X on itself
is absent, 1.e.

W, =0,i=1,2,...,n. ®)
Collection of degrees of influence p; from (7) for all

elements x;e X forms fuzzy relation of influence I specified
on a Cartesian product X X X, i.e. I < X x X:

I =

Hy ij=12, ... n 9)

(x, Xj) ’

Number p;;, which is put in correspondence to each pair
of elements (x;, x;), can be set by experts or by a method of
least influence, which is proposed below. Let us note that
similar procedure of calculation of membership degrees was
used earlier in the paper [13].

4. Method of least influence

Let f;; be the force of influence of element x;€ X on ele-
ment x;€X, and the condition is satisfied: “the more is the

force f,j, the more is the degree of influence p,;”, i.e. the
correlation takes place:
Lo N o R R Y (10)
fo S i i
It is supposed that according to (8):
fi=0,i=1,2, ..., n 11

Let x; be an element, on which the element has the least
influence. From (10) we have:

Ja S /i
Mo = My s My = Wy == s W, = 1y =0 (12)
T 1

Substituting (12) in the requirement
Wi+ttt =1,i=1,2,..,n,

we receive the least degree of influence of element x;e X
in the system:

W, :(%+%++§—’:]_ (13)

Correlations (13) and (12) make it possible to calculate
influence degrees in fuzzy relation (9) by comparison of
forces of influences f; with the least force of influence f;
for each element x;€ X. The 9-point Saaty scale [14] is used
for this purpose [14]

ﬁzl, 3,5,7,9, (14)

il

if influence «ij» (element x; on element x;) in comparison
with the least influence «i » (element x; on element x;):
1 — the same, 3 — little more, 5 — more, 7 — much more,
9 — absolutely more (intermediate estimations are possible:
2,4,6,8).
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5. Fuzzy relation of similarity

The measure of similarity by degree of influence between
elements x;e X and x;e X shall be defined by the value

where d;; is a distance between fuzzy sets of influence of
elements x; and x;:

I = Mo Mo Bl
XX, X

For calculation dy, relative distances as per Hamming

(dij(.h)) or as per Euclid (di](.e>) can be used:

1 n
digh) Z_Z|uik — My (16)
n =

1 n
digh):;1 Z(H,-k _ujk)zﬂ (17)
k=1

Collection of values r;; for all pairs (x;,x;) e XxX forms
fuzzy relation of similarity Rc XxX:

R=1[ry/ (xix)], (18)

which possesses the following properties:
(a) reflexivity, i.e. r; = 1, for all x;€X,
(b) symmetry, i.e. r;; = ry;, for all x;,x;€ X.

6. Classification and ranking
of elements

For dividing a set X into non-intersected classes of ele-
ments similar by degree of influence, it is necessary to give
to the initial intransitive relation of similarity R the property
of transitivity. Such transformation is ensured by operation
of a transitive closure of fuzzy relation, for the first time
considered in [11, 12].

Transitive closure of relation R is the relation R defined
as follows:

A

R=R'UR*U..UR"U.., (19)
where relations RF are defined recursively:
R'=R, R*=R""oR, k=2,3,...n
U — Operation of combination of fuzzy relations;
o — Operation of a fuzzy composition.

Operations on matrices of relations are carried out ac-
cording to the scheme:
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a b ol e f _[ave|bvf:|
c d| |g h| |cveldvh|

[a bHe f}zl((aAe)v(bAg))((aAf)v(bAh))}

c d||g h ((c/\e)v(d/\g))\((C/\f)\/(d/\h)),

A =min, V=max.

This computational scheme, which is exemplified by
the matrix 2x2, remains the same for matrices of arbitrary
dimension.

It is natural to assume that the rank of the element x;
depends on the quantity of its links with other system’s
elements similar by degree of influence, i = 1, 2, ..., n.
Therefore, considering transitive connections, the element’s
rank will be defined as the sum of elements of the i-th row
of R matrix (19).

Classes of elements similar by degree of influence
are organized by expansion of relation R on a-levels
(sections):

R=JoR,,0e[0,1], (20)

where f?a is a-level of relation R.
For a fuzzy relation R (19) written in the form

A

A V..
R=|—"—| (x,x)e XXX, i,j=12..,n
(x;,x;)

a common relation R consists of the pairs (x;, x;), whose
membership degree is not less than a, i.e.

- 1(0
R:[ W) j|,3aec5r,.j.2(x rl.j<0c). (21)

(%)

7. Example

Let us consider the system of 5 elements, i.e. X = {x,
X5, X3, X4, X5}. Expert information necessary for calculation
of relation (9) by the method of least influence is presented
in Table 2.

Table 2. Initial data for the least influence method

ijlil
i N X1 X2 X3 X4 X5
X1 X
a) X1
X3 Xs
X4 X2
X5 X
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The second column of Table 2 (x;) contains elements, on
which corresponding elements of the first column (x;) have
the least influence: x; influences slightest on x,, x, influences
slightest on x1, ..., x5 influences slightest on x;. An expert
is a source of this information.

Cells of Table 2 contain expert comparisons of influence
forces f;; with the smallest forces of influence f;;. For brevity,
instead of f;;/f;; it is written ij/il:

- the notation shows that the influence of element x; on
element x5 is more (5) than the influence of x; on x,;

- the notation shows that the influence of element x5 on
element x5 is absolutely more (9) than the influence of x;
on xy, etc.

Zero values in cells of Table 2 correspond to the fact that
fi=0foralli=1,2,...,5.

Using data from Table 2 and equations (13) and (12),
we will calculate degrees of influence p; for correlation
(9). Here p; = 0.

Table 3. Relations of the a-level and their graphs

For element x; (i =1, { = 2) we have:

HH:O:
-1
Z(A+&+&+ﬁ+&) -t 1
2L S S Sa fa)  O0+145+3+1 10
S 1 5
= —:—~5:—’
iz =My, £, 10 10
Ju 1 3
= —:_.3:_’
My =My, 7,10 10
fo 1 1
—u, ==
u]S MIZ fiz 10 10

Remaining membership degrees, which form a fuzzy
influence relation, are received similarly:

a R, Graph
1 2 3 4 5
1 1 1 1 1 1
2 1 1 1 1 1
0,53 3 1 1 1 1 1
4 1 1 1 1 1
5 1 1 1 1 1
1 2 3 4 5
1 1 1 0 1 1
0.3 2 1 1 0 1 1
’ 3 0 0 1 0 0
4 1 1 0 1 1
5 1 1 0 1 1
P
1 2 3 4 5 e
1 1 1 0 0 0 7
2 1 1 0 0 0 S
E)®
0.87 3 0 0 1 0 0 S
4 0 0 0 1 0 ~ e
4% {5)
5 0 0 0 0 1 é; L{E
1 2 3 4 5 e
1 1 0 0 0 0 75
2 0 1 0 0 0 Q@ ~.
).
! 3 0 0 1 0 0 Ox
4 0 0 0 1 0 IO GY
5 0 0 0 0 | A&
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x| 0 1/10 510 3/10 1/10 max=5/10
X |1/14 0 9/14 3/14 1/14 max=9/14
x| 915 315 0 2/15 1/15 max=9/15 (22
x, |12 112 712 0 3/12 max=7/12
x| 1/22 5/22 9/22 7/22 0 max=9/22

For normalization of correlation (22) we will divide
the elements of every line by maximum value and we will
receive:

X, X, XX, X
x| 0 02 1 06 02
x, 011 0 1 033 0,11
I= (23)
x| 1 033 0 022 011
X, 1014 014 1 0 043
x |01 0,56 1 0,78 0

The fuzzy similarity relation (18) received from (23)
looks like:

x| 1 087 0,48 0,76 0,83
x, [ 0,87 1 0,53 0,83 0,44

R= (24)
x (0,48 0,53 1 0,48 0,44
x, 10,79 0,83 048 1 0,67

510,83 0,78 0,44 0,67 1

Membership degrees in (24) are received from (23) with
use of distance by Hamming (16). For example, 71, =1 —d>,
where

d, = %[(0, 0,2,1,0,6,0,2)-(0,11,0,1,0,33,0,1)] =

=%UO—OJ1|+|0:2—0|+|1—1|+|0,6—0,33|+|o,2-o,1

1=

1
=5[0,11+0,1+0+0,27+0,09]=0,13

For deriving transitive closure of similarity relation (19)
from correlation (24) we find:

X, x, X, x, X
x| 1 0387 053 083 0,83
x, 10,87 1 0,53 0,83 0,83
x (0,53 0,53 1 0,53 0,53
x, 10,83 0,83 0,53 1 0,79
x; 10,83 0,83 0,53 0,79 1
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R =R*oR=
X, X, X, X, X5
x| 1 087 0,53 0,8 0,83
x, (087 1 0,53 0,83 0,83
x 0,53 053 1 053 0,53
x, 0,83 0,8 0,53 1 0,83
x, | 0,83 0,83 0,53 0,83 1

=R*=R=..=R".

(25)

Therefore, transitive closure (19) in our case looks like:
R=RUR*UR*U..UR"U..=R}, (26)

i.e. coincides with correlation (25).
Summarizing values of rows of matrix (25), we receive
quantitative values of ranks of elements:

p;=1+0,87+0,53 + 0,83 =4,06,
Py = 4,06, p3 =3,12, p; = 4,02, ps = 4,02. 27)

Fuzzy relation (26) can be factorized by a-levels as fol-
lows:

R=JoaR, =0,53R, ;,| J0.83R, ;[ J0.87R, 4, | R,

where well-defined relations of a-level R , and their
graphs are presented in Table 3. Here for brevity element
x; is designated by numeral 7, i = 1, 2, ..., 5. Well-defined
relations of a-level (Table 3) form classes of elements
equivalent by importance (Table 4). The tree of decomposi-
tion of a set of system’s elements in equivalence classes is
presented in Fig. 1.

Table 4. Classes of elements equivalent in importance

Level |[Number of classes Classes of elements
o=0,53 1 X1, X, X3, X4, Xs )
o= 0,83 2 {xb X2, X4, x5}a {x3}
a=0,87 4 {xlr x2}! {X3}, {X4},{)C5}
a=1 5 tx1}, 1xa), 13}, ixa), {xs)
S A N e R
=] G [m] [a] e
’ X1 | X2 I X4 ‘ X5 | X3 (1:0,83
‘ X1 | X2 ‘ X3 ‘ Xg ‘ X5 ‘ (1:0,53

Fig.1. He tree of decomposition of a set of system’s
elements in equivalence classes

Number a can be interpreted as a level of definiteness of
our knowledge of the system, and (1 — o) is uncertainty level.
Naturally, the more complicated the system is and the more
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is the number of realities not considered during modeling,
the more is the uncertainty and low is number a.

From Fig. 1 it is evident that at maximum definiteness
(o = 1), each of elements xi represents a unique class of
importance. However, at level a = 0,53 all system’s ele-
ments are not distinguishable by ranks. Taking into account
quantitative estimations (27) for practical calculations it is
possible to choose definiteness level a = 0,83, on which:

Pr=pP,=p,=ps=4 py=3.

If Cy are admissible expenses on assurance of the sys-
tem’s reliability, taking into account ranks of elements these
expenses should be distributed as follows:

> 4 3
;q =C G=C=C=C=1C, G=3G,
Similarly, if A, is a required system’s failure rate, for the
exponential law of reliability and the elementary consecu-
tive scheme we would receive the required A-characteristics
of elements:
S 4 3
A=Ay, A, =h, =A, =A, =—A,, A, =—A,.
; i 0 1 2 4 5 19 0 3 19 0

8. Conclusion

Ranking of system elements at the design stage, from the
point of view of reliability, can be carried out with applica-
tion of two fundamentally different approaches: external
and internal ones.

The external approach uses sensitivity of system’s reli-
ability to changes of the reliability of its elements. The
internal approach is based on knowledge of the influence of
failures of each of elements on failures of other elements.

Within the framework of the internal approach this paper
proposes a new method of ranking of elements with appli-
cation of the fuzzy relations theory. The task of ranking is
reduced to automatic classification on the basis of transitive
closure of the fuzzy relation of similarity. It makes it possible
to divide a set of the system’s elements into disjoint classes
not undistinguishable by importance.

For construction of the fuzzy relation of similarity each
system’s element is represented in the form of vector of
influences. A measure of similarity of pair of elements is the
distance between two vectors. It is proposed to calculate the
degree of influence of each element on other elements by
the method of the least influence. This method uses expert
knowledge of the least influence of an element and compari-
son of other influences to it by the 9-point Saaty scale.

The proposed method is free from limitations inherent
to methods of external approach, which are connected
with assumptions on independence of elements and binary
character of reliability, viz. “failure — no failure”. Possible
fields of application of the proposed method are the systems
with ill-defined structure and multifunctional elements, e.g.
organizational, ergatic, military ones, etc.
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CTPYKTYPHAAA HAOEXKHOCTb. TEOPUA U MPAKTUKA

lNMeperyna A.N., Neperypa A.A.

OLLEHKA NMOKA3ATEJIEX 9KOHOMUYECKOMN
ADPPEKTUBHOCTU CUCTEM C HEMETKUMU
NMAPAMETPAMM

B HacTtosien paboTte npeaioxeH MeTo OLEHKU rokasaresneri 9KOHOMUYECKON 3¢ OEKTMBHOCTY aBTOMa-
TU3MPOBAHHOIO TEXHOJIOMMYECKOIro KOMIJIeKca «OOBbEKT 3alumTbl — cuctema 6e30nacHoCTu» C BOCCTaHaB-
JIMBAEMbIMU 3JIEMEHTaMy, YYUThbIBAIOLMI HEONpeneseHHOCTb rnapamMeTpoB mogesnv. losnydyeHa HedeTkasi
oLeHKa A1 cpeaHevi npubbUIv OT SKCrlyaTaummy KOMIJiekca B eanHuLy BpeMeHu. [pyBeneH npyumep 4mc-
JIEHHOr0 BbIYUC/IEHUST UCCJIEAYEeMOro rokasaresiss 9QOEeKTUBHOCTH C HEYETKUMU rapameTpamu.

Kno4eBble cnoBa: HanexHoOCTb, rnpubbiib, 3pOEKTUBHOCTb, cucTema 6e30nacHOCTU, CIyHariHbIe BeIN4Ym-
Hbl, HapaboTKka A0 0TKa3a, CJy4ariHbIVi MPOLIECC, MAaTeMAaTUHECKOEe OXUAAaHUS BPEMEHM.
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1. MNocTaHoBKa 3apaun

B manHOi pabote MBI pACCMOTPUM MaTEMaTHYCCKYHO MOJICITh, IO3BOJISIOIIYIO OIICHUBATh
MTOKa3aTe) I IKOHOMHYCCKOH 3(h(EKTHBHOCTH MTOCIIEIOBATEIIEHOCTHBIX CHCTEM C HEYETKUMU
napametpamu. [locaeoBaTeIbHOCTHBIMU Ha3bIBAIOT CUCTEMbBI, COCTOSIHUE KOTOPBIX 3aBUCUT
OT MOCJIEe10BaTeIbHOCTH OTKA30B U BOCCTAHOBJICHUI 2JIEMEHTOB Ha IPOMEXKYTKE BPEMEHHU OT
HavaJia YHKIIMOHIPOBAHUSI 10 TEKYIIIETO MOMEHTa BpeMeHH. B HacTosmiei paboTte MbI OyemMm
paccMaTpuBaTh CHCTEMY, COCTOSIIYIO M3 00BEKTA 3allIMTHI U CHCTEMBI 0€30IIaCHOCTH.

CHCTEeMBI, COCTOSIINE U3 00BEKTA 3aLIUTHI U CHCTEMbI 0€30IIACHOCTH, IPUMEHSIOTCS TaM,
rae Tpedyercs obecreunTh 0e30MaCHYI0 AKCIUTYaTaIHIO0 TTOTCHIIMAIBHO OMTACHOTO 00BEKTa.
Cucrema 0€30IMacHOCTH MpeTHA3HAYCHA JIJIsl TOTO, YTOOBI ICPEBOANTE aBAPHITHBIC CHTYaI[UH
IIPH HapYyIICHUH HOPMAJILHOTO ()YHKIIMOHUPOBAHHS OOBCKTA 3aIUTHI B PAHT HEOIACHBIX,
T.€. BEIpa0aThIBaTh aJICKBaTHOE BO3JICHCTBHE IPH OTKa3¢ 00BhEKTa 3aIUTHI. B Takoii cucteme
HMMEET MECTO BePTUKAJIbHAsI COMOMYHMHEHHOCTD, IIOCKOIBKY OOBEKT 3allIUThl HAXOIUTCS IO
KOHTpPOJIEM cHCTeMbI Oe3omacHocTH. CrcreMa 0e30MmacHOCTH 00IaaeT MpaBoM BMEIIaTeIb-
CTBa C TeM, YTOOBI IIPEIOTBPAIIATH TOTCHIINATHHO OMACHBIC N3MCHECHUS B OOBEKTE 3aIUTHI.
Taxxe UMeeT MeCTO B3aUMO3aBUCUMOCTD J€HCTBHIA, TaK KaK yCIEMIHOCTb JEHCTBUS CUCTEMBbI
B IICJIOM H, PAKTUYIECKH, 3JICMEHTOB JIF00OT0 YPOBHSI 3aBUCHUT OT ITOBEJICHHUS BCEX IIEMCHTOB
cucTteMbl. Takum 00pa3oM, OOBEKT 3aIUTHI H CHCTEMY 0€30MacHOCTH TPeOyeTCst paccMaTpH-
BaTh B COBOKYITHOCTH KaK €IMHBII aBTOMAaTU3UPOBAHHBINA TEXHOJIOTMIECKUI KOMILIEKC «OOBEKT
3amuThl — cucreMa Oe3omnacHocti» (ATK O3-CB). Maremarnueckue MOIEIN HAJIC)KHOCTH
TaKOTO KOMILICKCA UCCIIEIOBAIUCH B padorax [1,2].

3nech MBI OyZIeM paccMaTpUBaTh CIIydaii, Kora J0X0 OT UCIoNIb30BaHusI KoMminiekca ATK
O3-Cb u 3arpatbl Ha €ro 00CITy)KUBaHUE IIPSIMO ITPOIIOPLIUOHATBHBI BpeMeHH. [Ipu ucpaBHOM
(YHKIIMOHUPOBAHUHU 0OBEKTA 3AIIUTHI OH IPUHOCHUT HEKOTOPBIN JOXOJ, 2 HA BOCCTAHOBIICHHE
IOCJIe €ro OTKa3a 3aTpaymBaroTcs cpencTBa. Crcrema 0E30MacHOCTH B IMPOIECCE €€ IKC-
IUTyaTaluyl He MPUHOCHT J0XO/a, a Ha IMOJICP:KAaHUE ¢ UCIPABHOTO (PYHKIIMOHHUPOBAHUS
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3aTpavyrBacTCs HEKOTOpas CyMMa, KOTOpas TaKKe IPSMO
MPOTOpIHOHANIbHA BpeMeHHN (DyHKIIMOHUpOBaHus. Mc-
XOJISl M3 ATHX MPEIIOIOKEHHH, MBI TTOTYYHM OLEHKY IS
cpeIHel MPHOBLIH OT IKCIDTyaTalliy KOMILIEKCa 32 BpeMs
ero paboThI 10 aBapuy. Y UUTHIBAs 3aTPaThl HA BOCCTAHOB-
JICHUE KOMIUIEKCa TOCIe aBapHH, 3aIlHIIeM OICHKY IS
cpemHel MpUOBLTH B SIUHHILY BPEMEHHU OT 3KCIUTyaTaIliH
KOMILIEKCA.

[pu ananmse mporecca QyHKIIMOHNPOBAHUS CHCTEMBI
U pacdere MoKa3aTelieil IKOHOMHUYECKON I(PPEKTHBHOCTH
MOXXET UMETh MECTO HEOIPEIeICHHOCTh PE3YNIbTaTOB,
00yCIIOBICHHAS Pa3IMYHBIMU MPUYUHAMH, HETIOJTHOTOW
CBeJICHUH 00 00BEKTe MCCIICHOBAHUSA, PA3IINIHBIMH TIPH-
OMKEHUSIMH ¥ IOMYIICHUSMH TIPU pa3padoTKe MareMa-
TUYECKOW MOJEIH, PUOIMKSHHBIMA METOAAMH PacyeTOB
U HEOIIPENIEICHHOCTh IMapaMeTpoB Moend. B HacTosme
paboTe MBI paCCMOTPHUM TO, KAKUM 00pa3oM Ha Pe3ylIbTaT
aHaJIN3a BT HEOMPEICIIEHHOCTh MapaMeTPOB MOICIIH.
JlaHHas pa3HOBUAHOCTH HEOIPEIEICHHOCTH BO3HHKACT,
MTOCKOJIBKY TIapaMeTPhl MATEMATHICCKON MOJICTH HE MOTYT
OBITh TOYHO U3BECTHBI BCIACACTBUE HEAOCTATOUHOCTH JIaH-
HBIX ¥ U3MCHUYUBOCTH XapaKTEPUCTHK.

Jlst MomenupoBaHUsT HEOTPEICICHHOCTH pa3paboTaHo
HECKOJIBKO OTIIMYHBIX JPYT OT IPyra MOAXOIOB, TAKUX KaK
TEOPETHKO-BEPOSTHOCTHBIN MTOJXO0/, HEYSTKIE MHOKECTBA
U MEpBl U HEKOTOPBIE APYrue, OOCYKICHUE PA3IUIANA U
MIPEUMYIIECTB KOTOPBIX MOXKHO HaiiTu B pabore [3]. B Ha-
CTOSIIIIEH Jke PaboTe MBI Oy/IeM UCIIONIE30BaTh KOMOWHAIIHIO
TEOPETHKO-BEPOSITHOCTHOTO MOJX0a U HEUSTKUX MEp JIJIs
MMOCTPOCHUS MAaTEeMaTHYCCKON MOJCIH, YUYUTHIBAOIICH
HEOIPEACICHHOCTh TapaMeTPOB. BBUIO IpeIIokeHO MHOTO
Pa3TMYHBIX HEYCTKHX MEp, a TaKKe ONMpeAeTICHUN HedeT-
KOTO WHTETpajia ¥ MATeMaTHIeCKOTO OKAIAHUS HEYCTKUX
BenmuvH [4, 5]. B Hamel paboTe MBI Oy[ieM HCIONIbh30BaTh
Mepy TPaBIOMOJO0US U MaTeMaTHYeCKOe OKUITAaHUE He-
YeTKUX BEJIIMYHMH Ha ocHOBe mHTerpana llloke, xak mpen-
maraeTcs B padbotax JIto [6], ITOCKONBKY TaKo# IMOIX0 XO-
POIIIO COYETACTCS C TEOPETUKO-BEPOSTHOCTHBIM TTOIXOIOM.
Jis oObenuHEHHS B paMKaX OIHOW MOIENU JIBYX BHIIOB
HEOTIPEACIICHHOCTH TaK)Xe MPEIIIOKCHO HECKOIBKO pas-
JUYHBIX ITOIXOA0B. B 4acTHOCTH, 3TO HEYETKO-CITydaitHbIe
BEJIMYMHBI, CITyYailiHO-HEUSTKUE BEIMYMNHBI U THOPUIHEIC
BenmuuHEI [7, 8]. B HacTosme paboTe MbI OyIeM HCITOIb-
30BaTh CIy4alHO-HEUCTKHUE BEIMYUHBI, TIOCKOIBKY OHH
MTO3BOJISIFOT HAHOOJIee IPOCTO ONHCHIBATH HHTEPECYOITYIO
HAC CUTYaIHIO.

2. PeweHue 3agaum

HapaGoTkn n BpeMeHa BOCCTaHOBJICHHS JJIEMEHTOB
CHCTeMBI IPH Pa3pabOTKe ee MaTeMaTHYeCKHX MoJeiel
OIIHMCHIBAIOTCA, KaK MPaBHIJIO, C TIOMOLIBIO CIyYalHBIX
BenuuuH. Hanpumep, paccMoTpum HapaboTKy 10 OTKasa
% ¢ Gynxuueil pacnpenenenus F, (#;A), rae A — BekTop
apaMeTpoB pacnpeseneHns. TodHble 3HAYEHHUs Mapame-
TPOB A B CHIIy TeX WM UHBIX MPHYIAH MOTYT OBITH HE W3-
BeCTHBI. TakuM 00pa3oM, HIMEEeT MeCTO HeOpeIeJICHHOCTh

rapaMeTpoB MOJIENH, YTO, B CBOIO OY€peab, NPUBOAUT K
HEONPEIeJICHHOCTH 3HAYEHUH MCKOMBIX IOKa3aresei 3¢-
(exTuBHOCTH. [1715 KOTMYIECTBEHHOTO OITMCAHUS YKAa3aHHON
HEONPEICICHHOCTH MBI BOCIIOJIb3YeMCsl MaTeMaTHYECKUM
annaparoM ciy4aiiHO-HeueTKHX BennduH [ 7, 8]. CyImHoCTh
HCIIONIb3YEMOT0 TT0/IX0/1a 3aKJIFOYaeTCs B TOM, UTO CIydaki-
HBIM BEJIMYMHAM INPHUIMCHIBACTCS Mepa IPaBaomnonoouns
[6]. CyuaiiHO-HEUeTKHEe HapaOOTKH 0 OTKa3a M BpeMeHa
BOCCTAHOBJICHHUSI OyJ€M OIpENeNATh, NCIONb3Ys CXEMY,
MIPEUIOKCHHYTO B [7]. UTOOBI 3a7aTh CITy4ailHO-HEYETKYIO
BEJIMYMHY ), YKa’)KeM CEMEHCTBO BEPOSITHOCTHBIX pacipe-

JIeJICHUI {Fx (z‘; A (9 )) ,0 € G)} Ha BEPOSATHOCTHOM IPOCTPaH-

ctBe (©,A,P), Tne A — HeweTkuit BEKTOD, OIIPEJICIICHHbII Ha
npoctpancTse npasononodus (®,I1,Cr), koTopomy cooT-
BercTByeT QyHKIuMs mpuHamiekHocT W (X). Hanpumep,
x~EXP()\), ecnu

1—e® ectu 120
F,(t;M0)) = )

0, uHaue.

rae A — HedeTkas BeJIW4YHMHa ¢ (DYHKIHEH IPHHAIICK-
HOCTH L (X).

B [7] nokazaHo, 4TO eciu 3ajaHa cllydallHO-HEUYeTKast
Benmu4mMHA y, TO P(y€A), tne ACR, To u My, SBIAIOTCS
HeueTkol BesmunHOW. Takum oOpas3om, mapameTrpsl pac-
CMaTpPUBAEMOIN MaTEMaTHIECKOM MOJIEITH — 3TO ITAPAMETPBI
pacnpesienieHni HapabOTOK /10 OTKa3a U BpeMEH BOCCTAHOB-
JICHUS, @ UX HEOTIPEEIICHHOCTh ONUCHIBAETCSI C TOMOIIBIO
COOTBETCTBYIOIINX (DYHKIIMU MPUHAIICKHOCTH. 3a1aB
Clly4ailHO-HEYeTKHe HapaOOTKH 10 OTKa3a U BpeMeHa BOC-
CTAHOBJIEHUSI, Mbl MOXKEM ITOIYUNTH (PyHKIIUH TPUHAICHK-
HOCTH U JUTsl TIOKa3aTeneil 9KoHOMUUecKoi 3()(heKTHBHOCTH.
J11st cpaBHEHHMS IOJTyYSHHBIX PE3YJIBTATOB C PE3yJIbTaTaMHu,
MTOJIyYeHHBIMH KJIACCHYECKHMHU METO/IaMH, MOXXHO BOC-
TI0JTE30BATHCS MPOIIEAY PO neda33udukanny, B pe3yprare
MIPUMEHEHHsI KOTOPOI HEUETKOHM BEIMUMHE CTAaBUTCS B COOT-
BETCTBHE XapaKTePHU3yIOLIas ee yeTkas BenunHa. J{ist ato-
TO B JaHHOH paboTe MBI BOCIIOIB3YEMCSI MaTEMATHIECKUM
OXKHIaHUEM CITy4alHO-HEUETKHUX BEINYMH, KaK OMHCAaHO B
[6]. Takoit mOIX0q HAMITYYIINM 00pPa30M COUETACTCS C HC-
T10JTb30BaHUEM B IaHHOM paboTe AJIs OITMCaHus HApaOOTOK
JI0 0TKa3a ¥ BPEeMEH BOCCTAHOBJICHUS CITy4alHO-HEUETKIX
BEJINYNH.

Xopo110 U3BECTHO, YTO ISl OTIMCAHMS Tporiecca QyHK-
LIMOHNPOBAHMS BOCCTAHABIINBAEMBIX JIEMEHTOB MOXHO HC-
T10JTb30BaTh AIBTEPHUPYIOIIUE ITPOLECCHI BOCCTAHOBIICHUS,
a Takke W npoueccel HakoruieHus [9, 10, 11]. B paborax
[1, 2] mpouecc pynkunonuposanus ATK O3-Cb onucsiBa-
€TCsl C TOMOIIIBIO HATIOXKEHHS IBTEPHUPYIONIHX ITPOIIECCOB
BOCCTaHOBIICHHSI.

[TockonbKy B HacTosimiei padoTe MBI MEPEXOIUM OT
CITy4JaifHBIX BEJIMYHH K CITy4aifHO-HEUETKHM BEJIMUMHAM, TO
HE0OXOANMO pacCMaTpPUBATh CIy4aifHO-HEUETKUI Iporece
BOCCTaHOBJICHUSI U CIIy4aiiHO-HEUETKHUH IpoIiecc HaKoIIe-
HUSL, KOTOPBIE OBLTH MPEIUIOKEHBI B padoTax [4, 6].
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OnumeM Teneps moapodHee mpomnece (GyHKITMOHUPO-
BaHUs PacCMaTPUBAEMOTr0 KOMIUIEKCA B PAMKax IMpej-
nmaraemoit mofenn. O603HaYNM HapaOOTKY 10 MEPBOTO
0TKa3a 00bEKTa 3aIIUTHI ¥ |, HAPaOOTKY 0 OTKa3a 00bEKTa
3aIUTHI T0CJIE ETO MEPBOTO BOCCTAHOBICHNUS 0003HAYNM
%2, TIOCJIE BTOPOTO BOCCTAHOBIIEHNUS — 3 U T.11. IlocKONbKY
MBI pacCMaTpHUBaEM PereHepUPYIOLIHiA poliece, To OyaeM
MIPEATIONaraThb, YTo BCE ; OAMHAKOBO paclpeeeHbI U He-
3aBHCUMBI. BpeMst BOCCTaHOBIIEHHSI ITOCIIE IIEPBOTO OTKA3a
00BeKTa 3amUTH 0003HAYNM Y, BpEMsI BOCCTAHOBICHHS
[I0CJIE €r0 BTOPOTO OTKa3a — Y, U T.A. Bce ciyualinble Be-
JMYUHBI ¥; TAKXKE CINTAEM OJMHAKOBO PACIPEICICHHBIMA
U HEe3aBUCHMBIMU. byziem paccMaTpuBath ABa BUJa OTKa-
30B CHCTEMBI 0€30TIIACHOCTHU: CKPBITHIE OTKA3bI M JIO)KHBIE
oTka3bl. CKpBITBIE OTKa3bl CUCTEMBI 0€30ITACHOCTH — 3TO
TaK#e OTKa3bl, KOTOPEIE HE MOTYT OBITh OOHAPYKEHBI 0e3
MIPOBEIEHUS CIIEIUAIBHBIX MEPONPHUSITHHA 110 KOHTPOIIO
paborocmocobHOCTH CHCTeMBI Oe30macHOCTH. JIOKHBIE
OTKa3bl CHCTEMBI O€30MaCHOCTH — 3TO TaKHE OTKa3bl, KO-
TOpBIE TPUBOAT K CAMOIIPOU3BOIBLHOMY (POPMHUPOBAHUIO
3aIIUTHOTO BO3AEHCTBUS IPU UCTIPABHOM OOBEKTE 3aIIUTHI.
0O0603Ha9IM HapabOTKy 10 TIEPBOTO CKPBITOTO OTKa3a CH-
CTeMBI 0e30macHOCTH &1, HapaOOTKy 10 CKPBITOTO OTKa3a
CHCTEMBI OE30ITaCHOCTH TIOCIIE €€ TIEPBOT0 BOCCTAHOBIIE-
HUS 0003HaUNM &), TTOCTIE BTOPOTO BOCCTAHOBICHHS — &3
u T.1. Bece &; oguHakoBO pacmpeiesieHsl U HE3aBHCHMBI.
Bpemst BoccTaHOBIIEHUS CHCTEMBI O€30MaCHOCTH IOCIIE
0oOHapy>KeHHS €€ ITEPBOTO CKPBITOTO 0TKa3a 0003HAYNM 1|1,
BpEMs BOCCTaHOBJIEHUS IOCIIe OOHAPYKEHUS €€ BTOPOTO
CKPBITOTO OTKa3a — M, U T.1. Bce 1; Takke OAMHAKOBO
pacmpeneneHsl U He3aBUCHUMBL. O003HauUM HapabOTKy
JI0 TIEPBOTO JIOKHOTO OTKa3a CUCTEMBI 0€30MacHOCTH @,
HapaOOTKy 10 JIO)KHOTO OTKa3a CHCTEMBI 0€30MacHOCTH
MoCJIe MEePBOTO BOCCTAHOBICHUSI 0003HAYNM (), MOCIIE
BTOPOTO BOCCTAHOBICHHS — (3 U T.1. Bece ¢; He3aBuCHMBI
U OZIMHAKOBO pacmpejeieHbl. Bpems BoccTaHOBIEHUS
MOCIIE EPBOTO JIOKHOTO OTKa3a CUCTEMBI 0€30IIaCHOCTH
0003Ha4YNM |, OCTIE BTOPOTO JIOKHOTO OTKa3a — Y, U T.JI.
Bce y; Takxke He3aBUCHUMBI U OJJMHAKOBO PACHPEAEICHBI.
[Tockompky crucTemMa 0€30MacHOCTH (DYHKIIMOHHPYET B
peXHUME OXKMIAHHUS OTKa3a 00BEKTa 3aIUTHI, TO HEBO3-
MOXHO OOHApyXHUTh €€ CKPBIThIE OTKa3bl B MOMEHT HX
BO3HUKHOBEHHA. [lo3TOMY 11 OOHApYKEHUSI CKPBITHIX
OTKa30B BBOJIUTCSI IIPOLIEAYPA TEPUOIUIECKOTO KOHTPOJIS
UCTIPAaBHOCTH CHUCTEMBI Oe3omacHocTu. [leprnoa koHTposs
ucmpaBHOCTH 0003HaUNM 7, a €ro ATUTENbHOCTE — 0. Ha
BpEMs [IEPUOJMUECKOTO KOHTPOJIS CHCTEMA O€30MacHOCTH
MepecTaeT BBHIOIHATh CBOM (YHKIHH. TakuM oOpazom,
aBapus KOMIIJIEKCA TPOUCXOIUT B TOM CITydae, KOT/ia OTKa3
00BEKTa 3aIIUTHI IPUXOIUTCS HAa HEPabOTOCTIOCOOHOE CO-
CTOSTHHE CHCTEMbI Oe30macHoCcTH. MOMEHTaMH pereHepa-
UK Tponecca (pyHKIMOHUPOBAHMS KOMIIIEKCA SBIISIOTCS
MOMEHTBI OKOHYaHUS BOCCTAHOBIICHNSI 00OBEKTA 3aIUTHI, B
3TH MOMEHTHI KOMIUIEKC KaK ObI 3a0BIBAET CBOE MPOIIOE U
BO3BpAILaeTCs B UCXOHOE cocTosiHne. Homep nmkia pere-
Hepanuy rnpoiiecca GyHKINOHUPOBAHHS KOMITIEKCa, Ha KO-
TOPOM IPOM30IIIA aBapus, 0003Ha4nM v. B cooTBeTcTBUN
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C TIPUBEICHHBIMH BBIIIE COOOPAKCHNUSIMH, BETUNINHBI )}, Vi,
&, Mi» Pj, Wi U V ABJIAIOTCS CITyYalHO-HEUETKUMH.

Kak MBI ye yImoOMHHAIIN BBIIIE, JOXO[ OT SKCIUTyaTalun
1 pacxozibl Ha 0OCITyKHMBaHHE KOMIUIEKCA TPSIMO IPOIIOp-
LIMOHAJIBHBI BpeMeHHU. BBenem cienyroniie 0003HaueHMS:
Cy — I10XOA B €AMHHILy BPEMEHH OT (DYHKIIMOHHPOBAHUS
oObekTa 3ammuThl, C; — 3aTpaThl B €IMHUILy BPEMEHH Ha
BOCCTaHOBJIEHHE O0BEKTa 3alUTHI MOCIE ero oTKasza, C,
— 3aTpaThl B €AMHUILY BPEMEHH HAa BOCCTAHOBIICHHUE MOCIIE
JIO)KHOTO OTKa3a CHUCTEeMBI Oe3omacHocTH, C3 — 3aTparsl
B €IMHHUIly BPEMEHHU Ha (DyHKIMOHHPOBAHUE CHUCTEMBI
6e3omacHocTH, Cy4 — 3aTpaThl B €AMHAILY BPEMEHU Ha KOH-
TPOJb cUCTeMbI Oe3zomacHoCcTH, Cs — 3aTpaThl B €AUHUILY
BPEMEHHM Ha BOCCTAHOBJIECHHME CHCTEMBI 0€30MacHOCTH
MocyIe CKPBITOTO OTKA3a.

[Toxazano, 9TO ciy4yaifHO-HEUeTKass HapaOOTKa ® KOM-
IUIeKca 10 aBapHH OTpeesieTcs Tak [2]:

v-I1
_ ’
0=>1+1),
i=1

rae T, — clydallHO-He4YeTKas IUTHUTEJbHOCTh LHKIIA
pereHepanuu npouecca GyHKIMOHHPOBAHUS KOMILIEKCa,
Ha KOTOpOM HE OBLIO aBapwu, a T; — CIy4daiiHO-HEUeTKast
JUTUTENBHOCTD LUKIIA pereHepaliy npouecca GyHKIHOHH-
POBaHHMs KOMIUIEKCA, Ha KOTOPOM Ipoun3onuia aBapus. Torna
U UL CIy4aifHO-HeYeTKOM MpUOBLIN p 3a BpeMst (PyHKIHO-
HHUPOBAHHS KOMILIEKCA J0 aBapUH CIIPABEIUINBO

v-1
p=Y.0,+0,,
i=1

I1e O; — cilydaifHo-He4eTKas NPUOBUIb 32 OAMH LIUKII
pereHepanuu npouecca GyHKIHOHHPOBAHUS KOMILIEKCa,
Ha KOTOPOM He OBLIO aBapwu, a G; — CIy4dailHO-HEUeTKast
MIPUOBLIH 32 OJMH UK PETeHEePaNnH Iporecca QpyHKIIHO-
HHUPOBAHHS KOMILIEKCa, Ha KOTOPOM IIPOU30IIIIA aBapHsl.

Hanee MBI BoCIIOJNB3yeMcsl TeM (aKTOM, YTO IS KaK-
noro ¢ukcupoBanHoro He® Benmunuel M»(0), Mt,(0),
Mnr;’(0), Mp(0), Mc0), Mo, (0)u Mv(0)ABAIIOTCA YSTKH-
MU BenmmauHamH [6]. st kaxknoro pukcupoBanHOTO 0€®
CIIPaBEJINBO

v(e)-1
Mo©)=M ; T,0)+1)0)|n
v(e)-1

Mo (0)=M ; ,(0)+0,,0)|

[NockonbKy, paccMaTpuBaeMble Cily4aliHbIe BEJIMYHHEI
JUISL KaXA0To (PUKCHPOBAHHOTO O€® HE3aBHCHUMBI, TO
UCTONB3ys (GOpMyIly TOJHOW BEPOSITHOCTH, MOXKEM 3a-
IHCaTh!

v(e)-1
P z S, (9)+(5V'(e)(9)2r =

i=1

-3 P(©)-k)F 20 ©)+070)2r |u
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0 v(e)-1
Mp@®)= jp( Y. 6,0)+0,,0)> rJdr =

- gP(v ©)- k)M(gl‘ci ©)+o! (e)).

[IpuHMMas BO BHMMaHHE TO, YTO paccMaTpHUBacMble
BEJINYMHBI HE3aBUCUMBI ¥ OAMHAKOBO PACIPENEIICHBI, 110-
Tydqaem

Mp©)= S P(©)=4)4 ' 0)+ (- )o)=
=M (G’(9)+ (v (8)- I)G(G)).

[NockoipKy mporiecce GyHKIMOHUPOBAHUS CHCTEMBI 0€30-
MTACHOCTH TEXHOJIOTNYECKOTO KOMIUIEKCA —3TO PEreHEPUPYIO-
LM IpoLiece, TO BEPOSITHOCTh TOT'0, YTO IPOM30MIET OTKa3
KOMIUTEKCa Ha k-OM LUKJIE PEreHepay MOKHO 3al1caTh

P((0) = k) =r(O)(1 - r(0)*",

e 7(0) — BeposSTHOCTH OTKa3a KOMIUIEKCa B MHTEpBalaxX
BOCCTaHOBJICHISI CHCTEMBI Oe30macHoCTH. Toraa cirydaifHo-
HEYETKYIO HapaOoTKy (0) 1 cIydaifHO-HEUSTKY IO TPHOBLITH
p(0) 3a Bpemst pabOTHI KOMIUIEKCA 0 aBAPUH MIPH YCIOBHH,
YTO PacCCMaTPUBAEMBbIE BEIIMINHbBI HE3ABUCUMBI M OTTHAKOBO
pacIpesiesnieHbl, MOKeM TeperncaTh s KaKA0T0 (PUKCH-
poBanHOTO O€O:!

Mo®)= e 01— i)

r@®)

mp©)= 0" @)+ = O s ),
r@®)

rae 7(0) — BepoATHOCTh aBapuy Ha [IUKJIE peTeHEepaInn
npornecca QyHKIMOHHPOBAHHS KOMILIEKCA.

Teneps paccMOTPUM MOAPOOHEE IIUTEIBHOCTH IUKIIOB
pereHepaIiy 1 COOTBETCTBYIONTIE UM MPUOBLTH. CpeHIO0
JUIITEIBHOCTD LUKJIA PereHepauun npouecca QyHKIHO-
HHUPOBaHMS KOMIUIEKCa, Ha KOTOPOM He OBbLIO aBapHu, Ui
Kaxoro 0 €®, ompenenum Tak:

Mz @)=M (min(x(e), 0(0)) +7(8) 00y +W(0) J¢<e)s>c(e))’

rae J, — 9To HHAUKaTop coObITHA A. CpenHss AIUTENb-
HOCTb LUKJIa PEreHepalnu mnpoiecca GpyHKIHOHUPOBAHHUS
KOMILJIEKCa, HA KOTOPOM MPOM30IILIA aBapHs, ISl KKI0TO
¢ukcupoBanHoro 0€® pasHa M(t'(0)) = M((0)). Heuet-
KO€ MareMaTH4ecKoe OXKHJaHWE MPHOBUIM 33 OJMH IHKII
pereHepaiuu nporiecca (GpyHKIIMOHUPOBAHUSI KOMITIEKCa, Ha
KOTOPOM HE OBIJIO aBapuH, U K&KAOTO (PUKCHPOBAHHOTO
0e® nmeer BUI

(CO —Ces (9 )) min (X (9) ,0 (9 ))_

-Cyy (6 )Jx(e)<¢(e) -Gy (6 )‘]‘D(e)éx((*) ’

o)

rae Ccy(0) — 3aTpaThl B €IUHHILY BPEMEHH Ha SKCILTya-
TAIMIO CHCTEMBI O€30MTaCHOCTH.

HeueTkoe mMaremarnueckoe OXHAaHHE NPHObUIA 3a
OJIMH LIUKJI pereHepanuu npoiecca GyHKIHOHUPOBAHUS
KOMILJIEKCa, Ha KOTOPOM ITPOM30IIUIA aBapHUsl, Ul KaKI0-
ro ¢ukcupoBanHoro € ® 3ammceBaerca kak M(c'(0)) =
M((Cy—Cc5(0))x(0)). Torma, BEITOTHAS HECIOXKHBIE IIpe-
00pa3oBaHMs, 3aMHIIEM TS KaX10r0 0€®

MG ©)=(C,~Csy (e))j (1= (%, @) (1~ £ (52, @) -
(-, @) 1- 5, ), (7,6) -
-C.f(1-r, (55, @)af £ (67, ©)ar, (7, 6)

Mo’ 0))=(C, - Cey ® ))I (1-F, (5%, @),

M(@))= I(l - F, (1%, ©)))(1- F, (57, ©)))dr-+
+I (1 —ﬁ;(t; X (e))) dt (1 - IFd, (t; A (e)) dF, (,; A (9))) n

oo

+J(1-F, (<7, @)t £, (<7, @), (<1, (6))

0

M@ ®))= ];(1 ~F, (t;XX (e))) d.

J17151 TOro 94TOOBI BEIMUCIHTD MaTEMaTHYECKUE OXKUIAHUS
M(o(0)) u M(p(60)), Ham HEOOXOIMMO TTOTYIUTH COOTHOIIIE-
HHUE JUTSI BEPOATHOCTH 7(0) mpr KakaoM (PHUKCHPOBAHHOM
0e®. O6o3Ha"ass BepOATHOCTH HECPAOATHIBAHUS CHCTEMBI
6e3omacHocTH ¢(0), momydaem

r®)=P(x®)<0@))}®)=
_ [1_15; (1%, @))F, (s, (9))Jq(9)-

CrenoBarenbHO, aBapus KOMILJIEKCa TPOUCXOMT TOT/A,
KOTr/ia 0TKa3 00beKTa 3allUThl MPOU3OMLIEN 10 JIOKHOTO
0TKa3a CHUCTeMbl 0€30MacHOCTH, U MPU ITOM CHUCTEMA
6e30omacHOCTH HE BBIpaboTaja 3alIMTHOE BO3ICHCTBHE
BCIIEJICTBUE €€ CKPBITOro orkaza. OTMETUM, 4TO pac-
CMaTpUBaeMble COOBITHSI CTATUCTHYECKH HE3aBUCHUMBI.
Brramcnum Temeps COOTHOIICHHE TSI BEpOSTHOCTH ¢(0).
O603HaunM OF(0) — MHOXKECTBO TEX MOMEHTOB BPEMEHH,
Ha TIPOTSDKEHUH KOTOPBIX CHCTeMa 0e30MacCHOCTH ClIocO0Ha
MMapupOBATh 0TKA3 00BEKTa 3aIUTHL, a O (0) — MHOXKECTBO
MOMEHTOB BPEMEHH, Ha TMPOTSHIKEHUH KOTOPBIX CHUCTEMa
0e301MacHOCTH HE CIOCOOHA MAapHpOBATh OTKA3 00BEKTa
3amuTHE. BeposTHOCTH ¢(0)BBIYHCIACTCS CIASAYIOIINM
oOpa3zom:
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q©)= TP(t €0 (0))dF, (1%, (e)).

CJie10BaTeNbHO, HEOOXOANMO BBIUUCIHUTH BEPOSITHOCTh
P(te O (0))mns xkaxxaoro ¢pukcupoBanHoro 0 €®. 3anumem

P(te0 (0))=1-P(rc0" (®))=1-P" (;0).

B coorBercTBHE ¢ hOpPMYITON TOTHOI BEPOSTHOCTH
uMeeM

P e0)= [ [P0 0)150)= )= )

<dF, (52, (0))dF: (x:2 ).

I[Tpouece GyHKIMOHUPOBAHUS IEPUOANIECKH KOHTPOIIH-
PpyeMoii cucTeMbl 0€30TaCHOCTH SIBIAETCS PEreHEPUPYIOIIIM

criepronom pereneparyu T ., (§,1) = ([T&TS] + 1) (T+8)+n,

e [x] — aTo menas 9acthb x. Torja MokeM 3aIrcaTh:

o P(te0"(0)150)=xn(0)=>)
’ (”9)‘%([£>sf[da (7, @) (57 0) ]
. [p(zeQ*(e)E‘;(e)=x,n(9)=y)]_

o, (57, 0)ar (7 0) )T

Boruncnum cHavana /,:

[TiS}I
- ” mZ:O Jle[m(T+5),m(T+6)+T)+Jl€|:|: . ](M)’X) :

T+8

Tep (0, 0)>t

aF, (v, @©))dF; (7 ©)).

rae J,. 4 — MTHIUKATOp COOBITHS t € A. OmycKast HEKOTOpBIE
HECJIOKHbIe, HO IPOMO3JIKHE NPeoOpa3oBaHus, 3alHIIeM
cpasy pesyJbTar:

L= r o) 3t HCORO)

= '(J(m_l)(ma)mgt

—Jm(ﬂs)g) i
= £, (17, 0))- £ (17, ©)).

e

F (nX, (0))=1- ( A (T 8)% (e)))

=1 —

” (J(m—l)(T+8)+T5/ S syt
— (GYHKIUS pacnpeeseHusi, HEKOTOPOH BCIoMora-

TEIBHOU cirydaifHoW BenmmuuHHl (. PaccMoTpum Temepn

cnaraemoe /;:

34

1= ” P (t_Tcs (x,y))dﬂ (y;in (9))611‘?E (x; 7;5 (9)):

Tep (X,0)St

= .:[P* (t-z)dF,, (z; hy 0).1 (6 ))

Taxum o6pazom, cymMmmupys I, i I,, Ipu KaxI0M (UKCH-
poBaHHOM O€® moydaeM WHTETpaJbHOE YpaBHEHHE IS

P(te0(0)):
P'(5:0)=11:0)+ [ P*(t=2)dF, (=%, 0). % ©)). (1)
rae

F.. (z; Xn ®), 7:5 (9))= P([{%} + IJ(T +8)+n(0)< z]

— (hyHKUHMS pacupenereHUs CITyJaifHO BeTHIUHEI T g,

1 @0)=F, (1.2 (0))-F (1.7 0).

HWcnone3ys mpeobpazosanue Jlamnaca-CtunTseca u Tay-
OepOBBI TEOPEMBI, HETPYIHO MOJYYUTh ACHMITOTHYECKOE
pemrenne ypaBHerus (1):

lim P* (r;é)):—m(e)_MC 0)_,_

o Mty (9) 1)

Omnyckasi HECJIOKHbIC BBIYUCICHUS, IPUBEICM BbIPa-
JKSHUS ISl MaTeMaTtndecknx oxumaanit ME(0), ME(D) u
Mrcg(0):

ME(0)= SM{%} =

= sg k(7 ((e+ D)+ 8):2,(0)) - F (k (T+8):2,(6))),
ME®)= [ (1- 7. (<. (©))

M1, (0)= T(I—Fn (1, (9)))dt+(T+ 3)-
.(Hgk(@ ((e+1)(T +8): A, (0))- F: (k (T +8): (9)))).

BprunciauM Temeps pacxombl Ha SKCIUTYaTalHI0 CH-
ctembl 6e3omacHocTH Crp(0) ms kaxmoro pukcupoBaH-
Horo 0€®. PaccMoTpuM mpormecc QpyHKITHOHHPOBAHUS
cucTeMbl 6e3omacHoCTH. IIporecc GyHKIIMOHUPOBAHUS
CUCTEMBI 0€30IIaCHOCTH SBISACTCS aJIbTEPHUPYIOLIUM
IIPOLIECCOM BOCCTAHOBJICHUS C IEPHOJOM pereHepannun

T (€M)= (T+5)(|:T§T6] + 1) +1. Ucnons3sys opmysty
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TIOJTHOH BEpOSITHOCTH U 0003HAYas 3aTpaThl Ha dKCILUTyaTa-
1uro cucteMsl 6e3onacHocTH Cop(2;0) K MOMEHTY BpeMeHN
t UMeeM:

Ces (t;e) = J-_[ Ces (t;e)|§(e):x,n(9):y ng’n(x, s 7:.5 (9)’ }:n (9))
00

ITpu BeiBome Ccx(1;0), cnenyer paccMarpuBaTh ABa
Cilyyasi: BO-TIEPBBIX, KOTAA Tcp(X, ¥)<f, T.e. TIEPBBIH IUKII
pereHepanyy 3aKOHYHIICS 1O MOMEHTa BPEMEHH ! U, BO-
BTOPBIX, KOTJIa Tcg(X, V)>, a ClIe0BaTeIbHO, EPBBIH IIUKJI
perenepanuu npouecca ¢pyHknnonuposanus Cb He 3akoH-
YHJICS 1O MOMEHTa BpeMeHH ¢. Toraa 3amumiemMm

£, (733 6), %, (6)+

Co (0= [] Corltgy., ., 4

Tep (X,y)St
(x ik (0). (6)) S, +S,.

+ ” Ces (1;6)

Tep (x,0)>1

E@)=rn@)=y
Bbruncnum cHayana S:

i [elEslreedFsl )

Tep (r )<t +Csy+ Cop (1 =T5(x, ¥):0)

dFé,n x,y;xg (9), Xn (9))2

[[ +8}+ 1)T+
- Il
] e ([%} 1]5 +Cgy

Jewtz0u_(1,6)7,6)

2/ (X,y; X@ (9 )’ Xn (9 ))+

Janee Oymem BBIYUCITATE S5

s=

‘ ¢
C,|—|T+C,|——|0
£ae ( 3[T+6] " 4[T+8] "

( (T+5)] - [ ](m)q +

(T+6) T| |J :
J r—[ﬁ](ﬂ—é»T ]

dF, (x, ik 0).7, (e))_+
o c, ([T 5]+1)T+C ( T16}+1)5+
[ +Cs(f—([Tis}“)(“5))

dF; (X, s X; (9)’ Xn (6)),

:|+1](T+8)>1

[CT+C

rae x* = max(x,0). Cymmupys S, u S, moiaydaem ypas-
HEHHE JUTS CPETHIX CyMMapHBIX 3aTpaT Ha SKCIUTyaTaluio
cucreMsl 6e3omacHOCTH Cx(£;0) K MOMEHTY BPEMEHH ¢

Coy (1:0) =g (1:0)+ [ Coy (1~ :0)dF, (217, (0). %, 6)). 2)

I'ne

[ +8]+1)TdF (w2, 0))+

([Tiﬁ ]+])(T+6)St
+ [L]TJr(t—[L](THS))J +
T+9 T+9 z—[T’j]ma)sr

dF. (x:%, 0)) |+

+TJ

f[ris]mwj([ : }J)(Mw

T+8

R e i

t +
+(z—[m](T+8)—T) J"[Tia](”a“].

J dEi(x;X&(O)) +C5[ H deE,n(x,y;Xg(e),Xn(e))+

Tep (¥ p)St

‘+1](T+8)>1

I

%]H](THS)SI

]+1)(T+ S)IdFm(x, ik (0).%,0))|.

Pemenne ypaBHeHus (2) HAXOAUM C IPUMEHEHHUEM TIpe-
obpazoBanus Jlamraca-CtunTbeca U COOTBETCTBYIONINX
TIpe/IeNIbHBIX TeOpeM. B urore noyuaeM acHMITOTHYECKOE
peureHue ypaBHeHHs (2) B BHIE:

CCB (9 ) = lim M =

_ CTMa @)+ c’g;m ©)+C.Mm©)
M, 6)

o2}

Y k(R (41T +8):R, 0)- £ (k(T+5):, @)

k=1

e

Takum 06p2130M, IMOJIYy4YrB BCC H606XO)II/IMLIC COOTHO-
MeHUA, Mbl TCIICPb MOXKEM BBIYUCIUTHL MATCMATHUYCCKHUC
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oxunananst Mm(0) u Mp(0) npu kaxaoM GpUKCHPOBAHHOM
0@, a 3TO 0O3HAYALT, UTO B COOTBETCTBHU C OTIPEICIICHUEM
(hyHKIMU OT HEYETKUX BETHUYUH [6], MBI 33171 HEUCTKOE
MaTeMaTHYecKoe OKUIaHue HapaOOTKH JI0 TIEPBOH aBapHu
Y HEYETKOE MaTeMaTHYeCKOe OXKHUAaHHE IIPUOBIIN 32 BPEMS
PaboThI KOMIUIEKCA 10 aBapHH KaK (YHKLHH OT HEYSTKUX
napaMeTpoB MOJENHU. 3alullieM Telepb BBIPaXKEHHE IS
cpenHeil pUObUIM B SIMHHIYY BPEMEHH OT SKCILTyaTalluu
KOMIUTeKca. [IpuMeHsss XopoIo u3BecTHy GopMyiry Uit
nporiecca HakoruieHus [11], 3amumem i Kaxaoro Quk-
CHpPOBAaHHOTO HE®:

Mp(6)- CBT(I — Fy (17 (B) et
Mo (9)+T<1—FB (5%, )))de ’

e 3 — ciry4aifHO-HEYeTKOE BPEMsI BOCCTAHOBIICHHSI KOM-
TIeKca mocne asapud, Cg — 3aTpaThl B €JMHUIYY BPEMEHH
Ha BOCCTaHOBIICHNE KOMIUIEKCA TIOCIIE aBapUH

Jliist Toro 9To0BI 3anucaTh COOTHOMIECHUS T (DYHKIMH
MIPUHAUICKHOCTH BeTTMauH M®, Mp 1 Cpri BOCTIONB3yeMCS
MpUHIUIIOM pacmupenus 3ae [6]. Tak ¢yHKIus nprHa-
JIKHOCTH BEITMYHHBI M® NMeeM:

Cark (9) =

Mo (V)= p

Ime
fl 551’%2’%37}47;5’26):
r(= l—r(fl,i3,)?4,5c'5) S
T (x1)+ r()?,,)@,)@,)@) T(x17x2’x53x6)a
MT(XI,EZ,)?S,)?(,):J(I—FX (6:5))(1- F, (6:5,))dr+

j(l F xz)dt( jF (t:%,)dF, (z; xl)]

0

-, @5 7 (), (:5),

Mr' (%)= ]:(1 ~F, (55))d.

r(xl,xs,@,xs):(pjﬂ, (t;%,)dF, (t;)"cl)]q()?3,>?4),
0

q@’mzl—m@) ME ()

NA x}’x4)

MG (3,)= agk(@ (k+1)(T+8):%, )~ F (k(T+3):5,)),

36

Ve ()= [(1-F ()
M, (3,,%,)= T(I—Fn (t:%,))dt + (T +3)-
.(1+gk(Fi (k+1)(T+8);%,)-F, (k(T+6);f3))).

AHAIOTHYHO 3anuiieM (YHKIUIO TPHHAISKHOCTH Mp

IJ’Mp (y) - Sllp

I'ne

l—r(xl,x3,x4, 5)

r (%) %yp Xy Xs )

(Co = Cep (}y }4))'

.j(l—FX (33 ))(1—F¢ (6:%,))dt - C, -
f(l F, (:%,)) dt[ _[F (:3.)dF, (z; xl)]

0

-C. j(l F, (t xﬁ)) J (t X )dF (%),

0 0

Mo’ (%, %,.%,)= (G, = Cos (3. 3,)) [ (1= F, (6:%,)) a,

o3

Cu;( 3»’64)~

C,TMo. (%, )+ C,3 Mo (7, )+ C, T (1-F, (5:%,))dt
0

Mt (%,,%,)

Ma (%,)=1+
+;k(@ ((k+1)(T+8): %)~ F. (k (T +5):%,).
Y jutst C i 3armumien:
Moy (y)— } ,SPP o )min (“xx (%), Mg (%),

e b, (B, ©) by, Gy, @)
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T'ne

fs (xl’x27x3’x4’x5’x67x7)=

£ (551,)?2,)?3,)?4,)?5,26)—CBJ(I—FB (6%, ))dt
0

1, (% %y, 505 5 )+ (1= F (6%, )
0

Taxum 00pa3zoM, HaM YIaJOCh 3alicaTh COOTHOLICHHS
JUISL ICKOMBIX (DYHKIIMY NPUHAUISKHOCTH Yepe3 QyHKLUH
NPUHAUISKHOCTH [TapaMeTPOB MOJIEIIH.

PaccmoTpuMm Temeps mporneaypy nedaszzupuKanui.
Kax MBI yrioMuHa/ImM paHee, BOCIOIB3YEMCs ISl 9TOTO 10-
HATHEM MaTEMaTHYeCKOTO OXXHMIAHMS CIy4aiHO-HEUETKUX
BeIW4HH [7]:

E[p]=[Cri® e©| Mp(®) = ridr -

[ crio co| Mp©) <ridr.

—oco

Jlst Toro, 9TOOBI HATH COOTBETCTBYIOIIYIO MEPY IpaB-
JIOTIOAO0HUST HEOOXOIMMO BOCIIOJIB30BATHCS CIIEAYIONTIM
COOTHOIICHUEM MEKIY MepOii paBaOIono0us 1 pyHKINEH
MIPUHAICKHOCTH [6]:

CriMp < B) = l(sup b () +1 sup (y))
2\ yes yeR\B

AHanoruvHo Beraucisiiores E[o] u E[Cyrx].

HerpynHo 3aMeTHTh, YTO OCHOBHYIO CIOXHOCTH B
JTAHHOM CJIy4ae COCTaBJSIET BBIYMCICHNE (DyHKIMH MpH-
HaJIC)KHOCTH. BBUTH MpeIoKeHbl pa3IndHbIe METO/bI
JUISL pEeIIeHns 3TOHM 3aAadu, HaIpUMep, HHTEepBaJIbHas
apudmernka. OqHAKO HAWTYYIIEe COYCTAaHNE YHUBEPCAITh-
HOCTHU ¥ TIPOCTOTHI peali3aluy, Ha HaIl B3I, o0ecte-
9uBaeT 0000MIEHHBIH MEeTO TpaHC(OpPMannu, KOTOPHIH
Op11 TpemIokeH XaHccoM [12]. DTOT MeTox MO3BOISET
BBIYUCIIATH (QYHKIUH MPUHAIISKHOCTH Uil QYHKIUH OT
HEYEeTKHUX Ben4HH. [Ipr 3TOM MOXKHO paccMaTpuBaTh Kak
MOHOTOHHBIE, TAK 1 HEMOHOTOHHBIE (DYHKIIMM OT HEUET-
kuxX BennuuH. CyIIHOCTh JaHHOTO METO/a 3aKII0YacTCs
B JIEKOMMO3UINHU (QYHKINH MPUHAMIC)KHOCTH apryMeEH-
TOB Ha MHOYKECTBA (l-ypOBHS, BBIYNCICHUN 3HAUYCHHUU
(hyHKITH Ha TTOIYIC€HHOM Habope TOYEK U TOCIeAYIOIeH
PEKOHCTPYKLMH UCKOMOM (pyHKIIMM NMpuHamAIexHocTh. K
MIPEeNMYIIECTBAM YKa3aHHOTO METO/1a TAKXKE OTHOCHUTCS TOT
(haxT, YTO HA ETO OCHOBE MOYKHO OLIEHMBATh BKJIA]] Ka’KIA0TO
13 HEYETKUX apTyMEHTOB B HTOTOBYIO HEOIPEIEIEHHOCTh
pesyasrara [12].

HeoOxommMo Takke ynenIuTh BHHUMaHHE MpoOieme
BbIOOpPA QYHKINN MPUHAATIC)KHOCTH HEUETKUX BEITUYHH.
Jannaas mpoOnemMa sBIsSETCs, BOOOIIE TOBOPS, JOCTATOYHO
cioxHOU. J{ns mocTpoeHuss QyHKIHHA TPUHAIIC)KHOCTH
pa3paboTaHbl pa3TUYHBIC YKCIEPTHBIE METOIBI, 0030p
KOTOPBIX MOJKHO HaliTH B [6]. OgHako mOg00HEI MOIX0A

OTIepUpPYET HE OOBEKTUBHBIMH JAHHBIMH, [TOTy4YE€HHBIMU
MIPU UCCJIEIOBAHUU CHCTEMBI, 2 MHCHHSIMH SKCIIEPTOB
00 mccrmexyemoii cucreMe. B manHO# cuTyanmm, Oonee
OTIpaBAAHHBIM, MTPEJCTABISIETCS UCIIOIb30BAaHUE METOAA
MoCTpoeHUs QYHKIUH NMPUHAMAIEKHOCTH, HPEII0KEH-
Horo baxmm [13]. Ero cymHOCTB 3akirodaeTcss B TOM,
4TO (YHKIUS MPUHAIIEKHOCTH HCKOMOTO THapaMmeTpa
pacmpeseseHns ONPEeeNsieTCss CBOMMH MHOXKECTBAMU
a-ypoBHA. [Ipu 3TOM B KauecTBE MHOXECTBA O-yPOBHS
OepeTcst MHTEpBalIbHAs OLIEHKA MCKOMOTO IapameTpa
pacmpezneneHus ¢ ypoBHeMm nosepus (1—o). [Ipu sTom
rosydaeMasi OIeHKa sBIsETCsl 0oJjiee HAIISIAHON U co-
JIepXHuT Ooxbine mHpOpMauH 00 OIEHMBAEMOM Mapa-
MeTpe, HEXKENIHW TO4YeUHas OLEHKAa WM €AMHCTBEHHBIN
JIOBEPUTEIIbHBIA HHTEPBAIL.

B 3aBepuienue, paccMOTpUM YHUCIEHHBIA NpUMED.
[ycte x~EXP(Ly), y~EXP(\,), E~EXP(Az), N~EXP(Ly),
O~EXP(Ly), Y~EXP(),), B~EXP(hp). Ilpuaem W, (x)=
A(1x1070971; 1,510 09 1; 2x10-0g 1), I, (x) =A(1x 1041,
1,5x104aL; 2><104q b, M, (x X)=A(1x104a1; 1,5x10 41,
2x104q 1), My, () =A(la I 1L5u 1l 2971, Wy, () =A(la I
1L,5a L 2a7h),u, (x)=A(la!; I 1,5q!; 2‘1 h, Wy, (x) =A0, 141
0,15q471; 02‘1}\%) 7=500 1, 6=0, 1 4, Cy=10000 py6/4,
C1—1000 py6/4, C,=1500 py6/4, C5=2000 py6/a, C,=2200
py6/4, Cs=2500 py6/4, Cg=10000 py6/4. 3neck A 0603Ha4a-
€T TPEYroibHYI0 (DYHKIMIO TIPHHAAIEKHOCTH. Toraa

Hear (V)

1
0.8 /\
0.6 / \
TN
S \

7750 7800 7850 7900 Y, py06/u

Puc. 1. ®yHKIMSA NpUHAIICKHOCTH CPEIHEH MPHOBLITH
OT 3KCIUTyaTaluy KOMIUIEKCA B €MHUILY BPEMEHH

3neck Mo, momydYeHHOE KIACCHYECKUM CIOCOO0M,
paBHO 7876 py0/d, 9TO COBMamaeT ¢ MAKCHUMYMOM (YHK-
LM TPUHAUISKHOCTH, a E[®], moimy4eHHoe B pe3yibrare
nedaszzudukanum, cocTaBisieT 7866 pyo/d, 9To OTpakaeT
ACHMMETPHYHOCTD (DYHKIMU TPUHAICIKHOCTH.

3. 3aknuyeHue

B nanHoi#f paboTe mpeanokKeH MoIXo/] K OIIEHKE IMoKa3a-
Ternei SKOHOMIYECKOH AP (PEKTHBHOCTH KOMITIIEKCA OOBEKT
3aIIUTHI — CHCTEMA O€30MaCHOCTI C YIE€TOM HEOTIPEIETICH-
HOCTH B 33JJaHUM IapaMETPOB KOMIUIEKca. PaccMOTpeHHBbIN
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MOJXO0Jl OCHOBBIBACTCSI HA MCIIONB30BAHUHM KOHIETIIHU
CIy4allHO-HEUETKHX BEJIMYMH, MEPBI MPABIOTOA00NS,
oreparopa MaTeMaTHYECKOTO OKUIAHMSI, OCHOBAHHOTO Ha
unrerpaie [loke, a Takke YUCIEHHOTO METO/IA BEIYMCIECHUH
C HEUETKUMH BEIMYMHAMH. [IpUBOASTCS COOTHOILICHHUS,
MO3BOJIAIOMINE MONYYaTh (GYHKIHH MPUHAIIEKHOCTH
JUTSL TIOKa3aTesiell SKOHOMUYIECKO (PPEeKTHBHOCTH, 3HAS
(YHKIIMM TPUHAIICKHOCTH MapaMeTPOB KOMILIEKCa, a
Tak)Ke paccMaTpHUBaeTCs Mporeaypa Aeda33npuKaIiy mo-
Jy4EHHBIX PE3YIIbTaTOB.
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Structural reliability. The theory and practice

Pereguda A.l., Pereguda A.A.

ESTIMATION OF ECONOMIC EFFICIENCY INDICATORS
OF SYSTEMS WITH FUZZY PARAMETERS

The present work offers the method of estimation of economic efficiency indicators of the automated
technological facility “protection object — safety system” with recoverable elements considering the
uncertainty of a model’s parameters. The fuzzy estimation for the average profit of facility operation per
time unit is obtained. The example of numerical evaluation of the examined indicator of efficiency with
fuzzy parameters is given.

Keywords: reliability, profit, efficiency, safety system, stochastic variables, a mean lifetime, casual
process, mathematical time expectations.

1. Problem statement

In this paper we will consider the mathematical model allowing estimation of economic
efficiency indicators of sequential systems with fuzzy parameters. The sequential systems are
the systems, whose state depends on the sequence of faults and recoveries of elements during
the period of time from the start of functioning up to the current moment. In the present paper
we will consider the system consisting of a protection object and a safety system.

Systems consisting of a protection object and a safety system are applied in cases, where it is
required to ensure safe operation of a potentially dangerous object. The safety system is intended
to transfer emergency situations under the violation of normal functioning of the protection
object in harmless state, i.e. to make adequate action under the fault of the protection object.
In such system a vertical hierarchy takes place, as the protection object is under supervision
of a safety system. The safety system possesses the interference right to prevent potentially
dangerous modifications in the protection object. Interdependence of actions also takes place,
as success of operation of the system as a whole and, actually, elements of any level depends
on behavior of all system’s elements. Thus, it is required to consider the protection object and
safety system collectively as a single automated processing facility “protection object —safety
system” (APF PO-SS). Mathematical models of reliability of such facility were analyzed in
papers [1,2].

Here we will consider a case, when the income from use of APF PO-SS facility and
expenses on its service are directly proportionate to time. Correct functioning of protection
object brings in some income, while its recovery after the fault requires expenses. The safety
system in the course of its operation does not bring income, and preservation of its correct
functioning demands spending of some amount, which is also directly proportionate to time of
functioning. Based on these suppositions, we will receive an estimation of average profit from
operation of the facility during its work till an accident. Considering expenses on recovery of
the facility after an accident, we will write the estimation for average profit per a time unit as
the result of a facility operation.
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ESTIMATION OF ECONOMIC EFFICIENCY INDICATORS OF SYSTEMS WITH FUZZY PARAMETERS

During the analysis of the system’s process of functioning
and calculation of indicators of economic efficiency, there
can be an uncertainty of results caused by different reasons,
incompleteness of information on research object, various
approximations and assumptions during development of
mathematical model, approximated methods of calculations
and uncertainty of model’s parameters. In the present paper
we will consider, how the result of analysis is influenced
by uncertainty of model’s parameters. This variety of
uncertainty arises, as parameters of a mathematical model
cannot be known precisely owing to insufficiency of data
and variability of characteristics.

For uncertainty modeling several approaches different
from each other have been developed, for instance, the
probability-theoretic approach, fuzzy sets and measures
as well as some others, discussion on distinctions and
advantages of which could be found in paper [3]. In this
paper we will use a combination of probability-theoretic
approach and fuzzy measures for construction of a
mathematical model considering uncertainty of parameters.
Many different fuzzy measures and definitions of fuzzy
integral and average of distribution of fuzzy values were
offered [4, 5]. In our paper we shall use the measure of
probability and average of distribution of fuzzy values on the
basis of Choquet integral as it is offered in the works of Liu
[6], as such approach goes well with the probability-theoretic
approach. For combination within the limits of one model
of two types of uncertainty there are also several different
approaches offered. In particular, these are fuzzy random
variables, random fuzzy variables and hybrid variables [7,
8]. In this paper we will use random fuzzy values, as they
make it possible to describe a situation we are interested in
the most simple way.

2. Problem solution

Non-failure operating times and times of recovery
of the system’s elements during development of its
mathematical models are described, as a rule, by means of
stochastic values. For example, let us consider failure time
x with distribution function F, (;1), where A is a vector
of distribution parameters. Exact values of parameters A
owing to those or other reasons can be unknown. Thus,
uncertainty of model’s parameters takes place, which leads
to uncertainty of values of required indicators of efficiency.
For quantitative description of the specified uncertainty
we will take the advantage of mathematical apparatus of
random fuzzy values [7, 8]. The essence of applied approach
consists in the fact that random variables receive a measure
of probability [6]. Random fuzzy failure times and recovery
times will be defined using the scheme offered in [7]. In
order to set random fuzzy value y, we will specify a set of

probability distributions {FX (5% @)).6 9} in probability

space (Q,A,P), where M is the fuzzy vector defined in space
of probability (®,I1,Cr), to which the membership function
U~ (X) corresponds. For example, y~EXP(L), if
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1—e® if >0,

0, otherwise,

F, (5:M(0))= {

where A is a fuzzy value with membership function
1 ().

In [7] it is shown that if there is a set random fuzzy
value y, then P(ye€A), where AcR and My are fuzzy
values. Thus, parameters of the considered mathematical
model are parameters of distributions of failure times
and recovery times, and their uncertainty is described by
means of the corresponding membership function. Having
set the random fuzzy failure times and recovery times,
we can receive membership functions also for economic
efficiency indicators. For comparison of the received results
with results received by classical methods, it is possible to
take advantage of defuzzification procedure, as a result of
application of which a well-defined characterizing value is
put in correspondence to a fuzzy value. For this purpose, in
this paper we will use the average of distribution of random
fuzzy values, as it is described in [6]. Such approach is
combined in the best way with use of random fuzzy values
for description of failure times and times of recovery.

It is well known that for description of process of
functioning of restored elements it is possible to use
alternating processes of recovery, as well as accumulation
processes [9, 10, 11]. In papers [1, 2] the process of APF
PO-SS functioning is described by means of superposition
of alternating processes of recovery.

As in this paper we go from random variables to random
fuzzy variables, it is necessary to consider the random
fuzzy process of recovery and random fuzzy process of
accumulation, which were offered in papers [4, 6].

Let us describe now in more detail the process of
functioning of the considered facility within the framework
of the offered model. We will designate the operating time
to the first failure of protection object y;, failure time of a
protection object after its first recovery we will designate
as y(,, after the second recovery as y3, etc. As we consider
regenerating process, we will assume that all y; are equally
distributed and independent. Time of recovery after the first
fault of a protection object we will designate v, time of
recovery after its second fault y,, etc. All random variables
v; we consider also equally distributed and independent. We
will consider two types of faults of safety system: latent
faults and false faults. Latent faults of a safety system are
such faults, which cannot be discovered without carrying
out special actions for monitoring of working capacity of
safety system. False faults of a safety system are such faults,
which lead to spontaneous protective action at fault-free
protection object. We will designate the operating time to
the first latent fault of safety system as &;, we will designate
operating time to latent fault of safety system after its first
recovery as &,, after the second recovery as &3, etc. All &;
are equally distributed and independent. Time of recovery
of safety system after detection of its first latent fault we
will designate as 1;, time of recovery after detection of
its second latent fault as 7),, etc. All n; are also equally
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distributed and independent. We will designate operating
time to the first false fault of safety system as ¢, operating
time to false fault of safety system after the first recovery
we will designate as @,, after the second recovery as s,
etc. All @; are independent and equally distributed. Time
of recovery after the first false fault of a safety system we
will designate as , after the second false fault as y,, etc.
All y; are also independent and equally distributed. As the
safety system functions in a mode of expectation of fault of
protection object, it is impossible to discover its latent faults
at the moment of their origination. Therefore, for detection
of latent faults the procedure of periodic control of the
safety system functionality is introduced. We will specify
the period functionality control as 7, and its duration as J.
For the time of periodic control, the safety system ceases
to fulfill its functions. Thus, the facility accident happens in
the case, when a fault of the protection object occurs during
a disabled condition of the safety system. The moments of
regeneration of the facility functioning are the moments
of termination of recovery of the protection object, during
these moments the facility as though forgets its past and
returns to the original state. The number of regeneration
cycle of process of functioning of the facility, on which
there was an accident, we will designate as v. According
to the reasons given above, values y;, v;, &;, Ni, ©;, ¥; and v
are random fuzzy.

As we already mentioned above, the income from
operation and expenses on service of the facility are directly
proportionate to time. We will introduce the following
designations: C; is the income per time unit of the protection
object functioning, C; are expenses per time unit on recovery
of the protection object after its fault, C, are expenses per
time unit on recovery after false fault of a safety system, C;
are expenses per time unit on functioning of a safety system,
C, are expenses per time unit on monitoring of safety system,
Cs are expenses per time unit on recovery of as safety system
after the latent fault.

It is shown that random fuzzy operating time o of facility
to accident is defined as follows [2]:

vl
=141,
i=1

where 1, is random fuzzy duration of regeneration cycle
of process of functioning of facility, on which there was no
accident, and t;’ is random fuzzy duration of regeneration
cycle of process of functioning of facility, on which there
was an accident. Then also for random fuzzy profit p during
the operation of a facility before the accident it is fair to
consider

v-1
p=Y0,+0,,
i=1

where o; is a random fuzzy profit for one cycle of
regeneration of process of the functioning of a facility, on
which there was no accident, and 6, is a random fuzzy profit
for one cycle of regeneration of process of the functioning
of a facility, on which there was an accident.

Then we will take advantage of the fact that for every
fixed €@ values Mw(0), Mt4(0), Mt,;’(0), Mp(0), Mc«(0),
Mo;’(6) and Mv(0) are well-defined values [6]. For every
fixed 6 €0 it is fair to consider

Mo ©)= M(ﬁr ©)+/) 0 )) and

Mo (0)= M(%G (e)m;(e)(e)}

i=1
As, the considered random variables for every fixed 6 ®

are independent, using the composite probability formula,
we can write:

v©)-1
P[ Y. o, 0)+0., ©)> r] =

i=1

- gp(v )= k)P(gci ©)+c;(0)> r)and

s V()1
Mp(@®) = jp[ Y 0,(0)+0/,®)> r]dr =

i=1

-5 p60)-1w(S0.0)+010)

Taking into account that the considered values are
independent and equally distributed, we receive

Mp©)= T P(O)=K)M @' ©)+(-1)o6)=
=M (6’ (8)+(v(6)-1)50)).

As the functioning of a technological facility’s safety
system is a regenerating process, the probability that there
will be a facility fault in the k-th cycle of regeneration can
be written as

P(v(0) =k)=rO)(1 - r(0)*",

where 7(0) is the probability of a facility’s failure in
intervals of recovery of a safety system. Then the random
fuzzy operating time «(0) and random fuzzy profit p(6) for
the operating time of a facility before an accident provided
that the considered values are independent and equally
distributed, we can rewrite for every fixed 0€®:

Mo©®)= Mt ©)+ l_r(e)Mr () and

r@®)

mp @)= Mo’ @)+ O s 0),
r®)

where 7(0) is the probability of an accident at the
regeneration cycle of the functioning of a facility.

Now we will consider in more detail the duration of
regeneration cycles and profits corresponding to them. The
average duration of the regeneration cycle of the functioning
process of a facility, on which there was no accident, for
every 0@, we will define as follows:
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Mi®)=M (min(x(e), 0(0)) +7(8) /) W (0) ¢(9)5x(e))’

where J, is indicator of event 4. The average duration
of the regeneration cycle of the functioning process of a
facility, on which there was an accident, for every fixed
0€0® is equal to M(t'(0)) = M(y(0)). The fuzzy average of
the distribution of profit for one cycle of regeneration of a
facility’s functioning, on which there was no accident, for
every fixed 0€® looks like

(Co = Cs @) min (x 6).06))- J

~CY 0) 0y06) = C¥ 0) 016

o)

where Cgs(0) are expenses per time unit of the safety
system operation.

The fuzzy average of distribution of profit for one
cycle of regeneration of process of functioning of facility,
on which there was an accident, for every fixed 60O is
written as

M(c'(6)) = M((Co—Ci(6))1(0)).

Then, fulfilling simple transformations, we will write
for every 0€®

M (G (6))= (Co —Css (ezﬁ (1— E (t ; Xx(e)))(l—l*; (t; x (6)))dt—
-C, I (I—Fy (t; A, (6))) dt (1 - ;qu) (t; A, (0 ))de (;; X, (9))] _

_CJ(I—FW (5%, (9)))dtjﬂ)(t;x 6))aF, (1:%, 6)).

0

M (o’ 0))=(C,~Css (e))z(l - F, (5%, @)

MEO))- j(1 ~F (17, @)1~ (-7, ©))ar +
(-5 (<1, ©) dt(l _IFQ’ (5%, 0) aF, Xx(e))]+
e (-5, (<7, @)t £, (<7, @), (<1, (0)

+

o —3

M(r’(e))=I(l—FX (1, ) .

In order to calculate averages of distribution M(w(0))
and M(p(0)), it is necessary for us to receive a correlation
for probability r(0)at every fixed 0e€®. Designating
probability of malfunctioning of safety system ¢(0), we
receive
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r©®)=P(x(0)<00))s(6)=
(1767 0) (3, 0)u)

Hence, the facility accident happens, when a protection
object’s failure happened before a safety system’s false
failure of, and the safety system did not initiate protective
action owing to its latent fault. We will write that the
considered events are statistically independent. We will
calculate now a correlation for probability ¢(0). We will
designate O*(0) — a set of those instants, during which
duration the safety system is capable to parry the fault
of protection object, and O~(0) — a set of instants, during
which duration the safety system is not capable to parry
fault of protection object. Probability ¢(0)is calculated
as follows:

q(0) = TP(t €0 0))dF, (1:%, ©)).

Hence, it is necessary to calculate probability P(te 0(0))
for every fixed 0€®. We will write

P(te0 (0))=1-P(tc0 (®))=1-P" (:0).

According to the composite probability formula we
receive

P (t;O)ZIIP(’GQ* ©)1£0)=xn0)=y)-

-dF, (vi7., (0))dF. (x: % (0)).

The process of functioning of a periodically controllable
safety system is regenerating with the period of regeneration

T (€M)= ([T—gi-B +l)(T+ 8)+T], where [x] is the whole

part x. Then we can write:
o [Ple0 @)1E@)=xn0)= )
reo= I dF, (%, ©))dr (x: %, 6)) ]

{P(teQ+ (e)|&(e)=xm(9)=y)J_

o, (7, @) (7. @) |

Il

Tss (X,3)>1

1 2°

Let us calculate at first /,:

[ris]_]

/= ,” % J,E[m(m),m(m)n)+J,E[[%](T+5)’X] :

Tss (x,)>1

aF, (i1, ©0))dr; (x:1; ).
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where J, 4 is the indicator of event ze 4. If we omit some
simple, but cumbersome transformations, we will write at
once result:

) - (I—Fg(M(T+5)27:a (e)))-
L =1-F(s%©))- )

( 3 ( S )) m=1 .(J(m_l)(TJr5)+T<, _Jm(T+5)SI)
(t A (e))

F, (1%, 0)).

where

(1- 7 (m(r +5):%, @)))

(’ ¢ )) =1- 2
(J(m DT+ )T<t Jm(T+5)SI)
is the cumulative distribution function of some auxiliary

random variable . We will consider now item /;:

.” P (t ~Ter (x,y))dﬂ (y;f»n (9))dF;’ (x;}:& (6)):

Tep (X, p)st

= I P (1-z)dF, (2;7:,, ©).% (6 ))

Thus, summarizing /; and /,, at every fixed 0€® we
receive an integral equation for P(te O*(0)):
P(6:0)=1(t; e)+jp*(r—z)d (57, 0).2.0)), (1)

where

F, (z; A, (0).2 (9)): P([[%] + 1} (T+8)+n((®)< z]

is the cumulative distribution function of random variable
TSS!

1 @0)=F, (1.2, (0))-F. (1.7 0).

Using Laplace-Stieltjes transform and tauberian theorems,
it is easy to receive an asymptotic solution of equation (1):

i (s0)= MEO-MEC)._

lim o " 1a®)

If we omit simple calculations, we will reduce expressions
for averages of distribution M¢(0), ME(O) and Mtgg(0):

ME(0)= SM[ é(e)]

=83 k(3 ((k+ )(T+8): e(0) - Fik (T+5):1.(0)))

=

ME®)= ];(1-@ (1, @) e

Mrss(e)=T(l—Fn(t;Xn(e)))dz+(T+6)-
(1+Zk( (e +1)(T +8): 2, (0))- F: (k(T+8);X§(9)))).

Now let us calculate the expenses on operation of a safety
system Cgg(0) for every fixed 6e®. We will consider the
process of functioning of a safety system. The process of
functioning of a safety system is an alternating process of
recovery with a period of regeneration

T4 €M)= (T+8)([ 5 }+1)+n

Using the formula of composite probability and designating
expenses on operation of safety system Cgg(#;0) to point of
time ¢ we receive:

7 (v, :0: 0).%, 0).

CSS (t;9)= .”Css (t;e)|§(e)=x,n(6)—.
00

When deducting Cg(#;0), it is necessary to consider
two cases: first, when tgg(x, )<t, i.e. the first cycle of
regeneration ended before point of time ¢ and, second, when
Tss(x, ¥)>t and therefore, the first cycle of regeneration of
process of safety system functioning did not end before point
of time ¢. Then we will write

£ (5,330 6.1, (0))+

Co(e0)= [ C Oy .ner-r @

Tgs (x,p)St
F, (v 0i% (6). %, (6) =5, +5,.

+ jf Css (1:6)

Tss (X.0)>1

5©)=xn()= y
At first let us calculate S;:

g [elEsTreedFsl e

Tss ()<t +Csy+ G (1 =T (%, );0)

dF,, (v, ;% 0). %, 0))=

~ H T+6
Tgs (x,p)<t X
55 () +C4[[m:|+1)8+csy

+jCSS(I—Z;9)dF;SS (Z;Xi (6),Xn (6))

dF, , (v ;% (0).%, (0))+

Then let us calculate S,:
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s,= ] (Q [T—ia]nq

Tgs(x,y)>t

[ﬁ]& +
[[T 5]+1J<r+a)>,

BARE
z +
+[C3T+C4 (r—[m](T+8)—T) JJ"[TLS]“%»T]'

dF,, (x.y:% 0).%, (0))+

+ ] X
S0 i
dF.,, (v, X, 0).%, ©)),

where x* = max(x,0). Summarizing S, and S}, we receive
the equation for average summarized expenses on operation
of safety system Cg(#;0) by point of time #

Cs (1:0)=g(1:0)+ [ Cs (¢ — 2:0)dF, (21, (6). %, 0)). 2)

Where

g:0)=¢| |

X
[[m]HJ(T%)Sz

(e AR T

T, ] [ R (k@)
' [T+8](T+5)>T ([ N

m]ﬂ](ﬂs)»
+C, f

([LMMS, %5]+1)8d@(x;ié(e))+([ﬁ}8+

t +
*@{ﬂﬂ”“*ﬂjﬁuww}

[ dr(x20) +c{ [J ydF,\(x.7:%(0).%,©))+

X Tep (X,0)SE
([T+8]+1)(T+6)>t

%S}HJTdFi (x:2, 0))+

+TCE(” )J j (t_([ﬁ_s}ﬂj(n 8)]+d@n(x,y;ié(e),Xn(e)) .

™ 6]+1](T+¢S)</
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(el

The solution of equation (2) will be found with the
application of Laplace-Stieltjes transform and corresponding
limiting theorems. As a result we receive an asymptotic
solution of equation (2) as:

Css (9) /;w
_ CTMa.(8)+C,3 Mo (6)+ C,Mn(0)

Mty (0) ’

o2}

+2k( ((k+1)(T+8)7, ©))-F (k (T +8):1, ©))).

Thus, having received all necessary relations, we can
calculate now averages of distribution Mm(0) and Mp(0) at
every fixed 60, and it means that according to definition
of function from fuzzy values [6], we set fuzzy average of
distribution of operating time to the first accident and fuzzy
average of distribution of profit for operating time of facility
before accident as functions from model’s fuzzy parameters. We
will write now expression for average profit per time unitfrom
facility operation. Applying the well-known formula for process
of accumulation [11], we will write for every fixed 6®:

Mp(0)-C, T (1- 7, (5%, (8))
Mo (e)+z(1 ~ Fy (17, (B))) e ’

where 3 is random fuzzy time of recovery of a facility
after accident, Cp are expenses per time unit on recovery of
facility after accident

In order to write correlations for membership functions
of values Mo, Mp and Curp we will take advantage of
enlargement principle [6]. So function of membership of
value Mo is:

CSS (t e)

where

CATF (9) =

My (y)— p

where

l—r(xl,)?3,)?4,)?5)

T r Gy BanTs )

Mt (3, %,, %5, % ),

Mr (3,,%,, %, %, )= T(I—FX @:3))(1-F, (:%;))de+

j(1 F (& xz)dt( jF (t:%,)dF, (tx)]

0

-r )] 7 ), 65),

0
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Me'(7)= ]:(I—FX 5,
r(y?l,y@,)@,)?s):(l—zﬂ) (5, )dF, (t;:‘cl)]q()?3,>?4),

ME(%,)- MC (%)

Mty (%,,%,)

q £3’£4)z1_

ME (5, )= agk(@ (k)T +3):% ) F. (e (T+3):5%,).
ME ()= (17 ()

Mt (38,,%,)= [ (1= F, (6%, ))de +(T +3)-
0
(Hik(}fé (k+1)(T+8):%,)-F, (k(T+8);3?3))).
k=1
Let us write similarly membership function Mp
W (V)= sup

where
l—r(xl,x3,x4,x5)

(%, %,,%,,%)

oo

.-(‘)'(I—FX (“:%))(1-F, (6:%))dt = C, -
T(l - F, (1%, ))dt(l —Iﬂ, (t:%,)dF, (,;;]))_

0

oo oo

_sz(l—Fw (t; )“c&)dljﬂ, (fﬁs)de (%),

0 0

Mo’ (%,.%,.%,)=(C, - Cs (35, %,))

oS3

—

—

|

Nps|
—
o
B
.
~
&

Css 353’354)z

C,TMo (%, )+ C3 Ma (%, )+ C, [ (1= F, (1:5,))dr
0

>

Mg (X5, X,

Ma (%,)=1+

+Y k(F ((k+1)(T +8); %)~ F, (k (T +8):%,))-
k=1
And for C 7 we will write:
Mer (y) = sup

by, Gy Gy, Gy, Gy ()

min (“xx G)ny (),

where

0

Thus, we have managed to write correlations for target
membership function via membership functions of model’s
parameters.

Let us consider now procedure of defuzzification. As we
mentioned earlier, we will take advantage for this purpose
of concept of average of distribution of random fuzzy
values [7]:

Elp]= TC}’{O cO| Mp®©)=ridr -

~[ crio co| Mp@®) < ridr.

To find the corresponding measure of probability, it is
necessary to use the following correlation between measure
of probability and membership function [6]:

1
Cr{Mp EB} z_(supuMp(y)+l_ Sup H'Mp(y))
2 yeB YER\B

Similarly there are calculated E[w] and E[C ;7]

It is easy to notice that the basic complexity in this case
is calculation of membership functions. Various methods
for solution of this problem were offered, for example,
interval arithmetics. However, the best combination of
universality and simplicity of realization, in our opinion,
is ensured by the generalized method of transformation
which was offered by Hanss [12]. This method makes it
possible to calculate membership functions for functions
from fuzzy values. Thus, it is possible to consider both
monotone and nonmonotone functions from fuzzy values.
The essence of this method consists in decomposition
of membership functions of arguments on 6-level sets,
calculation of values of function on the received range
of points and subsequent reconstruction of the required
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membership function. Advantages of the specified
method is also the fact that on its basis it is possible to
estimate contribution of each of fuzzy arguments into
total uncertainty of result [12].

It is necessary also to pay attention to a problem of
selection of membership functions of fuzzy values. This
problem is, generally speaking, quite complicated. Various
expert methods, the review of which can be found in [6],
are developed for construction of membership functions.
However, this approach operates not by objective data
received during investigation of system, but by the
judgments of experts on the investigated system. In this
situation, it seems more feasible to use the method of
construction of membership functions offered by Buckley
[13]. Its essence consists in the fact that membership
function of required distribution parameter is defined by
sets of 6-level. As a set of 6-level, there is taken an interval
estimation of required distribution parameter with level of
trust(1—at). The received estimation is more obvious and
contains more information on the estimated parameter
rather than the point estimation or unique confidential
interval.

Finalizing, we will consider numerical example.
Let y~EXP(L,), y~EXP(L,), E~EXP(L:), N~EXP(L,),

@~EXP(hy), y~EXP(L,), P~EXP(hg). And W, (x)=
A(1x10%h7"; 1,5%10%h!; 2x10-°h 1), H, (x )-A(lxlO*‘h L
1,5%10~*h1; 2><104h h, Hy, (x)-A(lxlO*‘h 1. 1,5x10%h;
2x10-*h1), W, (x) =A(1h™; I; 1,5h71; 2h 1), W, (x)=A(1h~; L
1,5h71; 2h1), Hx (x) =A(1h; I 1,507 2h b, W, (x) =A(0,1h™!;
0, 15h1 0,2h~ ) 7=500 h o= 01 h, CO—IOOOO rub/h
C;=1000 rub/h, C,=1500 rub/h, C5=2000 rub/h, C4=2200
rub/h, Cs=2500 rub/h, Cg=10000 rub/h. Here A designates
triangular membership function. Then

0.8 f------m---

0.6 [-----------

1)

T S Y VS| BV |

)| e e e

e e

Y 2 — I

7750 7800 7850 7900 », rub/h

Fig. 1. Membership function of average profit from
facility operation in unit of time

Here Mo received by classical mode is equal 7876 rub/h,
which coincides with maximum of membership function and
E[w]received as a result of defuzzification is 7866 rub/h, which
reflects asymmetric property of membership function.
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3. Conclusion

This paper proposes the approach to estimation of
indicators of economic efficiency of facility “protection
object — safety system” taking into account uncertainty of
presentation of parameters of the facility. The considered
approach is based on the use of concept of random fuzzy
values, measure of probability, operator of average
of distribution based on Choquet integral, as well as
numerical method of evaluations with fuzzy values.
Relations are given allowing receipt of membership
functions for economic efficiency indicators knowing
membership functions of parameters of facility, as well
as procedure of defuzzification of the received results is
considered.
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CTPYKTYPHASAA HAOEXKHOCTb. TEOPUSA U MPAKTUKA

BosnkoB A.H.

AHAJIN3 MPOrHO3UPOBAHUA HAAEXHOCTU
OJIMHHO-KAHAJbHbIX MONEBbIX TPAH3UCTOPOB
C MPUMEHEHUEM CTENEHHOW 3ABUCUMOCTU
CPOKA CNYXBbI T, OT TOKA NOAJIOXKM Igyg

B pabote nccnenoBaHO BAVSIHAE KOHCTPYKTUBHO-TEXHOJIOMMYECKMX NMapaMeTpPOB MOIEBbIX METasl1-0KCUL-
roJs1yrnpoBoOAHMK-TPaH3ncTopoB (MOIT) Ha NporHo3mnpoBaHNE HaAEXHOCTY B CTENEHHOM 3aBUCUMOCTHY CPO-
Ka cnyx0nbl t; OT TOKa NOAIOXKU g, HarigeHbl KOHCTPYKTUBHO- TEXHOJI0MMYEeCKUEe rnapamMeTpbl, CrioCOOHbIE
B/VSTb Ha Aerpagaunto npubopHbix xapakrepuctuk MOIT, BbI3BAHHYIO UHXEKLNEN ropsiynx HOCUTEEN.
ABTOp Bbipaxaet 61arogapHOCTb Hay4HOMY PyKoBOAMTEO, A.T.H., npogeccopy Kopobosy A.U. 3a noa-
JAEPXKY HacTosiLei paboTbl v psa BaXHbIX 3aMe4YaHui.

KnroyeBble croBa: rnporHo3vpoBaHue HagexXHOCTH, CPOK CayXObl, TOK MOAJIOXKM, UHXEKLMS ropsumx HO-

cuTesien.

1. BBegeHue

CymiecTByeT HECKOJIBKO Pa3IMYHBIX CIIOCOOOB MPOTHO3MPOBAHUS HA/IEKHOCTH (CpOKa
CITyKOBI) TEKTPOHHBIX MPHOOPOB. OHUM U3 TAKHUX CHOCOOOB SIBIISIETCS MPOTHO3UPOBAHHE
cpoxka ciyx0s1 MOIIT MeTomoM yCKOpEeHHBIX UCTIBITaHNH. JIaHHBI METOI OCHOBAH Ha Ipo-
BEICHUH YCKOPEHHBIX HCIIBITAHWH IO OMPENENICHHIO paboTOCIIOCOOHOCTH MHTETPAITBHBIX
CXEM C BBIOOPOM KPHUTEPHs OTKa3a M XapaKTEPHBIX 3aBHCHUMOCTEH cpoka CiTy>KObI OT TOKa
noIokKH. B pabore [ 1] aBTOp IPUBOAMT 3aBUCMMOCTH CTATHCTHYIECKOTO MO/IX0/1a K IPOTHO3Y
CpOKa CITy’KOBI METO/IOM YCKOPEHHBIX UCTIBITAaHUNA. CPOK CITyKOBI HITH BPEMsI )KU3HH MOXKHO
OIIPEEINTD M0 SIMIUPHUECKON opMmyIie:

ZLL = BX([sub/ W)7v3 (1)

e B— koa(PUIHEHT, KOTOPBIH OMpeIeseTCss MHOTIMH KOHCTPYKTHBHO-TEXHOJIOTHUECKIMH
rapamMmeTpaMu; Y — IapamMeTp, ONPEIeIIOINI HAKIIOH IPSIMOi! rpaika, KOTOPBI CTPOUTCSI IO
pe3ysbTaraM yCKOpeHHBIX HCTibiTanui. B pabote [1] Obu10 MOKa3aHo, YTO MPOIECC TeHEpanu
noBytrek B MOIIT cTpykTypax MOXeT ITPOMCXOAUTH TIPH TIOMOIIIN IBYX MEXaHU3MOB: 1) B3an-
MOJICHCTBHE TOPSYUX AIICKTPOHOB W TOPSYMX JIBIPOK ¢ TpaHmIel pasnena Si-Si02; 2) oOpeIB
ces13eit Si-H B mog3arBopHOM OKHCIIe. B epBoM citydae MOBEpXHOCTHBIE JIOBYIIIKN 00pa3yIoTCst
B pe3yJbTaTe BTOPMYHON yAapHOH HOHM3AMHU. Bo BTopom cirydae pekoMOMHAINS SIEKTPOHOB
C IBIPKaMHM TIPUBOJHUT K BEICBOOOXICHUIO SHEPTHH, JIOCTATOYHON ISt pa3phiBa cBsizu Si-H n
o0pa3oBaHms JOBYIIKU. B pabote [2] aBTOp mpemaraeT o0y Moaensb s 3(hPEKTOB ropsi-
YMX HOCUTENICH M moylaraet v = @;/¢;, Tae ¢; — MUHUMAJIbHAsI SHEPTUsI B SJIEKTPOH-BOJIBTAX,
KOTOPYIO TOPSTYHE 3IEKTPOHBI TOJLKHBI IIPUOOPECTH IS CO3AAHNS YIAPHON HOHU3ALIHNH, & (; —
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KpHUTHYECKast SHEPTUs1, KOTOPOI! AJIEKTPOH JOJDKEH 001a1aTh
JUISL TOTO, YTOOBI CO3aTh IIOBEPXHOCTHYIO JIOBYIIKY. Takum
00pa3oM, KO3((HUIIMEHT V HE MPOCTO ITOKA3bIBAET HAKIOH
MPSIMBIX, HO M TIO3BOJISIET ONPEAEINTD OTHOLIEHHE SHEPTHi
mporecca aerpagamyu. B padote [2] OBUIO yCTaHOBICHO,
4TO (p; IPUONMM3UTENRHO paBHO 1,3 3B, a @;, B pa3ImIHBIX
JMTEPaTypHBIX MCTOYHMKAX JIEKHUT B AWAIia3oHe oT 3,5 1mo
4 9B. B pabore [3] moka3aHo, 4TO H3-3a pa3INIUs MEXaHU3-
MOB 00pbIBa Si-H cBszeil kputHueckas SHEPrHs ¢, KOTOPOH
MEKTPOH JI0IDKEH 00J1a1aTh JUIS TOTO, YTOOBI CO3/1aTh IIOBEPX-
HOCTHYIO JIOBYIIKY, HE sIBJIsIeTCsI TOCTOsTHHOM. Ha prcynke 1
(pabota [1]) moka3zaHbl 3aBUCHMOCTH AJIsI TPOTHO3MPOBAHHMS
CpoOKa CIIyOBbI C Pa3IM4HOIN dHEprue mpouecca Jerpajia-
UM 1, KaK CIEICTBHE, C Pa3JIMYHBIM 3HaY€HHEM HAKJIOHA V.
IlepBas mpsiMast ToTyYeHa KaK 3aBUCHMOCTS #;1; oT Iy,/1,;.
B Heil Hanwm oTpaskeHUs MPOLECCHl B3aUMOJICHCTBHUS TO-
PSTUMX 3IEKTPOHOB 1 JIBIPOK C TpaHuLed pazaena Si-SiO, u,
KakK CJIE/ICTBUE, 00pa30BaHNE MOBEPXHOCTHBIX M OOBEMHBIX
noBymek. Bropast npsimast (¢,1; ot I,,/W) oTpaxaeT mpo-
necc oOpeiBa cBsizeit Si-H n, kak ciencreue, oOpasoBaHue
MIOBEPXHOCTHBIX JIOBYIIIEK.

I../W (MKA/MKM
sub'
. 107 10" 10° 10'
10 1 \I
\
e,
2 oL 1%
P
Hakson =-2.1 ® | *
1
_lo 2| 2
<
Q
N
D
*»—]
&
10+

'W/L = 10/2.5 Mmkm b

1075 ' L

107 10" 10°
Isub/Id

Puc.1. 3aBucuMocTH Ui IPOrHO3UPOBAHUS CPOKA CITYXK-
OBl ITpU pa3IMIHON SHEPTUH ITpoLiecca JAeTpaialiin

B pabore [ 1] ObU10 TOKa3aHO, UTO TCHEPAIIUS [TOBEPXHOCT-
HBIX JIOBYIIIEK (TTOBEPXHOCTHBIX COCTOSIHUI) SIBIISICTCS IOMH-
Hupytommel npuanaoi ferpagarmu MOITT npubopos Benen-
CTBUE BO3JCHCTBHS TOPSYUX HOCUTENEN, a TOK MOATIOKKH /5,
SIBIISIETCS] HAMOOJIEE IPOCTHIM M Ka9eCTBEHHBIM HHIIMKATOPOM
npoueccos ropsaunx Hocureneid B MOIIT crpykrypax. Takum
00pazoM, MPOrHO3MPOBAHUE HAJICKHOCTH METOIOM aIlpoK-
CHMAIMH CTETICHHOH 3aBUCUMOCTH CPOKa CITY>KOBI #; OT TOKa
HOJUIOKKH /g, TOZULIUOHUPYETCS BO MHOTHX JINTEPATYPHBIX
MCTOYHHUKAX KaK Hanbosee mpocToil ¥ 3(h(EKTUBHBII METOI.

2. NMNocTaHoBKa 3apaum

B maHHO# cTaThe OBUTH MMPOAHATM3UPOBAHEI TPapUKH 3a-
BHCHMOCTH CPOKA CITY>KOBI #; OT TOKA TIOIIOXKKH [, ;,, B3ATHIC U3
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Pa3IMUHBIX JIUTEPaTyPHBIX UICTOYHUKOB [ 1,4, 5, 6, 7], ¢ Lienbio
OnpeziesIeHUsI KOHCTPYKTHBHO-TEXHOIOTNUECKHX ITAPAMETPOB,
CBSI3aHHBIX ¢ KOX(PHUIMEHTOM B B SMIMprUecKoil (hopmyrne
(1) n BiustronMe HA pe3yabTaT MPOTHO3MPOBAHHS CPOKA
ciryxObl. TakuM 00pa3om, omnpeneseHne KOHCTPYKTHBHO-
TEXHOJIOTHYECKHIX [TApaMETPOB, CBA3aHHBIX ¢ KOd(hHImeHToM
B, aTaroke onpezieNieHue UX BIMSHIS Ha €T0 3Ha4YCHHUE, UTPaeT
BaKHYIO POJIb B IPOTHO3UPOBAHUH HAIEKHOCTH.

3. OnucaHue aKCNepMMeHToB

B nanHOif paboTe OBUTH TIPOaHATH3UPOBAHBI CIICTYFOIITHE
9KCIEPUMEHTBI:

1) DKCTIEpIMEHT IO OTIPENENIEHUI0 CPOKa CITYKOBI ISt
00pa3noB C Pa3INIHBIMU XapaKTEPUCTUKAMH.

B nmaHHOM 3KCTIepHMEHTE OBLIH MCITOTB30BAHBI 00-
pasbl ¢ XapaKTepHCTHKaMH, TIOKa3aHHBIMH B Tabmune 1.
Kputepuem nmorepn paboTocriocoOHOCTH ObliIa BETHYNHA
OTHOCHTEIIEHOTO M3MEHEHUs ToKa cToka J/,/1 ;0 = 1%.

Taoauna 1

Crovirypa| oo | 0 | oy | ot | o
1 6e3 LDD | 40 1016 45 - - 1,7
2@DD) | 20 6105 45| 108 P 0,15 | 1.0
3 (LDD) 17 |6:10154s| 1013 P| 0,13 1,0

2) DKCTIEpUMEHT T10 OTIPEJIENICHNIO 3aBUCUMOCTH CPOKa
CITyOBI OT JUTMHBI KaHaJIa.

B nanHOM 3KcTieprMenTe OBIIH UCTIONB30BaHbI 00Pa3IIbI
C OIMHAKOBOM cTpyKTypoii 6e3 LDD ob6nacreii ¢ TommuHON
okucna 7, = 8,5 HM, HO IMEIOIITHE PA3TUIHYO dPPEKTHB-
Hy0 JUtHY Kanana L.;= 1,5; 0,8; 0,5; 0,3 mkm. Kpureprem
oTepH PaboTOCIIOCOOHOCTH ObliIa BEIMYNHA OTHOCHTEIh-
HOTO M3MeHeHus Toka ctoka Hly/I49 = 10%.

3) DKCTIEpUMEHT O OIPEACICHUIO BIHSHUS YIVIa UM-
TUTAaHTAIIH Ha CPOK CITY>KOBI.

B nanHOM 3KcTIepuMenTe OBIIIH UCTIONB30BaHbI 00Pa3IIbl
CO CTPYKTYPHBIMH XapaKTEePHCTHKaMH, IMOKa3aHHBIMH B
Tabmure 2.

Taoaunma 2

Yroa um-| YroJj um-

Texno- | L w, |T,
" > 17| naHTa- |MJIAHTALUH

spacers

JOrusi | MKM |[MKM | HM wnn LDD LATID MKM
0,35 . .
Knor |41 40 | 8 7 42 0,12

4. O6cyxaeHue pe3ynbTaToB

Ha pucyske 2 npejcraBieH rpaduk 3aBUCUMOCTH CPO-
Ka CIIy)KOBbI #; OT TOKA MOMIOKKHU [, UTsl TPEX BApPUAHTOB
o0pasuoB [4]. B tabnume 3 mpencraBieHbl 3HAYCHUS KO-
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3G PUIHEHTOB B, MOTyYeHHbBIC U3 3aBUCUMOCTEN (QYHKITHIHA
CpOKa CIIy>KOBI #; OT TOKa IOJIOKKH /,, OTPAKEHHBIX HA
pucyHke 1.

® LDD TUx =17 um
4 O6pranas T, =40 um
® LDDT  =20um
— ¥,(x) = 2.1259159*10"(-11)*x"\(-2.9291849)
=== y,(x) = 2.9791178*107(-11)*x"(-2.9547053)
= yy(x) = 1.3419189*107(-10)*x"(-2.8761837)

10°

100000

10000

t, (©)

1000

100

LERILRELLL M 1L B L) L L S R R

,
Nyl L1

107 107 107 107
Isub (A)
Puc. 2. I'pachuk 3aBUCUMOCTH CpPOKa CITY>KOBI /7
OT TOKa MOATOXKKH [,

Taoéauna 3
LDD oﬁpamif, o7 | 2129915910
O6pasupl 6e3 fSD, T,. =40 am 2,9791178-10°"!
LDD oﬁpamii 0w | 13419189100

W3 tabaunel 3 BUAHO, 4TO HAMOOJBIIUNA pa3dpoc
3Ha4eHU HaOmonaercs y Kod(GUIMEHTOB B, COOTBET-
CTBYIOIIUX BapuaHTaM o0OpasioB ¢ LDD ob6nactsaMu, HO
MMEIOMNX PA3NUYHYIO TOJIIUHY ITTOI3aTBOPHOTO OKHCIIA
(8B33=B3/B;=6,3121). Takum 00pa3oM, MOXKHO C/IC/IATh
BBIBOJI, UTO K03((uitneHT B, a, ClieA0BaTeIbHO, U PE3YJib-
TaT MPOTHO3UPOBAHUS HA/ICKHOCTH, 3aBUCHUT OT TONIIIHBI
MOJI3aTBOPHOTO OKHcJa. VI3BECTHO, UTO C YMEHBIIEHHEM
TOJIIIIMHBI TOJI3aTBOPHOTO OKHCIIA PACTET BEPOATHOCTh MH-
KEKIINY TOPIINX HOCUTENIEH 1, KaK CIeICTBHIE, BO3PACTACT
Jierpasays TpUOOPHBIX XapaKTepUCTUK. /I CHIDKEHUS
3¢ HEKTOB TOPSINX HOCUTENCH remoib3yoT LDD obmactw.
B nanHOM O11BITE XOPOIIO BUIHO, YTO UCTIONB30BaHue LDD
obracTel CyIeCTBEHHO YBEITMYMBACT 3HAYEHNE KOIDPHITH-
eHTa B u, ucxozs u3 sMnupudeckoro ypasHenus (1), cpok
cityx0b1. Takum 00pazom, ko3 HUIUEHT B B SMITUPHIECKOM
ypaBHeHHH (1) UMEET CHIIbHYIO 3aBUCUMOCTH OT HaJTUYHUS
HU3KOJIETHPOBAHHBIX obOnacTeil. OqHAaKo B BUIY HAIWUHA
3aBUCUMOCTH Kod(hpuIeHTa B 0T TOIIMHBI [I0/13aTBOPHOTO
OKHCIIa HEeNTb3s ¢ TOYHOCTHIO CKa3aTh, YTO HCIOIH30BAHHE
LDD ob6nacteii Bcerma OyaeT MPUBOAUTL K YBEIUYCHHIO
3Ha4YeHUs KO3 uirenTa B U, Kak CICACTBHE, K yBEIHUYEC-
HUIO CpoKa Ci1yk0bl. CpaBHUBAs 00pa3iisl, nMerorue LDD
00acT ¥ pa3NTUUHYIO TONIIMHY, BHIHO, YTO yBEJIHUCHHE
TOJIIMHBI MOA3aTBOPHOTO OKHCIIA BCET0 Ha 3 HM INPHBO-
JIUT K YBEJIMUYCHHIO KOd(uirenTa B, a, CIeI0BaTeIbHO, U

cpoka cIyO0sI B 6 pa3. Takum oOpa3oM, B TaHHOM cydae
pe3ynbTaT IporHo3a HaJe)KHOCTH T 00Pa3LOB, UMEIOLIHX
HE3HAYUTENIBHOE OTINYHUE B TOJILINHE ITI0A3aTBOPHOTO OKUC-
na, OymeT IMeTh OOJBIIo pa3dpoc.

Ha crnemyromem pucynke (pHCyHOK 3) TIPUBOISTCS KC-
NIepUMEHTAJIbHbIC JaHHbIE YCKOPEHHBIX HCIBITAHUN IO
YCTaHOBJICHHUIO BPEMEHH COXpAaHEHHUS PaOOTOCIIOCOOHOCTH
{1 B 3aBUCUMOCTH OT [,/ Wy 111 0OPA3IOB C pasiuIHOMN
JuTHOM KaHauna [5]. Jlanee B Tabnwie 4 mpencTaBieHb! 3Ha-
yeHns K03(pPUIIHEHTOB B, MOMTydeHHbBIE U3 3aBUCUMOCTEH
(GyHKIMA CpoKa CIyKOBI #; OT TOKa TOMIOKKA L,/ Wy,
OTpaKCHHBIX Ha PUCYHKE 3.

106

100000

= O  L=0.3wmkm
) eff
= _
e B L=05wmkm
N ¢ L;=08wmxm
* L= 15 Mxm

10000
—— y,(x) = 1.4262858*10°6*x(-1.3916056)

—= = y,(x) = 1.738279%10"6*x"(-1.4127462)
e ya(X) = 2.3508034*1076*x(-1.4260352)
i ¥,(x) = 2.4145492*10"6*x"\(-1.2817419)

1000 v i1l Ll Y| .
1 10 100

L /W i (MKA/MEM)

Puc. 3. 3aBUCHMOCTE CpOKa CITyKOBI /7, OT L,/ Wy
NpH PA3IMIHON [IMHE KaHana Ly

Taoéauna 4

1,4262858-10°
1,738279-100
2,3508034-10°
2,4145492-10°

By, Lyy=0,3 Mmxm
By, Ley= 0,5 MM

Bs, Ley= 0,8 MKkM

By, Ley= 1,5 MKm

W3 tabmmme! 4 BUAHO, 9TO pa3dpoc KodddunreHTa B Ha-
XOmuTcs B HeOombIoM aramna3oHe. Ha pucynke 4 mokaszaso,
Kak B JAHHOM OTIbITE YBEJINYEHHE AJIMHBI KaHaJIa BIUACT Ha
ko3¢ durment B.

W3 pucynka 4 BUAHO, 9TO /10 3HAYCHUS Ley= 0,8 MKM Bce
TOYKH XOPOIIO JIOXKATCSI HA AKCIIOHCHINAIBHYIO KPHUBYIO
OITMCAHHYIO YPaBHCHUEM:!

B =1,0557927-exp(0,9999067-L.),

creyromas TouKa, MpH Loz = 1,5 MKM NpakTHYECKH
JISKUT Ha OJHOW TOPH30HTAIBHON MPSIMOW C TOYKOH TpH
Ley= 0,8 Mxm. Crie1oBaTenbHO, MOKHO MPEITTONOKHTE, 4TO
3aBHCUMOCTH KOd(puileHTa B OT [UIMHBI KaHajla HOCUT
9KCIIOHEHIMAIBHBIN XapaKTep BIUIOTH 10 3HAYCHUSI JUTHHHBI
KaHana L= 0,8 MKM, a mapHEHIIIee YBETNIeHHE TIITHHBI Ka-
HaJla MPaKTUYECKH HE BIMSET Ha M3MEHEHHE KOG pUIeHTa
B. Cnenyer OTMETHUTD, UTO TaKasi SKCIOHEHIINATIbHAS 3aBH-
CUMOCTH KO3 duImenTa B oT JUTMHBI KaHaIa HaOIomaeTcs
KOHKPETHO B IAaHHOM OTIBITE, TOT/IA KaK B IPYTHX TTOXOKUX
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2112
2.016

1.92
1.824:
1.728;
1.632:
1.536:

1.44
1.344;
1.248:
1.152;
1.056:

B*10"6

0.864.
0.768
0.672

g 0.08 0.16 0.24 0.32 0.4 0.48 056 0.64 0.72 0.8 0.88 0.96 1.04 1.12 1.2 1.28 1.36 1.44 152 16

L (vxm)
Puc. 4. 3aBucumocts kodddunuenra B
OT JUTMHBI KaHasa Ly

OIIbITax JaHHAasA 3aBUCUMOCTb MOXKCT HE IMTPOCJICIKUBATHCA.
B pabote [6] moka3aHo, 4TO NMpH U3MEHEHUH KPHUTEPHUs
notepu padboTocrnocoOHOCTH 3aBUCUMOCTD KO3 dHLINeHTa
B ot nyimHBI KaHana ucye3aeT (PUCYHOK 5) U Bce IKCIEepH-
MCHTAJIbHBIC JAHHBIC JIOKATCA HAa OHY MPAMYIO.

10° . — 10® . ;
a T b T T
- TAIG/IdwEX A SN E
0.5um / T:Alcp=30pA
o.2um \/ 0. 2um 0.25um
10 2‘:) . 4 10 B olam A
3 0.3um A o 5 E
2 Lerf= | % <Bum Ay,
£ 1 0,95 | sl v, |
210" [ 25 Sy =10 ]
o = 0,15““"'0\
i 2 k- P
L i | Weff=0.5um \ J
o m Tox=9.6nm \
\ \-
-y | Tox=9.6nm "; \_ t Leff= \
10 " |- Weff=9.5um 10 " 0.95um —~ g
Fal L L0

w7 1 107 107 100
Llla Lodly
Puc. 5. 3aBucHMOCTh IPUBEAEHHOTO CPOKA CITY>KOBI £/, OT
MIPUBEJICHHOTO TOKa MOUIOKKH Iy,;/1; a) KpuTEepHil motepu
pabdorocniocobHocTu J1,/1;) = 5%; b) kputepuii morepu

paborocnocobnoctu I/, = 30 [1a

Crez0BaTeIbHO, MOYKHO CIeIIaTh BBIBOJI, YTO KO PHUIIH-
€HT B nMeeT 3aBUCHUMOCTb OT JJTMHBI KaHAJIA, HO TOJIBKO ITPU
BBIOOpPE ONPEIeNICHHOTO KPUTEPHSI MOTEPU PaboTOCIOCO0-
HOCTH, YTO B CBOIO OY€peb JaeT PazIHuHbIC PE3yNbTaThl
ANMpOKCUMAIINH U, CIEHOBATEIbHO, PA3INYUsI B MPOTHO-
3UPOBAHUU CpOKa CIIyKObI M HaexxHOCTH. Tarkke cieayer
OTMETHUTD, YTO B IAHHOM OIIbITE, M3MEHEHHUE UINHbI KaHAJIa
BJIMSICT HA 3HaUeHUE KO PHULIMEeHTA B HE TaK 3HAYUTEIBHO,
KaK TOJIIIITHA TIO[3aTBOPHOTO OKHUCIIA B IPEIBLAYILIEM OITBITE.
W3 storo cienyer, 4To BKIaj B 3HaYeHue koddduimenra B
OT JUTMHBI KaHalla HOCUT MEHBIINH XapakTep, 4eM BKJIaJ[ OT
TOJIIMHBI TIOA3aTBOPHOTO OKHCIIA.

Ha pucynke 6, npeacTaBicHbl TpapUKd 3aBUCHMOCTH
CpoKa CIIy’KObI OT TOKa MOJIONKKH JJIsl ABYX THIIOB 00-
pasioB (LDD u LATID) ¢ pa3nuuHbIMU ATHHAMHI KaHAaJA.
Kak BusHO 13 Tabnuipl 2, 00pasipl, UCIOIb30BAHHBIC B
ITOM OIIBITE, OTIIMYAIOTCS JIMIIb YIIOM UMIUTAHTALUH [TPU
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CO3MIaHUM CIIa00IeTHPOBaHHBIX obmacteit ctoka (LDD u
LATID). B nanrHoM ombiTe (pUCYHOK 6) OBLIH B3STHI 6 00-
Pas3IoB C pa3NTUYHON ATHHHON KaHana (Tpu it LDD 006-
JIacTH ¢ yrioM uMiutanTanuu 7° u Tpu st LATID ¢ yrmom
nMIianTanuu 42°) [7].

10°

tLa (C)
|w

17—

107

Lsubs (A)
1)y = 1.0436555*10"(-8)*x"(-3.4813813) 2)y = 1.13763*10"(-8)*x"\(-36000825)
3) y = 5.3943929*107(-8)*x\(-3.6915151) 4) y = 1.7954248*10"(-8)*x"\(-3.6063543)
5)y =1.1657934*10"(-8)*x"\(-3.7994218) 6) y =2.9085351*10"(-10)*x"(-4.6309805)

Puc. 6. 3aBHCHMOCTB CpOKa CITYKOBI £; OT TOKA MOIOKKH
I, n1st rexnonoruit LDD u LATID ¢ pasnuunoii
JnHHOM KaHana L,, 0,4 — 1 MM

B tabnuiie 5 npencrapicHbl 3HaYCHUS KOIDPUIIHESHTOB

B, nony4yeHHble 13 3aBUCUMOCTEN (QYHKIMH CPOKa CITy>KOBI
¢; OT TOKA MOJUIOXKKH [y, OTPaXKEHHBIX HA PUCYHKE 0.

Taoauna 5

1,0436555:108
1,13763-108
5,3943929-10°8
1,7954248:108
1,1657934-108

By, L, = 0,4 mxm (LDD)
B,, L,,= 0,6 mxm (LDD)
Bs, L,, =1 mxm (LDD)
By, L,,= 0,4 mxm (LATID)
Bs, L, = 0,6 mxm (LATID)

W3 pucyHKa BUITHO, UTO IPAKTHYECKH BCE MPSIMBIE IMEIOT
OJIMHAKOBBINM HAKIIOH, 3a UCKIOUYcHHEeM oOpasma LATID
¢ JUMHOW KaHana L,, = 1 MKM, mosToMy KoadduimeHr B,
OTHOCSIIUICS K JJaHHOMY 00pasIily, HeJb3si CPaBHUBATH C
ocTanbHbIMH. V3 TabnuIpl BUIHO, 4TO HAaOOJbIIeE 3HaYe-
HUe Kod(dunueHTa B umeet obpaszer; ¢ LDD obnacteio u
JUIMHOM KaHana L,, = 1 MKM, a pa3dpoc koadduimenTa B, B
3aBHCUMOCTH OT JUTMHBI KaHaJ1a HaXOIUTCS B OOJIBIIIEM, B OT-
JIMYHE OT OTBITA, IPEJICTABICHHOTO HAa PUCYHKE 4 (KOTOPBIH
ripoBoIMIICs Ha oOpasuax 6e3 LDD obnacteit), trnanasoHe.
CpaBHuBast 3HaueHUE KOd(PHULIMEHTa B, COOTBETCTBYIOIIETO
LDD o6nactu ¢ amuHOM KaHana L, = | MKM, U 3Ha4CHUC



AHAJTU3 NPOTHO3UPOBAHUA HAOEXXHOCTU AJIMHHO-KAHAJIbHbIX MOJIEBbIX TPAH3UCTOPOB
C MPUMEHEHUEM CTEMNEHHOW S3ABUCUMOCTU CPOKA CJTYXBEbI T, OT TOKA NOAJIOXXKMU Igyg

ko3¢ dunuenta B, coorsercTytomiero LDD obnactu ¢ mumu-
Ho¥i kaHana L, = 0,4 MKM, BUTHO, 9TO OHO YBEITHIHNBACTCS
B 5 pa3 Ipu yBENWYCHUH JUTMHBI KaHana Ha 0,4 MKM, 9TO
TOBOPUT O CHJIBHOM BJIMSHUM JJIMHBI KaHaJIa Ha Pe3ysbTar
MIPOTHO3UPOBAHMS CPOKA CITY>KOBI M HAZEKHOCTH. Takum
00pazom, 3TO ellie pa3 MOATBEPKIAET IPEIOIOKEHHE, UTO
Ha BeJIMIHMHY 3Ha4eHUsI Ko PHIIeHTA B, a, CTIeJ0BaTeNIBHO,
1 Ha CPOK CITY>KOBI, BIUSET KaK yBEINYEHHE AIMHBI KaHATa,
tak 1 Haymare LDD u LATID o6nacreii. 113 pucyHka BUITHO,
YTO NpsiMble, cooTBeTCTBYI0IIKE LATID cTpykTypam, nexar
BBIIIE NPSAMBIX, COOTBETCTBYIOLMX LDD cTpykTypam; 310
03HAYaeT, UTO Ha 3Ha4eHHe Kod(dunmenTa B BIUsLeT Ha-
mane cnabonerupoBanHbIX obmacteit (LDD u LATID) u
YTOJI UMIUTAaHTALUH.

5. 3aknwuyeHue

CyliecTBeHHOE BIHMSHUE Ha 3HaUueHue koddduipenta B
OKa3bIBaeT TOJIIMHA [I0/[3aTBOPHOTO OKUCIIA U B HEKOTOPBIX
CIlydasix OHO IPEBATMPYET HaJl BAUSHUEM CTPYKTYPbI (HAJIU-
guro LDD o6iacreit). Taxoke Ha ko3 GunueHT B OKa3bIBacT
BIIMsIHME JUIMHA KaHaua. Hanbosee 3HauMTENbHOE BIMSHHIE
Ha KO3 PHUIUEHT B UMEET THIT CTPYKTYPbI, @ UMCHHO TaKOM
KOHCTPYKTUBHO-TEXHOJIOTMUECKHIA apaMeTp, Kak HaJIuKe
LDD wnmu LATID oGmacTeii 1 yroi IMITTaHTAIIH.

[IporHo3upoBaHue HaJAEKHOCTU C MCIOJIb30BaHUEM
annpoKCUMAIIUU CTEIICHHOW 3aBUCUMOCTH CPOKa CIIy»KOBbI
f; OT TOKA MOIUIOKKH [y, MOXKET UMETh OOJIBIIYIO TOTPel-
HOCTb U3-32 CUIILHOTO BJIMSTHUSI MHO)KECTBA KOHCTPYKTHBHO-
TEXHOJIOTHYECKUX MapaMeTpOB, OMUCAHHBIX BbINIE, a
Tak)Ke BbIOOpa KpUTEPHUS MOTEPU PabOTOCTIOCOOHOCTH.
Taxo#i Moxxon K MPOrHO3UPOBAHUIO HAJEKHOCTH TpedyeT
MIPOBEJICHUST UCIBITAHUHN /ISl BCEX 00pa3loB, UMEIOIIUX
JlaKe HEe3HAuUTEIbHbIC OTIHYMs (Harpumep, HeOObIIas
pa3HMLA B TOJIIMHE [OA3aTBOPHOTO OKKCIIA MU yTJe
AMIUIAHTAIIAHN).

JlaHHBIT METON HYXIaeTcs B JOPaOOTKE IMOCPEICTBOM
0ojee TOYHOTO ONPENSICHHS BIHUSHHS KOHCTPYKTHBHO-
TEXHOJIOTHYECKUX MapaMeTPOB Ha SMIUPUIECCKUI KO-
(unIeHT B B CTENEHHOW 3aBHCHMOCTH CPOKa CIYKOBI 7;
OT TOKa MOJJIOKKH [,
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Structural reliability. The theory and practice

Volkov A.N.

ANALYSIS OF PREDICTION OF RELIABILITY

OF LONG-CHANNEL FIELD-EFFECT TRANSISTORS
WITH APPLICATION OF POWER-LAW DEPENDENCE
OF LIFETIME T, ON SUBSTRATE CURRENT Igyg

This paper covers the influence of structural and technological parameters of field metal-oxide-
semiconductor-transistors (MOSFET) on reliability prediction in power-law dependence of lifetime t, from
substrate current of Ig,. The structural and technological parameters capable to influence degradation of
MOSFET instrument characteristics caused by injection of hot carriers are defined.

The author would like to express his gratitude to the research supervisor, Doctor of Technical Sciences,
Professor Korobov A.l. for support of the present paper and a number of important comments.

Keywords: reliability prediction, lifetime, substrate current, hot carrier injection.

1. Introduction

There are several different methods of prediction of reliability (lifetime) of electronic instru-
ments. One of such methods is prediction of MOSFET lifetime by a method of accelerated
tests. This method is based on carrying out of accelerated tests for determination of function-
ality of integrated circuits with selection of failure criteria and characteristic dependences of
lifetime on the substrate current. The author of paper [1] presents dependences of statistical
approach to the forecast of lifetime by a method of accelerated tests. Lifetime or life span can
be determined by the empirical formula:

1, = BX(Lu/ W)™, (1

where B is a factor, which is determined by many structural and technological pa-
rameters; X is a parameter determining a slope of straight line of the graph, which is
constructed by results of accelerated tests. As it is shown in paper [1], the process of trap
generation in MOSFET structures can occur by means of two mechanisms: 1) interaction
of hot electrons and hot holes with interface Si-SiO2; 2) Si-H bond opening in gate oxide.
In the first case, surface-trapping centers are formed as a result of secondary collision
ionization. In the second case, the recombination of electrons with holes leads to libera-
tion of energy sufficient for Si-H bond opening and trap generation. The author of paper
[2] offers a general model for effects of hot carriers and considers x = 11;,/ 11 ;, where 1;
is minimum energy in electron-volt, which should be acquired by hot electrons for the
creation of collision ionization, and 11, is critical energy, an electron should possess to
create surface-trapping center. Thus, factor x not only shows the slope of straight lines,
but also allows determination of the relation of energies of degradation process. In paper
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[2] it was shown that 11, is approximately equal to 1,3 eV,
and 1;, in different references is in a range from 3,5 to 4
eV. In paper [3] it is proved that owing to difference of
mechanisms of Si-H bond opening, critical energy 1, the
electron should possess to create surface-trapping center,
is not constant. Figure 1 (paper [1]) shows dependences
for prediction of lifetime with different energy of degrada-
tion process and, as a consequence, with different values
of slope x. The first straight line is received as dependence
t;1, from I,,/1,. Processes of interaction of hot electrons
and holes with Si-Si02 interface are reflected there and, as
a consequence, generation of surface-trap centers and bulk
traps. The second straight line (¢;/, from [y,,/W) reflects
the process of Si-H bond opening and, as a consequence,
generation of surface-trap centers.

Lo/ W (uA/micron)
10" 10°

107 10"
10° ‘ -
\
\\,L_\\ O * {%
2B
Slope =-2.1 o *
_lof 3| 2
<
*
Q
N
—_
*»—1
-
10°+
W/L = 10/2.5 Mkm \O
107 1 I _\
107 10* 10°

Lsun/Tg
Fig. 1. Dependences for lifetime prediction at different
energy of degradation process

In paper [1] it was shown that generation of surface-trap
centers (surface states) is the dominant reason for degra-
dation of MOSFET devices owing to the influence of hot
carriers, while substrate current 7, is the most simple and
qualitative indicator of processes of hot carriers in MOSFET
structures. Thus, prediction of reliability by method of ap-
proximation of power-law dependence of lifetime #; from
substrate current /g, is positioned in many references as the
most simple and effective method.

2. Problem statement

In this article, graphs of dependence of lifetime #;
from substrates current /,,, taken from different refer-
ences [1, 4, 5, 6, 7] were analyzed for the purpose of
determination of structural and technological parameters
connected with factor B in empirical formula (1) and
influencing the result of prediction of lifetime. Thus,
determination of structural and technological parameters
connected with factor B, as well as determination of
their influence on its value plays an important role in
reliability prediction.

3. Description of experiments

In this paper the following experiments were analyzed:

1) Experiment on determination of lifetime for samples
with different characteristics.

In this experiment, samples with characteristics shown in
Table 1 were used. The value of relative change of drain cur-
rent J1/,/1,0 =1 % was a criterion of loss of functionality.

Table 1
Struc- | Toy Np* Np | Lyacer | Legp(mi-
ture (nm) | (cm?) | (cm?) [(micron)| cron)
ngeS 40 | 1016 4s . . 1,7
2(LDD)| 20 |610%4s| 1083 P | 0,15 1,0
3(LDD)| 17 |61054s| 103P | 013 | 1,0

2) Experiment on determination of dependence of lifetime
from channel’s length.

In this experiment, samples with identical structure
without LDD areas with oxide thickness of 7, = 8,5 nanom-
eters, but having different effective channel’s length L., =
1,5; 0,8; 0,5; 0,3 micron were used. The value of relative
change of drain current [JI;/14, = 10% was a criterion of
loss of functionality.

3) Experiment on determination of the influence implanta-
tion angle on lifetime.

In this experiment, samples with structural characteristics
shown in Table 2 were used.

Table 2
Angle of
Tech- Lma W; le, lfnnglzllilt(:i implan- Lspacer,
nology |micron| micron | nm tioﬁ LDD tation |micron
LATID
0,35 o o
CMOS 04-1| 40 8 7 42 0,12

4. Evaluation of results

Figure 2 shows a graph of dependence of lifetime #; on
substrate current [, for three variants of samples [4]. Table
3 shows values of factors B derived from dependences of
functions of lifetime #; on substrate current /,,,;, presented
in Fig. 1.

Table 3
LDD samplezf I.=17nm 2,1259159-101!
Samples withoutBIfDD, T,. = 40 nm 2,9791178-10-!1
LDD samplezf I =20 mm 13, 419189-10°1

53



ANALYSIS OF PREDICTION OF RELIABILITY OF LONG-CHANNEL FIELD-EFFECT TRANSISTORS
WITH APPLICATION OF POWER-LAW DEPENDENCE OF LIFETIME T ON SUBSTRATE CURRENT Igyp

F N ® LDDT, =17nm
105 __ \\\‘\ 4 CommonT, =40 nm
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Fig. 2. Graph of dependence of lifetime #; from substrate
current /,,

It can be seen from table 3 that the greatest spread of
values is observed for factors B corresponding to variants of
samples with LDD areas, but having different thickness of
gate oxide (1B; 3 = B3/ By =6,3121). Thus, it is possible to
draw a conclusion that factor B, and, hence, also the result
of prediction of reliability depends on thickness of gate
oxide. It is known that with decrease of thickness of gate
oxide the probability of injection of hot carriers grows and,
as a consequence, degradation of instrument characteristics
increases. For decrease of effects of hot carriers the LDD
areas are used. In this experiment it can be seen well that use
of LDD areas substantially increases the value of factor B
and on the basis of empirical equation (1) also the lifetime.
Thus, factor B in empirical equation (1) has strong depend-
ence on presence of low-alloyed areas. However, in view
of presence of dependence of factor B on thickness of gate
oxide, it is impossible to tell with high accuracy that use of
LDD areas will always lead to increase of value of factor
B and, as a consequence, to the lifetime increase. Comparing
the samples having LDD areas and different thickness, it can
be seen that an increase of thickness of gate oxide only by

10° E
100000
— N O L= 0.3 micron
1) o
:’_] B ® L. =0.5micron
r ¢ L_.=0.8micron
10000 & * L= 1.5 micron
F —— y,(0) = 1.4262858%10°6*x"(-1.3916056)
L === y,(x) = 1.738279*%1076*x"(-1.4127462)
i - yy(x) = 2.3508034*10°6*X(-1.4260352)
L == y,(0) = 2.4145492%10°6*x"(-1.2817419)
1000||||||| 1 L1l 1 Lol L

1 10 100
L /W (uA/micron)

Fig. 3. Dependence of lifetime #; on I,/ W, at different
channel length L,
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3 nanometers leads to increase of factor B and, hence, also
lifetime by 6 times. Thus, in this case the result of prediction
of reliability for samples having insignificant difference of
thickness of gate of oxide will have a big scattering.

The following figure (Fig. 3) shows experimental data of
accelerated tests on determination of time of preservation of
functionality #; depending on [,/ W, for samples with dif-
ferent channel length [5]. Additionally Table 4 presents the
values of factors B derived from dependences of functions of
lifetime #; on substrate current of 1,/ W, shown in fig. 3.

Table 4

1,4262858:10°
1,738279-10°
2,3508034-10°
2,4145492-10°

By, Loyy= 0,3 micron

By, Leyy= 0,5 micron

Bs, Ley= 0,8 micron

By, Ley= 1,5 micron

It can be seen from Table 4 that the spread of factor B is
in small range. Figure 4 shows, how the increase of the
channel’s length influences factor B.

2.496
2.4
2.304:
2.208:
2.112;
2.016:
1.92
1.824:
1.728
1.632
1.586:
1.44
1.344
1.248:

B*10"6

1.152:
1.056

0.96:
0.864:
0.768:
0.672;

0.576 0.08 0.16 0.24 0.32 0.4 0.48 0.56 064 0.72 0.8 0.88 0.96 1.04 1.12 1.2 1.28 1.36 1.44 1.52 1.6

L (micron)

Fig. 4. Dependence of factor B on channel length L

It can be seen from Figure 4 that up to the value L,;=0,8
microns, all points lay down well on an exponential curve
described by the equation:

B =1,0557927-exp (0,9999067-L.),

The following point at L.;= 1,5 micron lays practically
on one horizontal straight line with point at ;= 0,8 micron.
Hence, it is possible to assume that dependence of factor
B from channel’s length is exponential up to the value of
channel’s length ;= 0,8 micron, and subsequent increase
of channel’s length practically does not influence the change
of factor B. It is necessary to note that such exponential
dependence of factor B from channel’s length is observed
particularly in this experiment, whereas in other similar
experiments this dependence cannot be traced. In paper
[6] it is shown that at change of criterion of loss of func-
tionality, the dependence of factor B from channel’s length
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disappears (Fig. 5) and all experimental data lay down on
one straight line.

103
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Fig. 5. Dependence of the given lifetime #-/; from the
given substrate current /,;/I; a) criterion of loss of func-
tionality J1/,/I,0 =5 %; b) criterion of loss of functionality

AL, =30 Pa

Consequently, it is possible to draw a conclusion that
factor B has dependence from channel’s length, but only
at selection of a certain criterion of loss of functionality,
which in turn gives different results of approximation and,
therefore, the difference in lifetime and reliability prediction.
Moreover, it is necessary to note that in this experiment the
change of channel’s length influences the value of factor
B not so significantly, as the thickness of gate oxide in the
previous experiment. It means that the contribution to the
value of factor B from the channel’s length is smaller than
the contribution from thickness of gate oxide.

Figure 6 shows graphs of dependence of lifetime on sub-
strate current for two types of samples (LDD and LATID)

10

10—

>
< 10—
=
10—
Ly LDD LATID NS
0.4 micron > L 2 NIR 4
0.6 micron [] ] \
1.0 micron & - <>\
10 | \
107 103 102
Lsubs (A)

1)y = 1.0436555%10°(-8)*x(-3.4813813) 2)y = 1.13763*10°(-8)*x"\(-36000825)
3) y = 5.3943929% 107(-8)*x(-3.6915151) 4)y = 1.7954248*10°(-8)*x(-3.6063543)
5)y = 1.1657934% 10/ (-8)*x/\(-3.7994218) 6) y = 2.9085351*10°(-10)*x"(-4.6309805)

Fig. 6. Dependence of lifetime #; on substrate current 7,
for technologies LDD and LATID with different channel
length L,, 0,4 — 1 micron

with different channel length. As it can be seen from Table
2, the samples used in this experiment differ only by im-
plantation angle during creation of low-doped drain regions
(LDD and LATID). In this experiment (Fig. 6) 6 samples
were taken with different channel length (three for LDD
areas with angle of implantation 7° and three for LATID
with angle of implantation 42°) [7].

Table 5 shows values of factors B received from depend-
ences of functions of lifetime #; from substrate current [,
presented in Fig. 6.

Table 5

By, L,, = 0,4 micron (LDD)
B,, L,, = 0,6 micron (LDD)
Bs, L, =1 micron (LDD)
By, L, = 0,4 micron (LATID)
Bs, L, = 0,6 micron (LATID)

1,0436555:108
1,13763-108
5,3943929-108
1,7954248:108
1,1657934-108

It can be seen from the figure that practically all straight
lines have an identical slope, except for the LATID sample
with a channel length L,, = 1 micron, therefore factor B re-
lated to this sample is impossible to compare with the others.
It can be seen from the table that the greatest value of factor
B has the sample with LDD area and channel length L,, =
1 micron, while spread of factor B depending on channel’s
length is in a bigger range, unlike the experiment presented
in figure 4 (which was conducted on samples without LDD
areas). Comparing the value of factor B corresponding to
LDD area with a channel length Z,, = 1 micron, and the
value of factor B corresponding to LDD area with a channel
length L,, = of 0,4 micron, it can be seen that it increases by
5 times at the increase of the channel’s length by 0,4 micron,
which shows the strong influence of the channel’s length on
the result of prediction of lifetime and reliability. Thus, it
confirms once again the assumption that both — the chan-
nel’s length increase and the presence of LDD and LATID
areas have influence on the value of factor B and also on
lifetime. It can be seen from the figure that straight lines
corresponding to LATID structures are above the straight
lines corresponding to LDD structures; it means that value of
factor B is influenced by presence of low-doped drain areas
(LDD and LATID) and by implantation angle.

5. Conclusion

Significant influence on the value of factor B has thick-
ness of gate oxide and in some cases it prevails over the
structure influence (presence of LDD areas). Factor B is
influenced also by channel length. The most considerable
influence on factor B is brought by a structure type, namely
such structural and technological parameter as the presence
of LDD or LATID areas and implantation angle.

The prediction of reliability with the use of approxima-
tion of power-law dependence of lifetime #;, on substrate
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current [, can have a big error due to strong influence
of a number of structural and technological parameters
described above, as well as due to the selection of criterion
of functionality loss. Such approach to prediction of reli-
ability requires tests for all samples with even insignificant
differences (e.g. small difference of thickness of gate oxide
or implantation angle).

This method requires improvement by means of more ex-
act determination of influence of structural and technological
parameters on empirical factor B in power-law dependence
of lifetime #; on substrate current /.
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CTPYKTYPHASAA HAOEXKHOCTb. TEOPUSA U MPAKTUKA

BbapaHnoB J1.A., EpmonuH 0. A.

OLLEHKA NOKA3ATEJIEM HAOEXHOCTH
«JIMHEMHO-CTAPEIOLLEIO» OBBbEKTA

Ob6cyxnaaroTcs MeToAoJIONMYECKUE TPYAHOCTU PELUEHUS] MPaKTUYECKUX WHXEHEPHbIX 3a4a4 HaAeXHOCTU
A1 HeCTauMOHapHbIX («CTaperLumnx») 0O6bekToB. PaccmarpuBaeTcsi caydan, Kkorga MHTEHCUBHOCTb OTKa-
30B 00bEKTa JIMHEVIHO HapacTaeT Co BPeMEHEM IKCrulyataumn. AHaIMTUYECKN HaxoanTCs CpeaHee «BpeMsi
XWU3HW» Takoro obbekTa. NosydeHHOe BbipaxeHue yrnpoLjaeTcs A0 BuAaa, YA0OHOro Ass Ncrnoib30BaHVs B
MHXeHepPHbIx pacyetax. [peanaraercs ¢opMasibHbIVi Crnocob 3aMeHbl PeaibHOro HeCTaLMoOHapPHOro 00b-
€eKTa BUPTYasbHbIM CTauMOHaPHbBIM. [1py 3TOM MOCTOSTHHAasi MHTEHCUBHOCTb OTKa30B BUPTYaslbHOro OOb-
ekTa noabupaeTcss 13 AOMOJIHUTEIbHbIX COOOPaXeHur, B 4aCTHOCTU, U3 YCJIOBUSI PABEHCTBA «BPEMEH
XU3HU» 000MX O0OBLEKTOB. [losly4eHbl COOTHOLLEHMS] AJ1s1 pacyeta MHTEHCUBHOCTY OTKa30B BUPTYasbHOIro
CTaUMOHaPHOro 0ObEKTAa, BbIPAXEHHbIE YEpe3 rnapamMeTpbl XapakTePUCTUKN «CTapeHUs» peasibHOro 00b-
ekTa. 9P PHeKTUBHOCTb NPEeAsIOKEHHOr0 MeToAa WUTIOCTPUPYETCS PEeLUeHUEM 334a4v O HaxoXAeHun u-
HaJlbHbIX BEPOSITHOCTEN COCTOSIHUIA «JIMHENHO-CTaperoLero» o0bekta u ero KospouLmeHTa rotToBHOCTH,
r10J1Iy4eHHbIM B aHa/IMTU4ECKOM BULE.

Kno4yeBblie cnoBa: HageXHOCTb, HECTaLUMOHAPHbLIVI OOBbEKT, MHTEHCUBHOCTb OTKA30B; «BPEMS XU3HU»
obbeKTa; cTaumoHapu3aums; puHaabHble BEPOSITHOCTU COCTOSIHUM;, KO3 OULMEHT roTOBHOCTU.

Teopust HaIeKHOCTH IIUPOKO IIPUMEHSIETCS| B MHKEHEPHOH ITPAKTUKE JUISl PEIISHUSI MHOTHUX
BKHBIX 3aJ1a4, TAKNX, HAIIPUMEpP, KaK Ha3HAYE€HHE WJIM MPOJJICHHE TEXHHYECKOro pecypca
00BbeKTa (IeMEeHTa, CUCTEMBI), pa3pa0d0oTKa HaAyYHO 0OOCHOBAHHBIX IIPHEMOB ITOATOTOBKH €0
K DKCILTyaTallH, OIIPEICIICHUIO IEPHOMYHOCTH IPOBEIECHHSI OCMOTPOB, NPOPHIAKTHIECKUX 1
KalUTaJIbHBIX PEMOHTOB H JIPYTHX MEPONPHATHH M0 00ECIIEYESHHIO 3aJJAHHOTO YPOBHSI €ro Ha-
JI©KHOCTH B Iiporiecce (PyHKIIMOHUPOBAHHMS U T.II. YCIIEIITHOE PelleHHe OI00HBIX 3a/1a4 TpeOyeT
3HAHUS HAJIOKHOCTHBIX XapaKTEPUCTHK 00BEKTA, OIPEACIICHHBIX B AHAJIUTUYECKOM BHJIE.

Yare Bcero B MHXEHEPHBIX pacuyeTax HCIIOJIB3YIOTCS TPU OCHOBHBIE XapaKTEPUCTHKU
HaJIS)KHOCTH: MHTEHCUBHOCTD OTKa30B A(f), (yHKLMS IUIOTHOCTH PaclpeesIeHUs] BpeMEHH
HapaOOTKH JI0 0TKa3a f(f) n pyHKUHUS HAZEKHOCTHU p(f) — BEPOITHOCTH O€30TKa3HOW paboThI
3a Bpemst 7. B o0miem ciydae, Bce 3TH XapaKTEPUCTUKH SBISIOTCS (QYHKIMSIMH BPEMEHU U
B3aUMOCBSI3aHbI JpyT ¢ JIpyrom. OTciozia clielyeT, 4To 3HaHUE OJTHOM M3 HHUX JIaeT BO3MOXK-
HOCTb 10 U3BECTHBIM COOTHOIICHHSM [ 1] onpenesuTs o0y U3 OCTaBIIMXCS.

B peasibHBIX yCIOBHUSIX 3TH XapaKTEPUCTHKH TTOJTy4aroTcs myTeM cOopa 1 00paboTku cra-
THUCTHYECKHX JAaHHBIX Ha JEHCTBYIOIUX 00bekTax. OObIuHO Hanbosee yJ00HBIM OKa3bIBACTCS
BbIsIBIIEHHE (DYHKIMH A(), TTOCKOJIBKY ISl CKOJIb-HUOY/Ib OTBETCTBEHHBIX OOBEKTOB OTKa3bl U
COIYTCTBYIOLINE UM O0CTOSITENBCTBA, KaK ITPABUIIO, JOKYMEHTAJILHO (PMKCUPYIOTCS IKCILTya-
THPYIOILMM [EPCOHAIIOM U ITOJTy4aeMasi Py 3ToM HH(OpMAaIMs JOCTYITHA JUTS HOCIIETYOIIETro
ananu3a. TakuM 00pa3oM, MOXKHO CUUTATh, YTO XapakTepucThku A(f), () u p(f) N3BECTHBI B
AQHAJMTUYECKOM BHJIE M MOTYT OBITh UCIIOJIb30BAHBI JUISI PEILICHNUS NCCIIEJOBATEIILCKHIX 33714
U [IPAKTHYECKHUX PAcUeTOB.
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[NTomapnsromee OONBIIMHCTBO CYIIECTBYIOIINX HHXKE-
HEPHBIX METOJVK pacueTa HaJeKHOCTH Oasupyercst Ha
THITOTE3€ CTAIMOHAPHOCTH TIOTOKOB CIIyYalHBIX COOBITHIA.
OTO 03HAYACT, YTO BCE BEPOSITHOCTHBIC XaPAaKTEPUCTUKU
MIPOLIECCOB OCTAIOTCSl HEM3MEHHBIMH C TEUCHUEM BPEMEHH,
B YaCTHOCTH, A(f)=CcOnst=A\, ¥ IPHUBOAUT K U3BECTHBIM IKC-
MOHEHIMAJILHBIM COOTHOILICHHUSIM:

Sy = 2o - 05 p(t) = e 0.

I'mroresa o CTalMOHAPHOCTH HaJEKHOCTHBIX IPOIIECCOB
Ha JTUTEIIbHOM BPEMEHHOM HHTepBaJie (DYHKIMOHUPOBAHHUS
00BEKTa BO MHOTHX CITy9asiX BBIIVISIIUT IOCTATOYHO yOe Iu-
TenbHOM [2]. OnHako (haKToM SIBISETCS U TO, YTO HEKOTOPhIE
peabHbIe 0OBEKTHI C TEYEHHEM BPEMEHH MPOSIBIISIOT SIBHYIO
TEHJICHIUIO K YBEJIMUYCHUIO MHTCHCUBHOCTH OTKA30B, T.C.
SIBJISIIOTCSI HECTAIIMOHAPHBIMU. Takue OOBEKTHI B TEOPHH
Ha/IeXKHOCTH IIPUHATO Ha3bIBaTh CTaperomumu [1].

WHXeHepHbIe METOJMKHN pacyeTa Iokaszaresied Ha-
JIS)KHOCTU CTapeloNINX 0OBEKTOB HA CETOMHSIIHUN ICHb
MPAaKTHYECKN OTCYTCTBYIOT, HECMOTPS Ha TO, UTO AIITOPUTM
UX OIIpEeNICHHs], B IPUHIIAIIE, OCTAETCS TAKUM K€, KaK B
CTallMOHAPHOM citydae. Jleno, oHaKo, B TOM, YTO MOTIBIT-
KH NPUMEHEHHsI 3TOTO aJITOPUTMA ISl AHAINTHYECKOTO
OTIpEeICHUSI OCHOBHBIX XapaKTEPHCTHK HAJIEKHOCTH
HECTAalMOHApHOTO 00BbEKTa, KaK MpaBUIIO, Yepe3 JBa-
TPH IIara NpUBOJAT K CYIIECTBEHHBIM MaTeMaTH4eCKUM
TPYAHOCTSIM. DTH TPYIHOCTH MOTYT IIPOSIBISITECS B TOM,
YTO 3anucanuble quddepenanpapie ypaBHEHNS (HAIpH-
Mep, Tuma ypaBHeHuit Kommoroposa [1]) He pemrarorcs
B KBajparypax, J1M00 KakHe-TO MOJIyJarolrecs Mo XOay
MaTeMaTH4YeCKHUX BBIKJIAJOK MHTETPAIbl HE BHIPAKAIOTCS
B DJIEMEHTApHBIX (QYHKIHSIX M OUPENEIAIOTCS TOJBKO
yucieHHo. Kak cineacTBue, He0OXOIMMBIE pacdyeTHBIE
(hopMyJIBI HAWTH B CITPABOYHOMN JIUTEPAType NPAKTHUECKN
HEBO3MOJKHO, JINOO OHM MMEIOT BEChbMa CIIOXKHBIN BUJ 1
TMIOJTyYCHBI, K TOMY )K€, CO 3HAUUTEIbHBIMH YIIPOIIAIOIIUMHA
JIOTTY IICHUSIMH.

Hexoropble mpakTHyecKue 3a/1a4i Ha/Ie)KHOCTH MOTYT
OBITB, B IPUHIINIIE, PEIICHBI C NCTIOIL30BAaHUEM YHCIIOBBIX
XapaKTEePUCTHUK CIy4aifHOM BEITMUUHBI (BpeMEHH HapaOoT-
KM JIO OTKa3a): e TaK Ha3bIBaEMbIX MOMEHTOB, OJHUM U3
KOTOPBIX SIBJSIETCS] CpeJHEE BpeMs HApaOOTKN 0OBEKTa 110
oTka3a (ero «Bpems xu3Hn») I. IIpu 5TOM BCce TPyIHOCTH,
CBA3aHHBIE C ompejnenaeHueM I A HEeCTaMOHAPHOIO
00beKTa, OTMEUCHHBIE BBIIIE, OcTaloTcs B cwile. OqHako
CYIIECTBYIOT CIIy4yaH, KOI/ia 3Ty 3a]aqy yIaeTCs pEIUTh 10
koHIa. OJTHUM X HUX SIBJSIETCS CUTYaIHs, KOT/Ia N3MEHEHHE
MHTEHCHBHOCTH OTKA30B 00BbEKTa C TCUCHUEM BPEMEHHU Me-
eT JTMHEHHBIN XapakTep («ITMHEWHO-CTapEIOMINi 00BEKT).
Hwoxe mpuBoanTCS perieHue 3Toi 3a1a4H.

Uraxk, momoxum, 9410 A(f) OmMHCHIBaeTCs (QyHKIUEH
BUIA!

ME) =2y + at, 1

rae Ay — HadaJibHasi HHTCHCUBHOCTB OTKAa30B, d — KO-

IIUCHT cTapeHus oobekTa (a >0), £ — Tekyiee BpeMms. lanee
CUUTACTCS, UYTO A( ¥ @ N3BECTHBI U 33JIaHBI.

Haiinem QpyHKIHIO HaIEKHOCTH TaKOT0O 00BEeKTa p(f), KO-
TOpasi, Kak U3BeCTHO [3], cBsi3aHa ¢ A(f) COOTHOIIICHHEM:
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—jk(r)d{
p(y=e’ )

410 ¢ yueToMm (1) maet:

py=e ) 3)

[TyTrem HecnOXHBIX IpeoOpa3oBaHUil MTOKa3aTeNb 3TON
9KCIIOHEHTHI IPUBOIUTCS K BHIY:

22
o M| LM

B P PR [ Y P
2 0 2 2o 20

u Tora (3) MOXKHO TIepeTHCaTh TaK:

p() = R ()

Onpenemm T — cpemHee BpeMst HapaOOTKH TaKOTO 00b-
ekta 10 orka3a. M3sectHo [1, 3], uto T = _[ p(t)dt; cneno-
0

BAaTCJIbHO, UIA pacCMaTpruBacMoro ciry4das:

M

T = e Te(ﬁfz_J d. (5)
0

I[J'Iﬂ BBIYMCJICHH 3TOI'0 MHTETpaia IPOU3BECACM 3aMe-

o 2
Hy TepeMeHHBIX: ,|—f +—— = z. Torna dt = ,|—dz n, ¢
o

2 2o

Y4ETOM TOro, yto npu t =0z =z, = — BEIpakeHue (5)
N 200

MNPUBOAUTCA K BUY:

Ay e A
e . 204 A
T= —~e2“~Je_z dz= —-62“-\/;- 1-o[—==1|]| (6)
o % o 2 NO
V2

2 7,
rne P(z) = Tje "dt — wHTerpan BepoOATHOCTH (UH-
T

Terpai OmuOOK), /Ui BBIYHCICHUS KOTOPOTO MMEIOTCS
mopoOHbIe Tabiuie! [4]. Takum oOpa3om, 3amada HAXOK-
JICHUSI CPEJTHETO BPEMEHHU KH3HU «JTHHEHHO-CTAPEIOIIETO
00beKTa pelieHa aHATUTHUECKH.

Omnpenenerre 7 HENOCPEACTBEHHO 1O hopmyrte (6) 4acTo
ObIBaeT HEYIOOHBIM, TOCKOJIBKY CBSI3aHO C HEOOXOUMOCTBIO
BBIYKMCIICHUS] PA3HOCTH MEK/Y JABYMsI MAJIBIMU OJIM3KHUMU
YHUCIIAMH C BBICOKOW TOYHOCTBIO. DTy TPYAHOCTH MOXKHO
00OWTH CIEIYOIUM 00pa3oM.

OrpaHu4uM JanpHeiiliee pacCMOTPEHHE CIydaeM,

A
Koraga z, = 0 > 1. [lycTh HHTEHCUBHOCTH OTKA30B A 3a
0 \/— 0
20

(ukcupoBaHHbI IepHOa BpeMeHH Ty, OLICHKH HaIe)KHOCTH
cTaperomero oosekTa yBenmumiack B B pa3 (f>1). Torna
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Mt=Ty) = Bho. I1pn oTom m3 (1) cenyer Py =g +aly m
o= (B — 1)7\'0
o
9TOTO 3HAYEHHS a TIPEOOpa3yeTcs K BUJLY:
hoTy>(B-1),

T. €. JIONyIIEHHUE z> 1 03HauaeT, 4To 3a PUKCUPOBAHHBIN
MHTEPBAJ OIICHKH Ha/IeKHOCTH NPHUPAILICHHE CPEIHEro
YHCIIa OTKa30B OOBEKTA 3a CUET CTapeHHs HE MPEBbIIIAET
CpE/IHEero Yuciia OTKA30B Ha HA4YaJbHOM JTare ero (yHK-
MOHUpOoBaHMs. DU3NYECKN ITO O3HAYAET, YTO aHAIHM3H-
pyeTcs cuTyalus, KOrja crapeHue o0bekTa BO BPEMEHHU
MIPOMCXOUT CPAaBHUTEIBHO MEUIEHHO; €CIIH K€ 0OBEKT
CTapeeT CIUIIKOM OBICTPO, TO TOBOPUTH O €0 CKOJIb-HHOY/Ib
HpOJIOJ'DKHTeJ'II:HOﬁ OKCILTyaTaluu Bpsd I UMEET MMPAKTU-
YECKUM CMBICII.

Bocmonb3yemcst TeMm, 4TO MpH zp>1 CHpaBeyIUBO Clie-
JIyIOIIee aCHMIITOTHIECKOE pa3iokeHue [4]:

. YcnoBue zp>1 mociie moJCcTaHOBKU B HETO

2

ﬁ[l—CD(z)]ze— 1—%+%—L2"53+... ,
2 22 | 222 (22) (22

MpUyYeM OIIMOKaA, TMOTYYaroIascs MPH OrpaHUYCHUN
psiza, Mo abCOTFOTHOW BEJIMYMHE MEHBIIIE [TEPBOT0O OTOPACHI-
BAaE€MOTrO0 4JIeHa U UMEEeT TOT ke 3HaK. Eciu B mpaBoiil yactu
9TOI'0 BBIPAXKCHUA YUCCTH TOJIBKO IIEPBLIC IBa CIaracMbIX,
TO TIOCJIE HEKOTOPBIX Mpeodpa3zoBanuii hopmyina (6) B uc-
XOOHBIX O603Ha‘IeHI/IHX 3aIIUIICTCA TaK:

1 1 1 Az
T=—|1-———|me| —2>>1| (7)
Ao 2 (N 20
200

W3 (7) BunHO, 4TO cpenHee BpeMsl KM3HU <JIMHEWHO-
cTaperouero» o0bekTa 3aBUCUT HE TOJIBKO OT A, HO ¥ OT
OespasmepHOro napamerpa Ay? / 2a.

T
(T )
(Ao)1 > (Ao)2
(Th
0o Ou 0u)r .
2 2
Puc. 1

C nemnpro OopIIel GU3NIeCcKol HaTIATHOCTH MOy ICH-
HOTO pe3yJabTaTa MpuBeAeM BelpaskeHue (7) K BHIY:

T= To(l*aToz), (8)

roe To=(1/Ay) — cpeaHee BpeMs )KHU3HH CTAIlHOHAPHOTO
(«HecTaperoriero») 0o0beKTa ¢ MHTEHCUBHOCTHIO OTKA30B
Ao (em. (1) mpu a=0). KagectBenHo 3aBucumocTH (8) mo-
Ka3aHbI Ha pucC. 1.

Puc. 1 maer mpezacTaBiIeHHE O TOM, KaK YMEHBIIACTCS
cpenHee «BpeMs )KU3HI» HECTAllMOHAPHOTO 00bEKTa B 3a-
BHCHUMOCTH OT K03()(UITHEHTA CTapeHNUS d.

Bo3MoxHOE MCTIONB30BAaHUE MOITYYEHHOTO PE3yIbTara
PAacCMOTPHM Ha CJIEYIOIIEM IIPUMEpE.

IMomoxxmm, 4TO cTaperouuii 00beKT, HHTEHCHBHOCTD
OTKa30B KOTOPOTO BBIpa)kaeTcs 3aBHUCHUMOCTHIO (1), pac-
CMaTpHUBAETCSI KaK PEMOHTHUPYEMBIH ¢ WHTEHCUBHOCTBIO
BOCCTAHOBIICHHS | (B JaHHOM NIpUMeEpE MPHUHATO MO-
CTOSTHHBIM). TpeOyeTcsi ompenenuTs XapakTep N3MEHEHHS
BO BPEMEHH BEPOSATHOCTEH pabOTOCIIOCOOHOTO py(f) 1 He-
paboTocmocoOHOTO p(f) COCTOSHII 00BEKTa M HAUTH €To
Kk03((HOUIHEHT TOTOBHOCTH.

Kazanocs 0b1, METOIOTOTHYECKH 33/]a4a PEIIACTCSI JIETKO:
IO M3BECTHBIM TIpaBmiIaM [3] Hazmo cocTaBuTh audhepeH-
LMajgbHbIe YpaBHEHUs TUIla ypaBHeHU Kommoroposa ot-
HOCHTEIBHO py(?) 1 py(?) (c yaetom (1)) u pemmmTs ux mpu
3aJaHHBIX HAYAJIBHBIX YCIOBHAX (Hampumep, mpu po(0)=1;
p1(0)=0). OgHako oka3BIBaETCS, UYTO €CIH YIOMSHYTHIE
YPaBHEHHUS 3aMucaTh CPAaBHUTEIBHO IPOCTO, TO HAWTH UX
oOmue penreHns He ygaercsa. TakuM o0pa3oM, B aHAIUTH-
YECKOM BHJI€ IOCTABIICHHAS 3a71a4a HE PEIIacTCs.

WmxeHepHbIH MOAX0 B MOJOOHBIX CHTYalHsIX CO-
CTOUT B MOUCKE MPHOIMKEHHOTO PEIICHHS 3a/1a4H ITyTeM
BBEJICHNS] HEKOTOPBIX YNPOMIAIOIINX AOMyIIeHu. OqHuM
13 BO3MOXKHBIX IPHUEMOB, PEATH3YIOMINX TAKOW MOIXOZ,
MOXET OBITh CTAIIMOHAPH3ALIUS TIOTOKA OTKA30B PEAIbHOTO
HECTalMOHAPHOTO O0BEKTA, T.€. 3aMEHA €r0 HEKOTOPBIM
9KBUBAJIEHTHBIM BHPTYAJIBHBIM C MOCTOSHHONH MHTCH-
CHUBHOCTBIO A, =const, 3HaUCHHE KOTOPOHW MomOmpaeTcs
W3 IOTIOTHUTEIBHBIX coo0paXkeHui [5, 6]. Torma mocTas-
JICHHAs 3a/1a4a CBOAUTCS K CTAL[MOHAPHOM, U €€ PelIcHNe
MIPUHIUIHAIBHBIX TPYAHOCTEH HE BbI3bIBAET. IIpu 3TOM
BOIIPOC O TOM, KaK OTMPEACIATH A, MPHOOpPETaeT MepBO-
CTETIEHHOE 3HaYCHNE.

[Ipennaraercst A, HAXOOUTH U3 YCIIOBUS PAaBEHCTBA «BPE-
MeH KU3HI» PeaTbHOTO («IMHEHHO-CTapeIoIIero») oobekra
(T) 1 PKBUBAJIGHTHOTO €My BHPTYaJbHOTO CTAIlHOHAPHOTO

T.=—
A

c

yactu BeipaxeHus (7) 7 Ha 1/A, u pa3permas moaydeHHOE
ypaBHEHUE OTHOCUTEIIBHO A, HIMEEM:

, T.e. U3 cooTHouleHus 7,=7. 3aMeHss B JIEBOM

Ao

Kczxo'm; o<
0

By )
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7 Anana3oH MPUMEHUMOCTH (GopMyITs (9) momydeH u3
2

YCIIOBHS 2—0 > 1, IPUHSATOrO NPH NPOBEIECHUN HACTOSIIETO
o

uccnenosanus. Bepaskenne (9) mokaspIBaeT, Kak A, CBI3aHO
C apaMeTpaMH XapaKTepUCTHKH A(f) peaJbHOTO OOBEKTa.
KadecTBeHHO rpaduKu 3TOI 3aBUCHMOCTH IIPH PA3THIHBIX
3HAYEHUSX A TIOKA3aHBI Ha pPHC. 2.

A

(Aode ¢

(Ao)ng (M) > (Ao)2
|

0 D) Do) .
2 2
Puc. 2

[Mocne ompeneneHus A, 3azada HaXOKAEHUS po(f) CBO-
JUTCS K CTAL[IOHAPHOMY CIIy4alo; pe3y/abTaT ee pelIeHHs
u3BecteH (cM., Hanpumep, [7]). [loxcrasnss B Hero A,
noyueHHoe 1o ¢popmyse (9), OKOHYATENBHO, B IIPHHSATHIX
31ech 0003HAYCHUAX, UMEEM:

Mo(xg —0(,) .
}”3 + uo(kg —OL)

HOO"(?_(X) 7"3_0( ’

3
0

7‘3 +H0(7~§ _O()'
3 2 _
{1—exp|:—w~t]} (11)
0

W3 (10) naxoaurcsi pUHAIBHAS BEPOSITHOCTH paboTO-
CIIOCOOHOTO COCTOSIHUSL Po(o0), KOTOpasi B JaHHOM Clly4ae
YHCJICHHO COBMAAACT ¢ KOAP(UIMEHTOM TOTOBHOCTH 00b-
ekta kr:

(1) =

pl(t)=
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Kr . .
i i
1 b Dadai I
w
i
i : (Ao)1 = (Moo
T |
i i
i i
[ [
' i
i i
0 M (o i* o
2 2
Puc. 3
“o(xg _OL)

k. =Tim p, (¢) =m-
0 070

I'paduku 3aBucumocteit k= k(@) 1t pa3IuYHbIX 3HA-
YCHUHN Ay KQYECTBEHHO U300PaXKCHBI Ha PHUC.3.

Kak u crnenoBano oxugare U3 GU3NYCCKUX MPEIACTAB-
JIeHnH, k yMEHbIIaeTcs ¢ yBeaudeHuem koddduimeHta
CTapeHwusl d.

Takum 06pazom, 3Q(PEeKTUBHOCTH MPEAIOKESHHOTO
MeToJla CTAlMOHAPU3ALMNH TTOTOKA OTKA30B «JIMHEHHO-
CTaperolero» o0beKTa MoKa3aHa Ha MpUMepe OJHOH M3
BO3MOXKHBIX MTPAKTHUYECKHUX 3a]1a4, PelleHne KOTOPOil Imo-
JIy4E€HO B aHAJIMTHYECKOM BHJIC.
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Structural reliability. The theory and practice

Baranov L.A., Ermolin Y.A.

ESTIMATION OF RELIABILITY INDICES
OF A “LINEARLY AGEING” OBJECT

This paper describes methodological difficulties when dealing with practical engineering challenges of
reliability for non-stationary (time dependent/“ageing”) objects. A special case is considered when the
object’s failure rate is linearly growing with operation time. An average lifetime of such object is defined.
The result expression is reduced to the formula which is accessible to be used in engineering analyses.
A formal way of substitution of a real non-stationary “ageing” object for a virtual stationary one is proposed.
Besides, a constant failure rate of a virtual object is taken on the basis of additional considerations, in
particular, on the basis of the condition ensuring the equality of the “life times” of both objects. The
formulas are developed for calculation of the failure rate for a virtual stationary object, expressed through
the parameters of the real object’s “ageing” characteristics. The efficiency of the suggested method is
demonstrated by means of the solved problem about final probabilities of the states of the “linearly ageing”
object and its availability factor, deduced in analytical form.

Keywords: reliability; non-stationary object; failure rate; object’s lifetime; stationarization; final probabilities
of states; availability factor.

The reliability theory is widely used in the engineering practice to solve many important
tasks, such as, for instance, the assignment or extension of operational life of an object (element,
system), development of the scientifically based methods of its deployment, determination of
inspection frequency, preventive and overhaul repairs and other measures to ensure its specified
reliability level during operation process, etc. Successful handling of such problems requires
the knowledge of reliability characteristics of the object, deduced in analytical form.

These are the three main reliability characteristics that are mostly used in engineering
analyses: failure rate A(f), time-to-failure density function f{#) and reliability function p(#) —
probability of non-failure operation during the time period . Generally, all these characteristics
are the functions of time which are interrelated. This means that the knowledge of one of them
gives the opportunity to define any of the remaining ones by the known formulas [1].

Under operational conditions these characteristics are deduced by means of acquisition and
processing of the statistics data on the objects in operation. Generally, the most accessible is to
reveal the function A(?), as, for any important objects, the failures and attendant circumstances
are normally documented by operating personnel, and the information received is available
for further analysis. Then, the characteristics A(?), f(¢) and p(f) are known in analytical form
and can be used to solve the research tasks and practical estimations.

The vast majority of the present engineering methods of reliability estimations is based on
the hypothesis of stability of the flow of random events. It means that all process probabilistic
characteristics remain unchanged with time, for instance, A(f)=const=\,, and it leads to the
known exponential correlations:

) =2g - e p(t) = 0.
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ESTIMATION OF RELIABILITY INDICES OF A “LINEARLY AGEING” OBJECT

The hypothesis of stability of reliability-related processes
within a long-term time interval of an object’s functioning
in many cases is quite convincing [2]. But it is actually a
fact that as time goes by, the certain real objects obviously
tend to the failure rate rise, i.e. they are non-stationary. In
the reliability theory such objects are usually called ageing
objects [1].

At present there are almost no admitted engineering
methods of calculation of the ageing/deteriorating objects
reliability indicators, although the algorithm of their deter-
mination remains the same as in case of stability. Ultimately,
the attempts of application of this algorithm for analytical
determination of major reliability characteristics of a non-
stationary object in two or three steps, generally, cause
significant mathematical difficulties. These difficulties may
appear when the noted differential equations (for instance,
the Kolmogorov equations [1]) are not solved in quadra-
tures, or when some integrals established as the result of
mathematical calculations are not expressed in elementary
terms and can be defined only numerically. Consequently, it
is almost impossible to find the required calculation formulas
in the reference materials, or they are quite complicated and,
in addition, are derived with simplifying assumptions.

Some practical reliability tasks basically could be solved
with the use of numerical characteristics of a random
variable (time to failure): one of its so called moments is
a mean time to failure (an object’s lifetime) 7. And all the
aboveindicated difficulties related to the determination of 77
for a non-stationary object remain in force. There are cases,
however, when this task can be solved completely. One of
such cases is the situation when variation of the failure rate
of'an object becomes linear as time goes by (“linearly ageing
object”). The solution of this task is given below.

So let us assume that A(?) is described by the following
function:

ME) = A + at, (1)

where A is an initial failure rate, a is a coefficient of an
object’s ageing (a >0), ¢ is current time. Then A, and a are
considered to be known and assigned.

Let us find the reliability function of such object p(?),
which is associated [3] with A(¢) by the correlation:

—j?»(l)dt
p(y=e’ )

with consideration of (1) it results in:

ply=e ) 3)

By means of simple transformations the index of this
constituent is developed to the form:

2
o, o A Ao
%= ¢ Lo
(2t - Ot) ( St Toc] o
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and thus (3) can be written over to:

p() = R ()

Let us define 7" as a mean time to failure for such object.
It is known [1, 3] that 7 = j p(t)dt; consequently, for the
0

current case:

B
T=e* fe''? ) gy, (5)
0

For calculation of this integral let us change the variables:

A / 2
gt +—" =z Thend! = ,|—dz and in consideration with
2 20 o

A
the fact that withr=0z =z, = FO, the formula (5) is de-
o

veloped to the form:

Mo A
T=\/z'€m'.[ez dz=\/z.62a.£. I_F( }\'0 ), (6)
o 1 o 2 V20

V200

2 ¢ e
where F(z) = TJ‘e" dt is the probability integral, for
T

calculation of which the detailed tables [4] are used. Hence,
the task when it is necessary to find a mean lifetime of a ““lin-
early ageing/deteriorating” object is solved analytically.

Determination of 7 by the formula (6) is often incon-
venient, as it is associated with the necessity of calculation
of the difference between two small close numbers to high
precision. This difficulty can be circumvented by the fol-
lowing way.

Let us limit further consideration by the case when

z, = ——=> 1. The failure rate A, within a fixed time period

0
N 20
Tyofreliability assessment of an ageing/deteriorating object
has increased by the amount of B (B>1). Then M=T)) =
BAo. And according to (1) it follows that BAy =Xy + a7, and
_(B-DA
T

% The statement z,>1, after it is substituted

o

f
with these values of a transforms into:
MTp> (B-1),

i.e. the condition z,>1 means that within the fixed
interval of reliability assessment the increase of the aver-
age number of the object’s failures due to ageing does not
exceed the average number of failures at the initial stage
of its functioning. Physically it means that the situation is
being analyzed when the object’s ageing with time goes
on relatively slow; if the object is ageing/deteriorating too
fast, it hardly makes practical sense speaking about any of
its long-term operation.
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Let us put to use that for z;>1, the following asymptotic
decomposition is valid [4]:

.
2 2z 2z° (2z7) (2z)

and the error occurring when the row is limited, in ab-
solute magnitude is less than the first rejected member of
equation, and has the same sign. If to consider only first
two summands in the right part of this formula, then, after
certain transformations, the formula (6) in initial notations
shall be written as:

1
T =

=—|1-
Ay

2
1.1 , where (k—o > 1). (7
2 2

% o
201
According to (7), the mean lifetime of a “linearly age-
ing” object depends not only on Ay, but also on the non-
dimensional parameter A2 / 2a.
To make an obtained result more demonstrative from

the physical point of view, let us reduce the expression (7)
to the form:

T=Ty(1-aTy?), ®)
where T;=(1/)) is a mean lifetime of a stationary (“non-

ageing”) object with the failure rate A, (see (1) with a=0). The
functional connections (8) are qualitatively shown in Fig. 1.

T
(@
(Ao)r > (Ao)2
(Bh
0 o)t e o
2 2
Fig. 1

Fig. 1 shows the reduction of the mean lifetime of a non-
stationary objects depending on the ageing factor a.

A possible use of the obtained result shall be analyzed
by the following example.

Let us assume that an ageing object, the failure rate
of which is expressed by the functional connection (1),
is considered as an object with the repair rate i, (which
is constant in this case). It is necessary to define how the
probabilities of change of operable p((f) and non-operable
p1(f) object’s states change with time, and to find its avail-
ability rate.

A methodological task seems to have easy solution: by
the known rules [3] it is necessary to form a kind of differ-
ential Kolmogorov equations in reference to p(¢) and p;(¢)
(with consideration of (1)) and to solve them at the given
initial conditions (for instance, with py(0)=1; p;(0)=0).
However, it turned out that if it is relatively simple to write
the mentioned equations, it is not possible to find their gen-
eral solutions. Thus, the assigned task can not be solved in
analytical form.

Engineering approach in similar cases involves the search
for an approximate solution of the task by means of certain
simplified conditions. One of possible ways to realize such
approach can be stationarization of the flow of a real non-
stationary object, i.e. its replacement with a certain equiva-
lent virtual object with constant rate A =const, the value of
which is selected based on additional considerations [5, 6].
Then the assigned task is reduced to the form of a stationary
one, and its solution does not cause any essential difficulties.
But the question of how to define A, becomes a question of
high priority.

Supposing that A. is found based on the condition of
equality of the lifetimes of a real (“linearly ageing”) object

1
(T) and its equivalent virtual stationary one (TC = 7»_} i.e.

based on the correlation 7,=T. If we replace T in the left
part of the formula (7) with 1/A. and solve the equation for
A, we shall have:

Ao

(Ao)1 > (Ao)2

0 Do’ (o)’ o

Fig. 2
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2 2
A, =N, '—x}ia; (oc < %OJ )
0

where the application range of the formula (9) is derived
2

from the condition 2—0 > 1, accepted at the execution of the
o

real research. The formula (9) shows how A, is related to
the parameters of A(¢) characteristics of a real object. The
graphs of this dependency with different values of A, are
quantitatively shown in Fig. 2.

After determination of A, the py(f) value task is reduced
to a stationary case; its solution result is known (see, for
instance, [7]). If we substitute it with A, derived from the
formula (9), we shall definitely have:

B, (Ag —ar)
l‘ —_ .

1+ an -exp —7\3+“°(x§_u)~t (10)
HOO"(?_OL) 7"3_0( ’

T p— —
RN TR )
3 2
Ay —at

We use (10) to find the final probability of the operable
state py(e0), which does numerically coincide here with an
object’s availability factor &

: Mo (7L§ )
k., =limp,(t)= ———5—.
r t‘}wp()() }\.3-’-“0(7\,;—&)
The dependency graphs k= k{a) for different values of
A are quantitatively shown in Fig.3.
As expected from physical views, k- decreases with an
ageing coefficient a.
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; : (Ao)1 > (Ao)e
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| |
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Fig. 3

Therefore, the efficiency of the proposed method for sta-
tionarization of the “linearly ageing” object’s failure flow is
shown by the example of one of possible practical tasks the
solution of which is deduced in analytical form.
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DYHKUMNOHAJIbHAAA HAOEXKHOCTb.TEOPUSA U MPAKTUKA

MNMoranos U.B., baesa M.A.

BOMPOCbI TEPMUHOJIOT'MN HAOEXXHOCTU B OBJIACTU
NMPOrPAMM U NPOrPAMMHDBIX CPELACTB

B pabote obcyxpaeTtcsi 3aaaya BeipaboTKy OnpenesieHns HaaeXHoCTy nporpaMm. 91a 3ahad4a paccmatpu-
BaeTCsl B KOHTEKCTE 00LLeri TePMUHOIOMMYECKOV rnpobsiemMbl, MNOSIBUBLLEVICS B CBS3U C HEOOXOANMOCTbIO
corsiacoBaHusi TEPMUHOJIOMrU, NMPUHSITON B Poccuun, ¢ UCoIb3yemMor B MeXAyHapoaHou rpaktuke. lepe-
YUCJIEHbI HECKOJIbKO OrNpPeaeseHn Ha4eXHOCTY rporpamMmM, rnNoHNMaeMorvi Kak KOMIMJIeKCHoOe CBOKCTBO. Pac-
CMOTPEHbI HEKOTOPbIE CBOKCTBA MPOrpamMmM, KOTOPble MOryT XapakTepu3oBaTb HaAeXHOCTb. [lpenioxeHa
Tabnvua NPUMEHNMOCTU 3TUX CBOKCTB [AJ11 XapakTepPUCTUKN HEAEXHOCTU PasindyHbIX BUAOB MPOrPamMm.

KnioyeBbie cnoBa: HageXxHOCTb MPOrpPaMmMHbIX CUCTEM.

BBepeHue

B Hacrosiiee Bpemst CrieiHaiucThl B 00J1aCTH HaISKHOCTH CTaU YCIAThH OOJIbIIOe BHIMA-
HHE BOIPOCAaM TEPMHHOJIOTUHU. DTO 00BSCHSIETCSI HEOOXOANMOCTHIO OOHOBIICHUSI OCHOBHOTO
cranaapra «HaexxHOCTh B TEXHUKEY, ONPECISIONIET0 TEPMUHOJIOTHIO B TAHHOW 00JIacTH,
¥ HEOOXOAMMOCTBIO COTIIACOBAaHHSI OCHOBHBIX HCITOTIB3YEMBIX TEPMUHOB C MEKIYHAPOIHBIMU
cranaapramu. O TOM, KaK IPOXOAUT 00CYXJICHHUE ATUX BOTIPOCOB, U O COMYTCTBYIOUIUX TPY/-
HOCTSIX JOCTAaTOYHO MOAPOOHO pacckazaHo B padorax [1, 2].

IToxoxue TPyTHOCTH MOTYT BOSHUKHYTB y CIICI[HATNCTOB, U3yUYaIOIUX BOMPOCH Ha/IeK-
HocTH MH(popManuonHsix cucteM (MC). B ocobeHHOCTH — MX MPOrpaMMHOIl YacTu. 31ech
TEPMHHOJIOTUYECKUE TPYTHOCTH MOJCTEPETAIOT YKe IIPH UCIIOIb30BaHNH 0A30BbIX MOHSITHH.
Hamnpuwmep, B crangaprax FOCT 19781-90 «O6ecnieuenne cucrem 00paboTki nH(GOpMaIiu
nporpammuoe. Tepmunbl u onpenenenus» u ['OCT 28806-90 «KauecTBO mporpaMMHBIX
cpeacTB. TepMHUHBI M ONpPEACICHHUS», KOTOPbIE B MPUHIIUIE JODKHBI HCIOIB30BAaThCS CO-
BMECTHO M B3aMMHO JOTOJHSATH JPYT APYra, MO CYTH OAUH M TOT K€ TEPMHMH Ha3bIBACTCS
no-pazHoMy: «IIporpammuoe obecniedenue» u «IIporpaMmmuoe cpencTBo». JIl060nBITHO, 4TO
B TekcTe [OCT 19781-90 nmo-aHmniicku 3TOT TEPMHUH HE IPUBOJUTCS, XOTS B aHITIOSI3BITHOM
Ha3BaHMU CTaHAApTa MPUMEHSIETCs CIIOBO «softwarey. 3aTo 3TH cTaHAapThI OJJMHAKOBO OIIpe/ie-
JSIFOT TEPMUH «IPOTPaMMay, 4TO BAXKHO OTMETHUTD, TIOCKOJIBKY B JAHHOW paboTe peyb Noinet
HUMEHHO 0 TporpaMmax. Kpome Toro, oTMETHM, YTO [T JaHHOH pabOThl HOAXOIUT U TEPMUH
«IIporpammHoe cpenctBoy», kak oH onpezaeneH B [OCT 28806—90 (Tam e B IPUITIOKESHUH
yKa3aHo, 4TO 3TOT TEPMHH BKJIIOYaET BeCch 00beM TepMuHa «IIporpammuoe obecrieueHuey).
[oxamyii, caMbIM Ba>KHBIM 3/I€Ch SIBIISICTCS TO, YTO IPOrpaMMBI U iporpammHsle cpenctaa (I1C)
MOTYT IOHUMATbCs YUTATESIMU B IIMPOKOM CMBICTIE, BKITIOUAIOILEM H IpyTHe, BCTpEJaroIiye-
s B IUTEpAType, TEPMHUHBI: KIIPOTPAMMHBIE CUCTEMBD», «ITPOTPAMMHBIE KOMIICKCH) U T. 1.

B crangaprax, 3aTparuBaronx BOIMPOCK! HAAEKHOCTH porpamm u [1C, To)ke CyIecTByoT
TEPMUHOIOTUYECKHE TPYJIHOCTH. YKa)KeM OCHOBHBIC TIPUYMHBI ITOTO SBJICHHUA. BO-TIepBhIX,
CYIIECTBYIOT Pa3JIMUHBIC ONPEeNICHHs, KacaroIlruecss TEPMUHOJIOTHH B 00JIACTH HaIEKHO-
ctu [1C, B TOM unciie nepeBe/IeHHbIE, B3SThIE U3 MEXTyHAPOAHBIX CTaHAAPTOB. BO-BTOPHIX,
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IPY TIEPEBOZIE 3TUX ONPEIEIICHUH ¥ TEPMUHOB BO3HUKAIOT
TPYAHOCTH ydeTa MMEIOIIEHCsl cTaHIapTU30BAaHHOM Tep-
MuHonoruu. B-tpersux, neiicrByromuit crangapr [OCT
27.002-89, onpenensominii OCHOBHYIO TEPMHHOJIOTHIO
B 00JIacTH HaJIS)KHOCTH, OPUEHTHPOBAH HA TEXHUYECKHE
YCTpPOHCTBA, a HE Ha MPOTPAMMBI JJISl HUX, T. €. HE yIUTHIBACT
cymectBenable orinuust [1C. JlaHHbIe TPUYNMHBI TEPMHU-
HOJIOTHYECKHUX TPYAHOCTEH JOMONHAIOTCS CTaHIAPTaMH,
MOCBSIIIEHHBIMH BotipocaM KadecTsa I1C, B KOTOPBIX TOT ke
TEPMHH «HA/IEKHOCTBY PaCCMATPUBAETCSI TOIBKO KAK OJTHO
13 CBOMCTB, 00YCIIOBINBAIONINX KauecTBO. Jlasiee B TekcTe
paboTer 00 3TOM OyIeT ckazaHo Oolee monpooHO. Jlob6aBuM,
YTO NEPEUUCICHHBIC TPYJHOCTH SIBIISIOTCS BXKHON YACTBHIO
o0mreit mpobremaruky Hagesxkaoctr [1C [3].

W3 cka3aHHOTO MOKHO CJ/ieJaTh BBIBOJ O HEOOXOAH-
MOCTH TIIATEIbHOTO BCECTOPOHHETO M3YYEHHs BOIIPOCOB
TEPMHUHOJIOTHU B obnactu HanexHoctu [1C, uro BroiHe
COOTBETCTBYET O0IIEH TEH/ICHINH.

MocTaHoBKa 3apaun

Ha ocHOBe cka3aHHOTO BBINIE BO3HHUKAET 3ajada M3yde-
HUSI CYIIECTBYIONIETO Pa3sHOOOpa3usi TEPMHUHOB C ILEJBIO
BBIOOpa HamOoJIee TOMXOAAIINX U3 HUX. boree pa3BepHyTO
TTOCTaHOBKA 33/1a9H (hOPMYITUPYETCS CIIETYIONIM 00pa3oM.
HeobxonumMo paccMOTpeTh HECKOJIBKO H3BECTHBIX OIpesie-
senni HagexxHoctu [1C u s HanOoliee BayKHBIX CBOMCTB,
cocTaBiAOMMX HaaekHOCTh I1C, KadecTBEHHO OLEHHUTH
BO3MOXKHOCTB MX TIPAKTHYECKOTO MPUMEHEHUSI TSl ITPOKOTO
criekTpa rmporpaMm. MHBIME cit0BaMu, IpeyiaracTcs aHanm3
CYLIECTBYIOIIEH TEPMUHOJIOTUH U TIOUCK OINPENEIIEHUH, KO-
TOpBIE XOTS OBl YACTHIHO MOYKHO OBLTO OBI MCIIOJIB30BATH B
KadecTBE ONEPAMOHANIBHBIX, TIOHATHE O KOTOPBIX Chopmy-
JIFPOBAHO B [2]. DTO JOBOIBHO TPyIOEMKas 3a1ada, TOITOMY
31ech OyzeT mpeIcTaBIeHa TONBKO YacTh BCe padoTHI.

Jytst perieHnst MoCTaBICHHON 3a/1a491 BEIOEPEM BCTpEUaro-
MYeCs B HAYIHOU JINTEPaType U CTaHIapTax ONPEACICHHS,
PacKphIBAOIIe KOMIUIEKCHOE CBOMCTBO HanesxkHocTH [1C.
3areM OIEHHM TPUMEHUMOCTHh HEKOTOPHIX (hOPMYITHPO-
BOK JIJISl Pa3NIMYHBIX BHIOB IIPOTPAMM, TIEPEUNCICHHBIX B
Obmiepoccuiickom knaccudurarope mpoaykimu (OKI). ITo
pe3yabpTataM MpOBEAESHHOTO aHAIN3a MONpoldyeM cresaTh
HEKOTOPBIE OCTOPOXHBIE BHIBOJIBI O BO3MOXXHOCTH MTPAKTH-
YECKOTO MPUMEHEHHSI PACCMATPHBAEMbIX TEPMUHOB.

[Ipexne, yem nepelTu HEMOCPEACTBEHHO K BBIIOJHE-
HUIO COPMYIHPOBAHHOTO BHINIE 3aJaHUSA, HEOOXOIMMO
pa3o0paTbes B ToM, uToO U3 ceds npexacrasisor [IC, pac-
CMaTpHBaeMble Kak 00bEKT MPUMEHEHHS TPAJUIIOHHOM Me-
TOJIOJIOTHY aHAJIM32 HA/ISKHOCTH CHCTEM, TIPE/IITOIIaratomen
M3y4deHUE HAZEKHOCTU CHCTEMBI B LIEJIOM B 3aBUCUMOCTH
OT HaJISKHOCTH €€ KOMITOHEeHT. Hazio moHSTh, 4T sBIIsIeTCS
kommoHeHTOM [1C. DT0 mOMOXKeT BRIOpATh MPaBUIFHOE Ha-
MIPaBJICHNE B PELICHUH TIOCTABICHHON 3aa4H.

B nurteparype TpaAuIIMOHHO pacCMaTPHBAIOT MPOTPAMM-
HBIE CHCTEMBbI WM ITPOTPAMMHBIE KOMITIEKCHI, COCTOSIINE U3
MIPOrpaMMHBIX MOIYJIEH, IporpaMM U nopnporpamm. Eciu
00BEKTOM M3yUEHHS IIPUHSATH HE KOMIUIEKC, & OT/AENIBHO B3sI-
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TYIO IIPOrPaMMy, TO OHa MOXKET PacCMaTpuBaTHCS, HAITPUMED,
Kak 00beIMHEHHE OIIPOT PAMM HITH IPYTHX (DYHKIMOHAIBHO
TIOJTHBIX 0110K0B. Ho IporpamMMHbIe MOTYITH 1 TIOJITPOTPAMMBI
CaMH 110 ce0e TOXKE SIBIISIFOTCS TPOIPAMMaMH: BBIILICYTTOMSTHY -
Th1i cTanaapt FOCT 19781-90 HaunHaeT onpeneneHus Tep-
MHHOB «IIPOTPaMMHBIN MOTYIIb» M «IIOJIIPOTPAMMay CIIOBOM
«IIPOrpamMMay. 3Ha4UT, PACCMOTPEHHE 3TUX KOMIOHEHTOB HE
MeHsIeT B3I Ha Bonpoc HagexHocTh TIC.

[Ipennaraercst paccmarpusarh 11C kak HabOpb! peanu-
3yeMbIX NMH (DYHKLIHUH 110 YIIPaBICHUIO HH()OPMALMOHHBIMA
cucreMamiu. Toraa »;IeMeHTOM IIPOrpaMMBbl OY/IET OTAEIbHAS
(yHKIMS, yIpaBisionias XpaHeHneM, 1epepadoTKOM, BbI-
nadeit nHpOpMaUU U APYToi paboToi, OCYIIeCTBIIeMO
HC. ITpn 3TOM MOXXHO PaH>XUPOBATh (DYHKIIMH 110 UX BaAXK-
HOCTH, YTO MOXXET OKa3aThCsl ITOJIE3HO ISl H3y9IEHHS [IETI0T0
Ppsizia CMEKHBIX BOIIPOCOB (HAIIPUMED, ISl OLICHKH PHCKOB).
PaccMmoTpeHne OTAeNbHBIX MPOrPAaMMHBIX (YHKIMHA WIN
MHPOPMAIIMOHHBIX YCIYT MOXET JaTh IPEUMYIIECTBO B
OIpeesIeHNH NToKa3arenel HanexHoctd MC u mporpamm.
Kak Oyzmer mokaszaHo jiaiee, 3TOT HOIXOA FAPMOHUPYET ¢
MEXIYHAPOIHBIMH CTAaHIapTaMHU M 0000IEHHO!N KOHIIeN-
LUel HaZIeHOCTHU B c(hepe KOMIBIOTEPHBIX HAYK.

AHann3 TepMuHONOrMn

PaccmoTprM HECKOIBKO OIIPEAESIEHI OCHOBHBIX TEPMHU-
HOB, IPUBOANMBIX B Pa3JINYHBIX HCTOUHUKAX, U IPOAHAIH-
3UpyeM uX npumeHnmMocTsb K [1C.

Hagrewm ¢ ocHOBHOTO B TaHHOM Botipoce ctanaapta [OCT
27.002-89 «Hanmexuocts B Texauke. OCHOBHBIE TOHSATHS.
Tepmuns! u onpeneneHus [4]. CormacHoO TOMy CTaHIAPTY,
HaJISKHOCTh OMPENENIeTcs] KaK «CBOWCTBO 00BEKTa coxpa-
HSTB BO BPEMEHH B yCTaHOBIICHHBIX MIPE/IeIaxX 3HAUCHHS BCEX
IIapaMeTpoB, XapaKTEPHU3YIOINX CIIOCOOHOCTh BBITIOIHSATE
TpeOyeMble (DYHKIMH B 3aJaHHBIX PEKUMaX M yCIOBHUIX
MIPUMEHEHHS, TEXHUUECKOTO OOCITY)KMBAaHUS, XpPaHEHHUS 1
TPaHCTIOPTHPOBaHMSD. TaM ke B [4] OTMEUYEHO, UTO B 3aBH-
CHMOCTH OT Ha3Ha49eHMsI 00BEKTA M yCIIOBHH €TI0 IPUMEHEHHS
HaJIS)KHOCTh MOKET BKJIIOUAaTh COYETAHHUsI CBOMCTB 0€30T-
Ka3HOCTH, JJOJITOBEYHOCTH, PEMOHTOIPHTOJHOCTH U COXpa-
HSEMOCTH. DTO Ba)KHOE NPUMEYAHNE, KOTOPOE TPUTOANTCS
B ganbHeimeM. Cpasy OTMETHM, UTO JUTS ITHPOKOTO CIIEKTPa
[1C, mo-BunmuMoMy, He Ba)KHBI CBOWCTBA COXPAHSIEMOCTH M
JIONTOBEYHOCTH, KaK OHH ompenienieHs! B [4]. Bo3mokHO, TIo-
HSTHE JIONTOBEYHOCTH (BMECTE C TIOHATHEM O MPEIETbHOM
COCTOSTHAH ) MOXKET MIPUMEHSTBCS JUIS CIIOXKHBIX TIPOTPaMM-
HBIX CHCTEM peaibHOoro BpemeHu. O caMoM omnpeneneHun
HaJISKHOCTH MOYKHO CKa3aTh, YTO OHO «I1apaMETPUIECKOE»,
T. €. JUIS €r0 IPHUMEHEHHNS TPeOyeTCsl IEPEINCITUTh ITapaMe-
TPBI ¥ yCTAHOBUTB TIPE/IEIIBI UX U3MEHEHHs. 11 porpamm
9TO BEChbMa TPYAOEMKasI 33/1a9a, HO B ITPUHIIMIIE BBITOIHAMASL.
[Noxaiyit, TIaBHBIM HEYIOOCTBOM TOTO OTTPe/IeTICHIS HAIEK-
HOCTH SIBJISICTCS] yKa3aHUE HA HEOOXOIMMOCTD «COXPAHSATh BO
BPEMEHN», TOCKOJIBKY 3TO CBOHCTBEHHO, MOXKET OBITh, TOJIBKO
MIPOTPaMMHBIM CHCTEMaM PeaNbHOTO BpeMeHH [5]. B mais-
HelmeM OymyT TPUBEICHBI eIlle HEeCKOJIBKO ONpeeNIeHNH,
B KOTOPBIX B TOM WJIM HHOM BHJI€ TOBOPHUTCS O BPEMEHHBIX
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MHTEpBaJaX (QyHKIHMOHUPOBaHU. [IpeAIonoXnuTensHO, 3T0
MOXKET OBITh CBSI3aHO C TEM, YTO HAIEKHOCTh TEXHUIECKUX
CHCTEM YacTO MIOHUMAIOT B MIEPBYIO Ouepenp Kak reliability,
a C 3THM CJIOBOM CBS3BIBAIOT MOKA3aTENb «BEPOSTHOCTH O€3-
OTKa3HOHU pabOThI Ha HEKOTOPOM OIIPEACICHHOM HHTEPBAIe
BpeMeHm». OJJHAKO TS TPOrPaMM 3TOT TIOKA3aTeNb HE BCETIa
yao0eH B IPUMEHEHUH.

B cranmapre TOCT 28195-89 «Orenka xagecTBa mpo-
TpaMMHBIX cpeacTB. O0rmue monokeHns» [6] HeT orpeaete-
HUI TEPMUHOB, HO ECTb ONMCAHUE [T0Ka3aTeIed KauecTBa, 110-
kazarenu HagexxHocTH [1C, orpaxkaronme «crmocodHocTs [1C
B KOHKPETHBIX 00JIaCTSIX TPUMEHEHUS BBIOJIHSTH 3aJAHHbIE
(YHKIIM B COOTBETCTBUH C IIPOTPAMMHBIMHU JIOKyMEHTaMHU
B YCIIOBHUSIX BO3HMKHOBEHHs OTKJIOHEHHH B cpene (yHK-
IIMOHNUPOBAHWSI, BEI3BAHHBIX COOSIMU TEXHUUECKHUX CPEACTB,
omrOKaMH BO BXOJHBIX TaHHBIX, OITHOKAMI 00CITyKIBAaHHS
U IPYyTUMH J€CTaOMIN3UPYIOIIMH BO3IEHCTBUSIMIY. 31€Ch
HE YYHUTBIBAETCSI, UTO MPOTPAMMHBIE IOKyMEHTBI, KaK U CaM1
MPOrPaMMBbI, MOTYT COAEpXkaTh omoku. Kpome Toro, nepe-
YHCJICHHBIE OTKJIOHEHHUS! OTHOCATCS, TTOXKAITYH, HE K CAMUM
I1C, a x BHemHei cpexe. 3ato B ctanmapre [OCT 28806-90
«KayecTBo nmporpaMMHbIX cpeCcTB. TepMUHBI U onpenese-
HUs» [7], B COOTBETCTBHH C HA3BaHWEM JIaHO OIIPEAeICHIUE
HagexxHoCTH 1IC: «COBOKYITHOCTh CBOWCTB, XapaKTEpH-
3yI0MIasi CIOCOOHOCTH MPOTPAMMHOTIO CPEJICTBA COXPAHSThH
3a/IaHHBIN YPOBEHb IIPUTOIHOCTH B 33/IaHHBIX YCIIOBHSAX B
TEUCHNE 3aJaHHOTO MHTEpBana BpeMeHH». CHOBa MOXKHO
BUJIETh YKa3aHWs Ha «3a/laHHBIC BPEMEHHbBIC MHTEPBAIIBD),
CMBICI KOTOPBIX [utsl (pyHKImonupoBanus I1C comuauTeneH.
OO0 3TOM I0CTaTOYHO CKA3aHO B JINTEPATYPE MO HaISKHOCTH
[1C. YnuBuTeIpHO, HO B 3TOM XK€ CTaHmapTe [7] cpa3y mocie
omnpeneneHns HagexuocTn [1C naHo mprMedaHne, B KOTOPOM
CKa3aHO, YTO «KOJIMUECTBO U XapaKTep OTKAa30B IIPOrPAMMHOIO
CPEZICTBA ... HE 3aBUCST OT BPEMEHI». YPOBEHB IIPUTOAHOCTH,
0 KOTOPOM HJIET pedb B JAHHOM OTPEACIICHUH HaIeKHOCTH, B
CBOIO 09€pe/Ib, OTPEEIISIETCS KAK «CTETEHb YOBIETBOPECHHS
MOTPEOHOCTEH, IPEICTaBICHHAS TOCPEICTBOM KOHKPETHOTO
Habopa 3HAUYCHUH XapaKTEPUCTUK KauecTBa MPOrPaMMHOTO
cpenctay. [loxamyii, Harboee MHTEPECHBIM 3/1ECh SBIISCTCS
CIOBO «TOTpeOHOCTH». O YbHX MOTPEOHOCTIX HOCT peyb?
[penmonoxim, 9To 0 MOTPEOHOCTSIX MoTb30Bareneit. Jlanee B
TIPHIIOKEHUSIX MPUBOASATCS MOIXapAKTEPHCTUKH HAISKHOCTH
[1C, K KOTOPBIM OTHOCSITCS 3aBEPILICHHOCTH, OTKa30yCTONYIH-
BOCTh 1 BoccTaHaBimBaeMocTh [1C. OTka30yCcTONYHBOCTD 1
BOCCTAHABIINBAEMOCTh OIPENIEIISIOTCS Yepe3 BO3MOKHOCTh
TIOZIAEPKUBATh WIIM BOCCTAHABIINBATH BCE TOT )K€ «YPOBEHb
MIPUTOTHOCTH», & B OIPEIENICHNN 3aBEPIICHHOCTH IOSIBIIS-
eTcsl He ONPE/IETIEHHOE B TEKCTE CIIOBOCOYETAHNE «JacTOTa
0TKa30B». OIHUM CIIOBOM, 3TH TEPMUHBI BBI3BIBAIOT JOTIOI-
HUTEITbHBIE BOIIPOCHL.

B nponomxenne pacemorpum craagapt [OCT P MCO/
MDO3K 9126-93 «Mudopmanmonnas texHoiorus. OneHka
[IPOrPaMMHON MPOLYKLUMHU. XapaKTEPUCTUKU KauecTBa U
PYKOBOJZICTBA IO WX TMPHMEHEHHUIO» [8]. DTOT cTaHmapT mox
HAJISKHOCTHIO TIOHUMAET «HA00p aTprOyTOB, OTHOCSIITHXCS K
CIOCOOHOCTH MTPOTPAMMHOTO 00ECTICUSHHS COXPAHATH CBOH
YPOBEHb KauecTBa (PyHKIIMOHUPOBAHNS ITPU YCTAaHOBJICHHBIX

YCJIOBHSIX 32 yCTAHOBIJICHHBIH IEPHOJ] BpEMEHI». 371€Ch BO3-
HHKAIOT BCE TE K€ BOMPOCHI O IIEPHOIE BPEMEHI», 0COOEHHO
C Y4€TOM IPUMEYAHHs, B KOTOPOM YKa3aHO, YTO IPOTPaMMBbI
HE «CTaperoT». 3aTo B 3TOM MPHMEYAHUN E€CTh YKa3aHHE C
OTCBUIKOH K JPYrOMYy CTaHAAPTy O TOM, YTO HPHBEICHHOE
OTIpEJeNICHNE HAJACKHOCTH PACIIMPEHO IO «COXPAaHEHHUS
CBOETO YPOBHSI KauecTBa ()yHKIIHOHUPOBAHHUSD) BMECTO «BbI-
noTHEeHUs TpedyeMoii (pyHKIum». Bo3MOXXHO, 3TO BaxKHO U151
BOIIPOCOB KadecTBa. B mpuiokennu k cranmapty [8] npen-
JIO’KEHBI ITOKA3aTeIH HaJeXHOCTH, BO MHOT'OM aHAJIOTUYHbIE
BBIIIEYOMSIHYTBIM ITOKA3aTelsIM U3 CTaHaapra [7]: Boccra-
HaBJIMBAEMOCTb, yCTOMIMBOCTD K OIIHOKE M CTAOMIBHOCTD.

Tenepp MOCMOTPUM, KaK 3TO TOHITHE OIPEACIACTCS B
IpyTuX MeKIyHapoaHbIx crangaptax. Haanem ¢ IEEE Std
610.12—-1990 — croBapsi TEpMHHOB B 00JIaCTH IPOTPAMMHU-
poBanus [9], B koTopom HamexHOCTH (reliability) ompenens-
etcs kak «The ability of a system or component to perform
its required functions under stated conditions for a specified
period of time». 3TO MO)XKHO TOHUMATh KaK «CIIOCOOHOCTH
CHCTEMBI WJIH JIEMEHTA BBIIOJIHATH TpeOyeMble (DyHKINN
B 3aJJaHHBIX YCIIOBUSIX B TOYHO OINPEJEIICHHOM HHTEpPBa-
Je BpeMEHM». B OTIM4YMe OT 4ETKOro PyCCKOSI3BIYHOTO
ompenenenus mo OCT 27.002—89, B aToM u psife Qpyrux
TEPMHHOB, NIEPEBEJCHHBIX C AHIINIICKOTO, IMEETCSI HEKO-
TOpast (BO3MOXKHO, TOJIBKO K)KyII[asics) ABYCMBICIIEHHOCTh
B OTHOLLIEHUH TOTO, K Y€MY HIMEHHO OTHOCSITCS «3a/laHHBIC
YCIIOBUSI»: TO JIM peUb HJIET 00 yCIoBUAX (PyHKIIMOHMPOBA-
HUS JIEMEHTA HIIA CHCTEMBI, TO JIU O TApaMeTPax BIOITHSE-
MBIX MU (QyHKIHH. BO3M0OXHO, 3TO CBS3aHO C MPUBBIYKOI
K [TapaMeTPUIECKOMY OTPEETICHUIO Ha/Ie)KHOCTH.

Beimie yxxe paccmarpuBaics: MEKAyHapOAHbIN CTaHAAPT
[8] u3 obmactu kagectna I1C. V storo crangapra ects u 00-
JIee TO3HSS PeaKIus, COCTOAIIAs N3 HECKOIBKHX YacTeH,
KOTOpYI0 paccMoTpuM farnee. B [10] Hage:kHOCTD B miepeBo-
Jie Ha PYCCKHH S3BIK OMPEAEIIETCS KaK «crnocoOHoCTh [1C
COXPaHATH 3aJaHHBIH ypOBEHb (DYHKIIMOHHUPOBAHUS TPU
9KCIUTyaTallny B 33JaHHBIX ycIoBusax». Cpasy BUIHO, U4TO B
OTJIMYHE OT IIPUBEICHHOTO BHIIIIE OTIpeAeieHIs u3 [8], 3mech
HET yNOMHHAHMA O «IIepHO/ie BpeMeHW». Bo3MoXkHO, 3TO
CIIOBOCOYETaHHE OBUIO T00ABICHO TIPH MOATOTOBKE [8] s
comnacoBanusi ¢ 6a30BbM noHsTHeM 13 'OCT 27.002-89
IEEE Std 610.12—-1990 (3T0 TOJBKO MPEATIONOKEHHUE).

Iepeuncnennsie onpenenenns HanesxxkHocTr [1C — manexo
HE IOJIHBIN [IepeueHb BO3MOKHBIX BAPUAHTOB. B ureparype
MOYKHO BCTPETHTH U ApyTHE (hopMymupoBku. Cpean HUX Hau-
OOITBIIIETO BHIMAHWS 3aCITY>KUBALT OIpeieNieHre, CHhopMyITH-
POBaHHOE Ha OCHOBE COBPEMEHHOTO B3IIsAAa. OTMETHM Orpe-
JeTieHne, KoTopoe AaHo B pabdore [11]: «pyHKIMOHATEHAS
HaJIeKHOCTb — COBOKYITHOCTb CBOHCTB, KOTOPBIE OIPEEIISIOT
CTIIOCOOHOCTB MPOTPAMMHOTO 00ECIEYEHHUS C MPUEMIIEMbIM
YpOBHEM 0€30IMO0YHOCTH MPABMIIEHO MPE0OPa30BHIBATH
WCXOJHbIEC JAHHBIE B PE3YJIbTATHI NP JAHHBIX YCIOBHSX,
COXPaHsIs BEIXOAHBIE PE3YIIBTATHI B IOy CTHIMBIX TIPEEIIAX).
Tawm xe B [11] mepeurciieHs 1 OCHOBHBIE aTPHOYTHI (DYHKITHO-
HaJIbHON Ha/Ie)KHOCTH, CPEIH KOTOPBIX BBIJIETICHBI «O€301IIH-
OOYHOCTH» U «IIPABMIBHOCTHY. J|OMOIHUTETBHO OTMETHM,
YTO K aTprOyTaM (yHKIIMOHAIBHON HAJEKHOCTH IPOTPaMM

67



BOMPOCbI TEPMUHOJIONMN HAAEXXHOCTU B OBJIACTU MPOrPAMM U NPOrPAMMHbBIX CPEACTB

B [11] oTHOCHTCS emie M «OEe30TKa3HOCTEY, ONpEIeIICHIEe
KOTOPO OTIIMYAETCS OT «0e30IMO0IHOCTIY. CMBICT B TOM,
4TO 6€30TKa3HOCTh TPAKTYETCS KaK CIOCOOHOCTD ITPOTPaMM
HE BBI3bIBaTh (DYHKIMOHAJIBHBIE OTKA3bl MH()OPMAMOHHON
CHCTEMBI, a 6e30IMO0YHOCTE — KaK CIIOCOOHOCTH POTpaMM
«(yHKIIMOHMPOBATH O€3 OIMIIO0KY. DTO B IPUHITHIIE JIOTUIHO,
MIOCKOJIBKY MOYKHO HOJIaraTh, YTO OTKA3bIBAET HE IPOTPaMMa,
a cucrtemMa 06paboTkn MH(popMaIuH, padboToil KOTOpOit ITa
MpOrpaMmMa yIpaBJisieT.

31eck CHOBAa BO3HHUKAET BaXKHBIN BOIIPOC O TOM, HA/IO JIN
paccMarpuBaTh HaJEKHOCTh IIPOTrPAMM KaK CaMOCTOSITEIb-
HBIX KOMIIOHEHT WH(OPMAIMOHHBIX CHCTEM, B KOTOPBIX
OHHU UCTIONHSIOTCA. B paboTe, MOCBAIIEHHON H3I0KEHUIO
0a30BBIX Uell B 00macTu odieli Teopun HagekHOCTH [ 12],
MEKIYHApPOAHBIH KOIJIEKTUB CHENNAINCTOB KOMILIEKCHO
paccMaTpuBaeT Ha/lEKHOCTh BBIUMCIHUTENBHBIX CHCTEM.
OHH 1af0T OYeHb 00OOIICHHOE OIpE/CICHIE HaAe)KHOCTH
(dependability, a ue reliability) Kak «cTIOCOOHOCTH CHCTEMBI
MPENOCTABIIATH 00CITY)KUBAaHNE, KOTOPOMY MOYKHO JOBEPSITH»
(B opurunase «.. . ability to deliver service that can justifiably
be trusted»). B xauecTBe anbTepHATUBHOTO OTIPEICTICHNS Ha-
JIEKHOCTH IaHO TIPABUJIO, TTO3BOJISIIOIIEE BBISICHUTD, MOYKHO
T JIOBEPATH MPENOCTABIIEMOMY OOCITY’)KHBaHHIO, KOTOPOE
MOXKHO TIOHATH KaK «CIOCOOHOCTH CHCTEMBI M30erath OT-
Ka30B, KOTOPbIE CIIMIIKOM YacThl MM CIUIIKOM CEPhE3HBI,
u nepeboeB B padoTe, KOTOPBIE UMEIOT JIHTEIBHOCTD,
OOJBITYTO, €M 3TO TMPHUEMIIEMO JJIS MONb30BaTemei» (B
opurunaie «the ability of a system to avoid failures that are
more frequent or more severe, and outage durations that are
longer, than is acceptable to the user(s)»). B mpunmmmne Bce
3TO MOYKHO IPHMEHATH U MPU PACCMOTPEHNUH HAAEKHOCTH
TIC. Cpenu cBoiictB 0o0meit Hapexunoctu MC, paccmarpu-
BaeMbIX B [12], MOXKHO BBIIETTUTH BOCCTaHABIMBAEMOCTh
(maintainability) — ctocoGHOCTB K MOTU(PUIIMPOBAHUIO 1 BOC-
CTaHOBIICHHIO paboTocnocobHocTH (ability to undergo repairs
and modifications) u 6e30TKa3HOCTS (reliability) — HempepsIB-
HOCTB MPABMIIEHOTO MPEAOCTABICHHS yCIyT («continuity of
correct service»). DTH CBOICTBA yKe pacCMaTPUBAIINCE BBIIIIE,
HO TPaKTOBAJINCh HECKOJIBKO MHAYE.

Tabnuua ceoncTB HapexHocTu NC

PaccmorpuM nasee, Kakie CBOMCTBAa MOTYT HaHOO0IIEe TOUHO
U TTOJTHO OMUCKIBATh HaIesKHOCT [ 1C pasimuHoro HazHaueHHUsI.
B crpoxkax ta0i. 1 mprBeneHbI CBOMCTBA, COCTABIISIOIHE MO-
HSITUE HAJIEKHOCTU B COOTBETCTBHU C BBILLIETIEPEUNCIEHHBIMU
omnpeneneHusiMU. B cronbnax — HECKOIBKO MPOrpaMMHBIX
CpeacTB ¥ MH(MOPMAIMOHHBIX TPOYKTOB BBIYHCIUTEIHLHON
TEXHUKH B COOTBETCTBHH ¢ Kiaccudukanueii mo OKII. Ha
TIepeCceUeHNN CTPOKH M CTOJOIA CTAaBUTCS OTMETKAa O BO3-
MOXKHOCTH BKJIIOYEHUS! JAHHOTO CBOWCTBA MPHU U3yYEHHUU
HaJIeXKHOCTH paccMarpusaeMoro [1C: «+» — 1aHHoe CBOHCTBO
y1oOHO paccMarpuBaTh Kak OJMH M3 KOMIIOHEHTOB HAJIEK-
HocTH cooTBeTcTByromIero Buaa I1C, «-» — qaHHoe CBOMCTBO
He y/I00HO paccMarpuBaTh KaK OJIMH U3 KOMIIOHEHTOB Ha/IeK-
HocTu cootBercTByroniero Buna I1C, «+/-» — mis nanHorO
CBOICTBA 3aTPYIHUTENBHO 1aTh OLIEHKY €r0 IPUMEHUMOCTH K
XapaKTEepPUCTHUKE HAJISKHOCTU paccMarpusaemoro Buja I1C.

Ilepeuncaum coiicTsa u paccMarpuBaeMsle Buasl I1C ¢
pacumposkoii koo OKII, npuBenenusie B Tadm. 1.

Haunem c¢ nepeuncnenust cBoiictB. Paccmarpusarorces
ceoticmso bezomraznocmu (B Ta0i. | MpUBEIEHO C TOMETKON
«I'») B TpakroBke ['OCT 27.002-89 [4] u ceoticmsa soccma-
HABIUBAEMOCTIU, YCINOUYUBOCMU K OUUOKe U CAOUTbHOCTU
B TpakToBke [OCT P MICO/M3BK 9126-93 [8]. Hdanee, BoC-
TIOJTE30BABIIKCH ompenenieHusiMu u3 [ 11], ceoticmeo bezowiu-
oourocmu — criocodHocTh [1C (hyHKIIOHMPOBATH O€3 OMIMOOK,
ceoticmso 6ezomrazrocmu — criocodHocts [1C He BbI3bIBATH
¢dynkunoHanbHele otkaszel UC, ceoticmseo npucoonocmu k
60CCMAN061EHUIO — CIOCOOHOCTD PO PAMMBI K YCTPaHEHHIO
IIPOTrpaMMHOM OIIMOKH M K IEPE3aItyCKy I TOBTOPHOTO BbI-
TIOJTHEHHS1 1 BOCCTAHOBJICHHSI IAHHBIX B CITy4ae (hyHKIIOHAIIb-
HOTO OTKa3a, C0LCme0 3auuujeHHocmu — cmocooHocts [1C
IIPEI0TBPALIATh HECAHKIIMOHUPOBAHHBIN TOCTYII K POrpaM-
MaM H JaHHBIM, U C80LCINBO KOHMPOIUPYEMOCHIU — CBOUCTBO,
XapakTepu3yroliee NOIHOTY U 3P ()EKTUBHOCTH OOHAPYKEHHS
onmOOK B IIPOMEXKYTOUHBIX M BBIXOJHBIX pe3ynbrarax. Jlo-
TIOJIHUTEIIEHO PACCMOTPHUM HECKOJIBKO CBOMCTB M3 PadOTHI
[12], xoTst oHM chOpMYIIMPOBAHBI JOBOIEHO 00OOILEHHO U OT-

Taoauna 1
HaumenoBaHue cBoiicTBa IlporpammaLIe cpeacTaa
1) 2) 3) 4) 5) 6) 7) 8) 9) 10)
besorkazHocTs (1) + + + + + + + + + -
BoccranaBnmiBaeMoCTh + + +/- + + + + + + +
VCTOHYMBOCTE K OIIMOKE + + - +/- - + +/- + + R
CTabunpHoOCTb + - - - +/- + 1/- 1/ N R
BesommbouHoCTH + + + + + + + + + -
be3oTkazHOCTh + - - - + + + 1/ R N
IIpurogHOCTH K BOCCTAHOBIICHUIO + + - - +/- + + +/- +/- _
BoccranasnuBaemocts (ALR) + + - - +/- + + +/- +/- -
bezorkaznocts (ALR) + +/- - +/- + + + + - _
3anMIIeHHOCTh + + - - - + - + + T
KontponupyemocTtb - + + - - - - - + R
besonacHocTh + +/- - - +/- n + +/- 1/ -
KonduaeHnmaibHOCTD + + - - - + - + + +
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HocsTest ckopee K MIC B 11esiom, ueM K TIporpaMMaM: C80LCIE0
soccmanagnusaemocmu (B TabIl. 1 TpUBEneHO ¢ MTOMETKOM
«ALR») — ctocoOHOCTH K MOIH(HIIMPOBAHUIO U BOCCTAHOB-
JICHUIO pabOTOCIIOCOOHOCTH, cgoticmgo be3omkazHocmu (B
Tabn. 1 mpuBemeHo ¢ moMeTkoil «ALR») — HenmpephIBHOCTH
MIPaBHIIBHOTO OOCITY KUBAHUSI, CEOUCMBO OE30NACHOCMU — OT-
CYTCTBHE KaTacTPO(UHIeCKIX OCIIEICTBHH IS ITOTB30BaTeICH
1 BHEITHNX CHCTEM H C80UCMBO KOHPUOCHYUATTLHOCU — OT-
CYTCTBHE HECAaHKIIMOHHPOBAHHBIX PACKPHITHI HH(OPMAIIHH.

Hanee mepeuncium paccmatpuBaembie [IC BMecTe ¢
ykazanueMm komoB OKII:

1) 50 1000 8 CucTemHbIe TPOTPaMMHBIE CPEICTBA;

2) 50 2000 O IIporpammHBIE cpencTBa OOIIETO Ha3HA-
YCHUS;

3) 50 3000 3 IpuknagHBIe TPOTPAMMHBIE CPEICTBA IS
Hay4YHBIX MCCIICIOBAaHNI;

4) 50 4000 6 ITpuxagHBIe TPOTPAMMHBIE CPEICTBA IS
MIPOCKTUPOBAHHS;

5) 50 5100 2 IIporpaMMHBIE CpPEACTBA IS JIOKAIBHBIX
MHKPOITPOIIECCOPHBIX CUCTEM KOHTPOJISI, PETYINPOBAHUS 1
YTpaBICHUS] TEXHOJIOTHYECKIMH TIPOIIECCAMU;

6) 50 5200 6 ITporpamMMHBIE CpECTBA TSI aBTOMATH3UPO-
BAaHHBIX CHCTEM YIPABICHHNS TEXHOIOTMUECKIMHY ITPOLIECCAMU
(ACY TII); 50 5300 3 ITporpamMMHBIe CpeACTBa s yIIpaBIe-
HU THOKUMH Tipon3BocTBeHHBIME crucTeMamu ([TIC);

7) 50 5400 3 ITporpaMMHBIE CPEICTBA IS CUCTEM YIIPaB-
JICHUS! IBIDKYIINMHECS 00BEKTaMM;

8) 50 5500 0 ITporpamMmHBIE CpeCTBA A aBTOMATH3U-
POBaHHBIX PabOYHNX MECT;

9) 50 6000 1 ITpuknagHBIC TPOTPAMMHBIE CPEICTBA IS
PELICHHUs OPTaHN3AMOHHO-9KOHOMUYECKUX 3a/1a4;

10) 50 8000 7 ITporpamMMHO — HH(GOPMAIIMOHHBIE TTPO-
JIYKTHI.

BbiBOAbl M 3aga4m Ha Oyayuiee

Anamsupys Tabn. 1, MOXKHO C/IeaTh BBIBOI O TOM, YTO
HaiexHOCTH [1C BKITIOYaET HECKOITBKO KOMOMHAITHI PaccMOo-
TPEHHBIX CBOMCTB, OIpe/iesieMbIX BUIaMu riporpamm. Ecin
xKe paccmarpuBath Bech Habop IIC, To yHMBEpCaIbHBIMU
cBoiicTBamMH, Harboliee 0ObEMHO ONMUCHIBAIOIIMMH HAJEHK-
HOCTb, SIBIISTIOTCS 0€30IMO0YHOCTh U 0€30TKa3HOCTh (ITO
CBOICTBO MOXET pacCMaTprBaThCs U B popMyarpoBke [ 12], u
B IIOHUMaHUH [4], eclti BO3MOKHO c(hOpMYJINPOBaTh BCE TPE-
OoBaHMsI U 32/1aTh BCE MIAPAMETPBI, KaK U PE/II0IaraeT 3ToT
crannapr). J{onoiHUTEIbHO OTMETUM BXKHOE J1JIs1 IPAKTHKA
CBOHCTBO BOCCTaHABIMBAEMOCTH. DTO CBOHCTBO OCOOCHHO
Heobxoanmo st [1C, nipeHa3sHaYeHHBIX JUTs PelleH s 3a,1a4
ynpasinenus. 13 tabmn. 1 BumHO, 9TO CBOICTBA IPUTOAHOCTH
K BOCCTAHOBJICHUIO M BOCCTAHABIIMBAEMOCTH CXOXKH I10 IIPH-
MEHHUMOCTH, XOTs U C(HOPMYIIUPOBAHBI [10-PA3HOMY.

Paccmotpenue Tabi. 1 mo cTonbam mo3BossieT caenarb
BBIBOJ 0 TOM, uTo I1C cucrtemuoro nasnauenusi, ACY TII
n ynpasienus [ TIC MoryT ObITh OXapakTepu30BaHbl BCEMU
MEPEUNCICHHBIMU aTpUOyTaMu HaJIEKHOCTH. DTO O0BsC-
HSETCS UX CJIOKHOCTBIO M B&KHOCTBIO st pabotel UC n
BHEIITHUX CUCTEM.

I'maBHast 3amaya maHHOW pabOTHI — HAWTH MOAXOAAIICE
MHO)KECTBO CBOMCTB (wm arpudyToB) I1C, mo3Bomsrommx
OIPEEIATH, YTO OHUMAETCSI ITOJT HaASKHOCTBIO IIPOTPaMM-
HBIX KoMroHeHTOoB VIC. [111s1 3TOTO OBIIH PaCCMOTPEHBI pas-
JIMYHBIE OTPEZIENICHNS Ha[IeKHOCTH 1 CBOICTBA, BKIIFOUaEMbIe
B (pOpMyYITHPOBKH OTPEIeTICHIH 3TOro TepMuHa. bria pac-
CMOTpPEHa BO3MOKHOCTb IPIMEHEHHSI TOTO MJIM HHOTO aTPH-
OyTa TpH OMHCaHWU HAAKHOCTU pa3mniHbx [IC. BaxkHo
OTMETHUTB, YTO IPH ITOM HE OBUTH PACCMOTPEHBI IIOKA3aTEH,
HEOOXOIMMBIE JUIsl KOJMYECTBEHHOTO BBIPAKEHUS JTAHHBIX
CBOHMCTB. DT0 3a1a4da 1yis Oyaymux padot. OHa BUAWTCS B
KOHTEKCTE M3YyUCHUsI HaJICKHOCTH IPOTPAMMHOMN CHCTEMBI
Yyepes3 Ha/IS)KHOCTD €€ AIEMEHTOB — OTAENBHBIX (DYHKIIUH 110
npreMy, nepepaboTKke, XpaHSHUIO W BBIAaue WHPOPMAIIHH.
WHpIMU cIOBaMH, OCHOBHOE BHUMAHHE JIOJDKHO OBITH CO-
cpenotodeHo Ha ciocobHocTH [1C BRIMOMHATE (GYHKIUH, TS
KOTOPBIX OHO OBLTIO pa3paboTaHO, MOCKOIBKY CITIOCOOHOCTh
MIPOrPaMMBI BBIIONHATE TpeOyeMble (pyHKIMH ONpenessieT
CTIIOCOOHOCTD K (PYHKIIMOHUPOBAHHIO CHCTEMBI B IIETIOM.

B xagectBe 3amad mo o6paboTKe W JampHEHIIEMy Io-
CTPOCHUIO IPEACTABICHHON B JaHHOH paboTe TaOIHIIBI COOT-
BETCTBHS HAZCKHOCTHBIX CBOICTB pasnmyasM [1C (Tabm. 1)
MOKHO HIPEITIOKUTH OOJIee IeTaIBHOE PACCMOTPEHHE KITACCH-
(uKarmy, BRIBIICHIE YHUBEPCATEHOCTH aTpHOYTOB U .
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Potapovl.V., Baeva M.A.

TERMINOLOGY ISSUES RELATED TO RELIABILITY
OF PROGRAMS AND SOFTWARE

This article deals with the elaboration of definition of software reliability. This task is considered within
the context of a generic terminological problem arisen due to the necessity to coordinate the Russian
terminology with the definitions used in international practice. The paper represents a list of definitions of
software dependability assumed to be a complex property. Several software properties specifying reliability
are considered. The article also contains the table of applicability of these properties to describe the
reliability of various types of software programs.

Keywords: reliability of software.
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Introduction

Today the reliability experts are paying more attention to the issues of terminology. This is
due to the necessity to revise the main standard “Dependability in equipment” which defines
the terminology in this field, and to the necessity to coordinate the major applicable terms
with the international standards. The detailed information about the ways how these issues are
discussed as well as about associated difficulties is provided the papers [1, 2].

Similar difficulties can be faced by the specialists exploring the issues of reliability of
information systems (IS). In particular, this applies to IS software. Here the terminological
difficulties occur already at the use of basic concepts. For instance, in the standards GOST
19781-90 “Software of data processing systems. Terms and definitions” and GOST 28806-90
“Software quality. Terms and definitions,” which actually should be used jointly on the mutually
complementary basis, in fact one and the same term is called in different ways: “Software” and
“Software tool”. Curiously, GOST 19781-90 standard does not contain this term in English,
although in the English title of the standard the term “software” is applied. On the other hand,
the term “software program” has the same definitions in these standards, and that is important
because it is software programs that we shall speak about in this article. Moreover, let us
underline that this paper can also use the term “Software tool” in the definition according to
GOST 28806-90 (the annex to the standard stipulates that this term includes the scope of the
term “Software”). It seems that the most important thing here is the fact that software programs
and software tools (ST) can be understood by the readers in the general meaning including
other terms used in references: “software systems”, “software complexes”, etc.

The standards related to dependability of software programs and software tools are also
interpreted with terminological difficulties. Let us point out the main reasons. Firstly, there
are different definitions related to the terminology of ST dependability, including the trans-
lated ones, taken from international standards. Secondly, when these definitions and terms
are translated, the existing standardized terminology also should be taken into account and it
may cause difficulties. Thirdly, the existing effective standard GOST 27.002—89 that defines
the most amount of terminology in the field of dependability is oriented towards technical
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facilities, but not towards programs for these facilities, i.e.
the substantial differences of ST are not covered in this
standard. These reasons for terminological difficulties are
supplemented by the standards dedicated to ST quality.
Such standards consider the term “reliability” only as one
of properties specifying quality. There will be more detailed
information about it further in the text. It should be added
that the above mentioned difficulties are essential within the
whole topic of ST dependability [3].

Along with the above we can conclude about the necessity
of in-depth study of terminology issues related to ST depend-
ability that is quite consistent with a general tendency.

Problem description

Based on the abovementioned, there appears the ne-
cessity to study the existing variety of terms in order to
choose the most appropriate ones. The problem could be
described in more detail: it is necessary to consider sev-
eral known definitions of ST dependability and, for the
most important properties within the ST dependability,
to perform qualitative assessment of the possibility of
their practical application for a wide variety of software
programs. In other words, it is proposed to perform the
analysis of current terminology searching for definitions
which at least partially could be used as the operational
ones, whose concept is worded in [2]. It is quite a com-
plicated task, and that is why this article covers only part
of the whole work.

To solve this problem, let us select the definitions used
in scientific literature and in standards, which reveal the
complex ST dependability property. Then let us check the ap-
plicability of certain wordings for different types of software
programs, listed in All-Russian Classification of Products
(OKP). According to the results of analysis we shall try to
draw some conservative conclusions about the possibility of
practical application of terms under consideration.

Before we proceed with the performance of the abovein-
dicated task, we should make out what is ST considered
as the object of application of a traditional dependability
methodology, which stipulates that it is necessary to study
the dependability of a system as a whole depending on the
reliability of its components. We should understand what a
ST component is. It will help to take the proper direction to
solve the problem.

The respective literature traditionally covers software
systems, or software complexes, consisting of software
modules, software programs and sub-programs. If to take a
particular software program as an object of study, it may be
considered, for instance, as a combination of sub-programs
or other functionally complete units. But software modules
and sub-programs are the software programs themselves: the
above mentioned GOST 19781-90 standard puts an expres-
sion “software program” in the beginning of the definition
of “software module” and “sub-program”. Therefore, the
study of these components does not change the view on the
ST dependability issue.

It is proposed to consider ST as a set of functions they
realize to control information systems. Then the element
of the program shall be a separate function which controls
the storage, processing, delivery of information and other
work performed by IS. In addition, it is possible to rank the
functions by their importance which may be useful for the
study of a number of related issues (for example, for risk
assessment). Consideration of separate software functions
or information services may offer an advantage of definition
of reliability indices of IS and software programs. It will be
shown later that this approach is consistent with international
standards and generalized concept of dependability in the
sphere of computer sciences.

Terminology analysis

Let us consider several definitions of the main terms
taken from different sources, to analyze their applicability
for ST.

We shall start with the basic standard GOST 27.002—-89
“Dependability in equipment. General principles. Terms
and definitions” [4]. In accordance with this standard,
dependability is defined as “the property of an object to
maintain within the specified time the values of all param-
eters specific to the ability to perform the required functions
under set modes and conditions of operation, maintenance,
storage and transportation”. This standard [4] also points
out that depending on the object’s purpose and application
conditions, the dependability may include combinations of
reliability, durability, maintainability and storability. It is
an important note which will further come useful. We need
to note here that the properties storability and durability as
they are defined in [4] are apparently not essential for a wide
range of ST. Perhaps, the notion of durability (together with
the notion of a limiting state) can be applied for complicated
software systems of real time. The definition of dependabil-
ity itself could be called as “parametric”, i.e. it is necessary
to specify the parameters and their variation limits for the
application of this definition. It is a quite difficult task for
software programs, though it is still possible to solve. It
seems that the main inconvenience of this dependability
definition is statement of necessity “to maintain within the
specified time”, as it is probably related to the real time soft-
ware systems only [5]. Hereafter we shall give some more
definitions with the mentioned time intervals of functioning.
Presumably it is connected with the fact that dependability
of technical systems is often understood as reliability, but
this word is related to a “probability of failure-free opera-
tion on a certain time interval”. However, this measure is
not always applicable for software programs.

The standard GOST 28195-89. “Quality control of
software systems. General principles” [6] does not contain
any definitions of terms, but there is a description of quality
measures, ST dependability measures, reflecting the “ability
of ST in certain application fields to carry out the specified
functions in accordance with software documentation under
conditions of deviations in the operational environment
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caused by hardware, input data errors, service errors and
other destabilizing effects”. Here there is no consideration
of the fact that software documents, as well as the software
programs themselves, may contain errors. Moreover, the
above listed deviations refer not to ST, but to the environ-
ment. However, the standard GOST 28806-90 “Software
quality. Terms and definitions” [7] gives the definition of
ST reliability in accordance with the title: “Set of properties
representative of the ability of a software tool to maintain
the specified level of performance availability in the required
conditions during a specified time interval”. Again we can
see the statements about “specified time intervals”, the mean-
ing of which is rather doubtful for ST functioning. There is
enough information about it in the ST reliability literature.
It is interesting that this standard [7] provides a note right
after the ST dependability definition, stipulating that “the
number and mode of software tool failures ... do not depend
on time”. And the level of performance availability we are
speaking about in this definition of dependability is defined
as a “degree of needs satisfaction represented by a certain
number of values of software tool quality characteristics”. I
think the word “needs” is the most interesting here. Which
needs are we speaking about? Let us assume these are the
users’ needs. Further, the attachments contain the informa-
tion about sub-characteristics of ST reliability, which include
completeness, fail safety and recoverability of ST. Fail
safety and recoverability are defined through the possibil-
ity to maintain or recover the same “level of performance
availability”, and the definition of completeness contains a
word expression “failure rate” which is not defined in the
text. In short, these terms cause new questions.

We will follow up on the above with the consideration
of the standard GOST R ISO/IEC 912693 “Information
technology. Software product evaluation. Quality character-
istics and guidelines for their use” [8]. This standard defines
dependability as “a set of attributes related to the ability of
software to keep the quality level of functioning under the
specified conditions during a specified time period”. Here
again the questions of a “time period” occur especially with
consideration of a note indicating that software programs
are not exposed to “ageing”. On the other hand, this note
has a reference to another standard, which points that the
given definition of dependability has been extended to the
maintaining of “its quality level of functioning” instead of
the “performance of a required function”. Probably, it is
essential for quality matters. An attachment to the standard
[8] offers the reliability measures which are to a large ex-
tent comparable to the above mentioned measures from the
standard [7]: recoverability, fault tolerance and stability.

Now let us check the definition of this term in other
international standards. Let us start with IEEE Std 610.12—
1990 “Glossary of Software Engineering Terminology”
[9], which defines reliability as “the ability of a system or
component to perform its required functions under stated
conditions for a specified period of time”. It could be under-
stood as the “ability of a system or component to perform
its required functions under stated conditions for an exactly
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specified time interval”. Unlike a clear Russian definition of
GOST 27.002-89, this term, as well as a number of other
terms translated from English, has some kind of ambiguity
(maybe it is just seeming) as to what the “stated conditions”
do refer: either they mean the conditions of functioning of a
component/a system, or they concern the parameters of the
functions performed. Maybe, it is connected with the custom
of defining reliability in a parametric way.

We have already considered the international standard
related to ST quality above [8]. This standard has a later
revision, consisting of several parts which shall be observed
further in this paper. The standard [10] defines the reliability
(when translated into Russian) as “the ST ability to maintain
a specified level of performance under specified conditions”.
It is obvious that unlike the above mentioned definition
from [8], there are no words about a “time period” here.
Probably, this wording was added at the preparation of this
document [8] to ensure coordination with a basic concept
from GOST 27.002-89 or IEEE Std 610.12—-1990 (it is just
a supposition).

The listed definitions of ST dependability are by far not
the complete list of possible variants. You can see other
wordings in different materials. The most attention should be
given to the definition drawn on the basis of a modern view.
Let us point the definition given in paper [11]: “functional
reliability is a set of properties determining the ability of
software with an acceptable level of faultlessness, to perform
a correct transformation of input data into the output results
under the given conditions, keeping the output results within
acceptable limits”. The paper [11] also contains the list of
major attributes of functional reliability, with “faultlessness”
and “correctness” among them. It should be noted addition-
ally that the attributes of functional reliability of software
programs [11] also include the definition of “failure-free
performance”, which differs from the definition of “fault-
lessness”. The point is that failure-free performance is
interpreted as the ability of software programs not to cause
functional failures of information systems, and the faultless-
ness as the ability of software programs “to function without
faults”. Basically, it is logical, as we can presume that it is not
a software program that fails, but the information processing
system controlled by this software program.

Here an important question arises again — whether it is
necessary to consider the reliability of software programs as
separate independent components of information systems,
they are executed in. In the technical report dedicated to
fundamental concepts of dependability [12], a group of
international specialists performs a complex evaluation
of dependability of computer-based systems. They use the
term dependability, which is more generalized than the term
reliability, and define it as the “ability to deliver service
that can justifiably be trusted”. For an alternative definition
of dependability they give the rule allowing to check on
whether it is possible to trust the provided maintenance,
which could be understood as the “the ability of a system
to avoid failures that are more frequent or more severe, and
outage durations that are longer, than is acceptable to the
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user(s)”. In principle, this all can be used when considering
the ST reliability. Among the properties of IS dependability,
described in [12], we can distinguish maintainability — ability
to undergo repairs and modifications and reliability — conti-
nuity of correct service. These properties have already been
observed earlier, but they were rendered a bit differently.

Table of software system reliability
properties

Let us now check which properties can describe the
reliability of ST of different applications. Table 1 lists the
properties attributable to the concept of reliability in ac-
cordance with the abovementioned definitions. The columns
represent several software tools and information products
of computer engineering as per the OKP classification. At
the point of a line-column crossing a note is put indicating
the possibility of inclusion of this property under the study
of reliability of the ST concerned: «+» — this property is
convenient to consider as one of the reliability components
of the respective ST type, «-» — this property is not conven-
ient to consider as one of the reliability components of the
respective ST type, «+/-» —it is difficult assess this property
for its applicability to the characteristic of reliability of the
respective ST type.

Table 1
Property Software tools
D[2)[3)|4H[95]|6)[7|8[9)][10)
Reliability (G) |+ |+ |+ |+ |+ |+ [+ ]|+ ]|+]-
Maintainability |+ |+ [+/-| + |+ |+ |+ |+ |+ ]|+
Fault tolerance N S IR V0 R (T B B o ()
Stability PN R R S A
Faultlessness A+ |||+ -
Reliability + - -+ + ] - -
Availability el e e elen
for recovery
Maintainability
(ALR) nal B B R A B o B B A A
Reliability (ALR)| + [+/-| - [+/-|+ |+ |+ |+ |- | -
Security + == -+ -+ +]+
Testability B T
Safety + - - | - | |-
Confidentiality |+ |+ |- |- |- |+ |- |+|+]|+

Let us list the properties and the considered ST types of
Table 1 with the determination of OKP codes.

We shall start with the properties list. The property of reli-
ability (marked with “G” in Table 1) by GOST 27.002—89 [4]
and properties of maintainability, fault tolerance and stabil-
ity by GOST R ISO/IEC 9126-93 [8] are specified. Further,
using the definitions from [11], the property of faultlessness
— the ability of ST to perform without errors, the property
of reliability — the ability of ST not to cause IS functional
failures, availability for recovery — the ability of a software
program to eliminate a software fault and to reset for a new

execution and recovery of data in case of a functional fail-
ure, the property of security — the ability of ST to prevent
from an unauthorized access to software programs and data
and the property of testability — the property specifying the
completeness and efficiency of the detection of errors in
intermediate and output results. In addition, let us consider
several properties taken from paper [12], although they are
defined in a generalized sense and refer more to IS rather
than to software programs: the property of maintainability
(marked with “ALR” in Table 1 ) — the ability to modify and
restore the operability, the property of reliability (marked
with “ALR” in Table 1 ) —the continuity of correct operation,
the property of safety — absence of disastrous effects for us-
ers and external systems and the property of confidentiality
— absence of unauthorized disclosure.

Let us further enumerate the considered ST properties
with the indication of OKP codes:

1. 50 1000 8 System software;

2. 502000 0 Software of general use;

3. 50 3000 3 Application software for research and de-
velopment;

4. 504000 6 Application software for design;

5.50 5100 2 Software for local microprocessor systems
of process regulating and control;

6. 50 5200 6 Software for automated process control
systems (APCS); 50 5300 3 Software for control of flexible
computerized manufacturing systems (FMS);

7. 50 5400 3 Software for control of moving objects;

8. 50 5500 0 Software for automated workstations;

9.50 6000 1 Application software to solve organizational
and economic tasks;

10. 50 8000 7 Software and information products.

Conclusions and tasks for the future

By analyzing Table 1, we can conclude that the ST de-
pendability includes several combinations of the considered
properties, specified by the types of software programs. If to
consider the whole set of ST, then, the universal properties
which describe the dependability to the fullest extent, are the
faultlessness and failure-free performance (this property can
be considered in the wording of [ 12], and in the definition of
[4], if it is possible to define all the requirements and to set all
the parameters as this standard does stipulate). Additionally
we shall underline the property of maintainability important
for practice. This property is particularly necessary for ST
intended to solve the control tasks. Table 1 shows that the
properties of availability to recovery and maintainability are
similar in applicability, though the wordings are different.

The consideration of Table 1 in columns let us conclude
that ST of system purpose, APCS and FMS control can be
characterized by all the above listed dependability attributes.
It is explained by their complexity and importance for the
IS and external systems operation.

The main task of this paper is to find an appropriate
range of ST properties (or attributes), which can help to
determine what is understood by the reliability of IS soft-
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ware components. For this purpose different definitions of
reliability have been considered, as well as the properties
included into the definitions of this term. We have checked
the possibility to apply this or that attribute under the de-
scription of reliability of different ST. It should be noted
that we have not considered the measures required for the
quantification of these properties. This is the task of future
works. It is seen in the context of study of the system soft-
ware reliability through the reliability of its elements which
are separate functions for reception, handling, storage and
output of information. In other words, the most attention
should be focused on the ability of ST to perform functions
it was developed for, as the ability of a software program
to perform the required functions determines the system
capability in general.

As the tasks for the processing and further construction
of the table provided in this paper to show the correspond-
ence of the reliability properties to different STs (Table 1), a
more detailed consideration of classification and flexibility
of attributes could be proposed.
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DYHKUMNOHAJIbHAAA HAOEXKHOCTb.TEOPUSA U MPAKTUKA

AnneeB A.C.

HAAEXHOCTb NPOrPAMMHOIO OBECINEYEHU4A
YNPABNAIOWNX CUCTEM U BE3SOINACHOCTD
ATOMHbIX CTAHLUMUIA

B ctatbe paccMOTpeHbl acrekTbl MPUMEHUMOCTU MPOrPaMmMupyemMbiX yrpasBisioLnMX CUCTEM Ha aTOMHbIX
cTaHumsix. OTMeYeHbl NPenuMyLLIecTBa y HeagocTaTku aTux cuctem. OCHOBHbIMW HEAOCTaTKaMy 3TUX CUCTEM
Ha3BaHbl: HEBO3MOXHOCTb OOOCHOBaHUSI rokasarteseri HagexXHOCTU Peann3yemMbix QYyHKUW yrpaB/ieHus
M NoABEepPXeHHOCTb BO3MOXHbIM knbeparakam. [pennoxeH meToh Bbibopa cpencTB aBToMarvu3aumv as
peanusaumm yrnpasssiioLLNX CUCTEM Ha MPOrpaMmMmUpPyeMbIX Y HE MporpPaMmMmIpyeMbiX CPeACTBax aBToMarty-
3auum Ha OCHOBE rPOBEAEHUST PYHKLMOHA/IbHOrO aHaanu3a yrpas/sitioLmx CUCTEM aTOMHOM CTaHLUU.

KnrouyeBbie cnoBa: 6e30MacHOCTb, yripaBasioLlasl cucTemMa, atoMHasi CTaHUUS, HaaexXHOCTb, 6e30Tkas-
HOCTb, CcpeacTBa aBToMaru3auuy, rnporpaMmMHoe obecriedeHne, aHaan3a, yHkUms, QyHKLUMOHaIbHAs rpyri-
na, rnokasaresib.

[TpoGiema o60cHOBaHMS HaAEKHOCTH MporpaMmuoro odecnedenus (I10) ¢ MmomenTa ero
MIPUMEHEHUS B MPAKTUYECKON AEATEIbHOCTH YEJIOBEKA 3aHMMAET OJHO U3 BaXKHBIX MECT,
MOCKOJIBKY Hctnonb3oBanue 110 1 gocTrkeHns TpedyeMbIX pe3ylibTaToB CTano HeoOX0Iu-
MBIM TIPH PELICHUH Pa3HOOOPA3HBIX CIOKHBIX 33/1a4 IIPAKTHYECKU BO BCEX 0OJIACTSX HAyKH
1 HapoJHOro xo3stiicTBa. Oco0yro Ba)KHOCTh MPUOOPETACT T0Ka3aTeIbCTBO XapaKTEPUCTHK
HazexxHoctu [1O npy co3aHuu yIpaBIIsSIONIMX CUCTEM JUIS SIIEPHOOIIACHBIX 00BEKTOB, TAKHX,
HarpuMmep, kak aroMmHble cranimu (AC). [leno B Tom, uTo Ge3aBapuiiHoe GpyHKIMOHHPOBA-
HHUE aTOMHOM CTaHIMH JI0OJDKHO 00€CIIeYMBATHCS B TEUEHHE JUTUTEIILHOTO BPEMEHH, OPs/IKa
40 — 60 ner. Takas paurTenbHas Oe3aBapuiiHas padoTa TpedyeT pealn3alyy yIpaBIsIomnX
CHCTEM C MOKAa3aTeIsIMU HaJIeKHOCTH, Pealu3alysl U JEMOHCTPALHs KOTOPhIX B HACTOSILEE
BpeMsI IPAKTUYECKH HE TOCTHKHUMA.

[TosToMy nccneoBaHMSIME B TaHHOW 00JaCTH 3aHMMAIOTCSl B PA3HBIX CTpaHaxX pasind-
HOTO pOJia KOJUIEKTHBEI YK€ HE MEHEEe YeThIPeX — ISITH JICCATKOB JIET M IT0Ka HEOOXOIMMOTO
pesynbrara He 1ocTurHyTo. KoneuHo, pemieHue 3Toi mpo6ieMbl HaCyIIHO U HEOOX0IMMO, HO
3aJa4a Mo NPUMEHEHHIO IPOrPaMMUPYEMBIX CPEACTB aBTOMATU3aLUH T0JKHA PEILaThCs 31€Ch
U ceiuac ¢ TeMU UCXOJHBIMU JJaHHBIMH, KOTOPBIE JOCTYIIHBI B HACTOSAIIEE BPEMSI.

Kaxk yxe ormeuanocs, k HagexxHoctu [10, ucnons3yemoro B ynpasistomux cucremax AC,
JUISL OCYILECTBIICHUSI YIIPABICHUs B peXKUMaX dKCILTyaTalliH U [IPU aBapUsIX IPEIbSIBISIOTCS
JIOCTAaTOYHO BBICOKHE TPEOOBAHHSI, KOTOPBIE ITPU COBPEMEHHOM COCTOSTHHH ITPOTrPaMMHPYEMBIX
CpEJICTB aBTOMATH3aLMH U CHCTEMOTEXHUKH HE 00€CIIEUNBAIOT J10Ka3aTeIbCTBA HEOOXOIMMOM
HapaOOTKM Ha OTKa3 peanu3yeMblx (yHKIMH ropsiaka 106 gac. Takoe coctosiHue ¢ paspa-
0OTKOH YNPAaBIISIONINX CUCTEM SIBIISICTCS HEY/IOBIETBOPUTEILHBIM M TPEOyeT IIPUHATHS Mep,
KOTOpBIE FApaHTUPOBAIIH OBl HA/UISXKAIIYI0 HafexXHOCTh (hyHKunoHuposanus AC. Kpome Toro,
TIOSIBUBLIASICSI B HACTOSIIIIEE BpeMst HH(popManust 00 yCHeIHbIX Knbeparakax Ha 000pyIoBaHHe
C YIPABISIOIUMU IPOrPaMMHUPYEMBIMH CUCTEMAMHU, CBA3aHHBIMU C SIIEPHBIMU yCTaHOBKAMU
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[1], 3HAUNTETHFHO MOBBICHIIA HHTEPEC K PEIICHHUFO TTPOOIIEM
HAJICKHOCTH YIPABISIFOIINX CHCTEM B 00JAaCTH SACPHOM
SHEPTEeTHUKU.

Jlns Hagama pacCyKIeHUN Ha MPEIIIOKECHHYIO TeMy
PaccMOTPHM COBPEMEHHOE COCTOSIHHE eI C UMCIOIICHCS
nHpOpMaNHeH o CPEICTBAM U CHCTEMaM aBTOMATH3AIIHH.
IIpu 3TOM cremyer yduThIBaTh, 4yTo «KonxmdecTBeHHAs
OIleHKa 0€30TKa3HOCTH HMU(POBBIX MPOrpaMMHUPYEMBIX
CHCTEM H3-3a psiia HEJAOCTaTKOB Ooiiee TpyaHa, YeM IS
HEMPOTrPaMMHPYEMBIX CUCTEM», KaK yKa3blBaeTcs B [2]
m. 2.9. DTO MOXKET BBI3BIBATh ONPEICIICHHBIC TPYIHOCTH
B JICMOHCTPAIMH OXHUIAEeMOI 0C30MaCHOCTH CUCTEMBI,
BBINIOJIHEHHOW Ha OCHOBE KOMIIBIOTEPHOM TeXHUKHU. B
HaCTOsIIEee BpeMsi TPeOOBaHUS BHICOKOH MPOTrpaMMHOM
0e30TKa3HOCTH He JoKa3yeMbl. ClieoBaTeIbHO, TPOCKTHI,
Oasupyromecs Ha eQUHCTBCHHOW CHCTEME, BEHITIOTHCH-
HOW Ha OCHOBE KOMIIBIOTCPHOHN TEXHHUKHU H JOCTHTAIOMICH
BEPOSATHOCTH OTKa3a Ha TpeboBaHWe Ooliee HU3KOW, YeM
10-4 s mporpaMMHOTO 00€CIIeUeHHUS, JOIDKHEI Peain30-
BBIBAaThCA C MPENOCTOPOKHOCTBION. [anee B [2], m. 2.13,
TaKKe yKasbIBaeTcs, 9To «KomnuecTBeHHOE oTpeiesieHue
MPOTPaMMHOI 0€30TKa3HOCTH OCTASTCs HEPEIIEHHOH! Po-
Omemoii. McipITaHUE IPOTrPaMMHOTO 00€CIIEYCHUS UMEET
HEKOTOpHhIC OTPaHUYCHUS U MMOITOMY KOJHYECCTBEHHOC
oTIpeieNICHIE IIPOTPaAMMHOM 0€30TKa3HOCTH JJIsT KOMITBO-
TEPHBIX CHCTEM MOXKET OBITh TPYIHO WM HEBO3MOXKHO
JIEMOHCTPHUPOBATHY.

JI1s mocienyromux pacCyKACHUN MpeaiaracTcsl Bee
CpelcTBa aBTOMATU3AIMH Pa3IeIUTh HA IBE TPyHmsl: |
— MpOTpaMMHUPYEMBIC CPEICTBA aBTOMATH3AIUN U 2 — HE
MIPOTPaMMHUPYEMBIC CPEICTBAa aBTOMATH3ALNH. YIIPABIISIIO-
IIFE CUCTEMBI MOTYT OBITh PEaTN30BaHBI KAK HA CPEACTBAX
ABTOMATH3AIMX TIEPBOU TPYIIIBL, TAK W BTOPOH TPYIIIBI H
TaKOW OMBIT B MUPOBOU TPAKTHKE CO3IAHUS ITUX CHCTEM
YK€ HaKOIUIeH. PaccMOTpuM maliee JOCTOWHCTBA U HEIO-
CTaTKH YIPABISIONIMX CHCTEM PEallM30BAHHBIX HA CPe-
CTBaxX aBTOMATH3ALMH YKa3aHHBIX PaHEE TPYIIIL.

Cpa3y oTMETHM, 9TO B ITOCIICIHEES BPEeMsT HAOIOIaeTCs
pacmupsonieecs TpUMEHEHNUE YIPABISIOIMNAX CHCTEM,
0a3upyIOMHMXCs Ha TMPOTPAMMHPYEMBIX CPEICTBAX aBTO-
MaTH3aluH.

B wacTHOCTH, 3TO CBSI3aHO C TEM, YTO B ATHX CHCTEMax
JIOCTUTACTCS:

° YITy4IIICHHBIN KOHTPOITh ITAPAMETPOB aTOMHOM CTaHITHIH,
B TOM YHCIIE TAPAMETPOB, BAXKHBIX 151 0€30IIaCHOCTH;

° VITy4IICHHBIH HHTEpdElic onepaTop-00beKT;

* o0ecIieueHNe OTICPaTUBHBIX HCITBITAHUIA,

* CAMOKOHTPOJIb CPEJCTB aBTOMATH3alUU M (PYHKIIHO-
HAJBHBIX TPYTIIL;

° yITydIIeHHAs TUarHOCTHKA,;

° TIOBBIIIICHHAS TOYHOCTh M3MCPCHHUS,

° TIOBBIIICHHAS YCTOHYUBOCTH (DYHKIIMOHUPOBAHHS,

° YMCHBIIICHHAS TOTPEOHOCTH B KAOSIBHBIX COCAMHCHUSX
3a CYeT IPUMCHEHUS MYJIBTUILICKCHBIX CTPYKTYp (00IInX
WH(POPMAIMOHHBIX IITHH);

° YAyYIICHHAS MOTUPHUIUPYEMOCTh YIIPABISIOMINX CH-
CTEM IOl Pa3BUBAIOIINECS 3a/1a9H IKCILTyaTaIlHH.
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YKka3aHHBIE TIPEUMYIIECTBA TPOTPAMMHPYEMBIX YIIpaB-
JISIFOIMX CHCTEM HE MCKITIOYal0T MMEIOINXCS HEIOCTATKOB
Takux cucreM. Harmpumep, Takux Kak:

* pa3paborka u coznanue [10 npencrasmsier coboit Ooee
BBICOKOMHTEIIJIEKTYaJIbHBIH ITPOLIECC, YeM CO3/1aHHE aHAJIO-
TOBBIX CPE/ICTB, U TIOATOMY HMEET OOJIBIIYIO BEPOSTHOCTD
BO3HHMKHOBEHHS OMIMOOK, BBISIBIICHHE KOTOPBIX ITPEACTaB-
JsieT co00i TOCTATOUHO CIIOKHYIO 3a/1ady;

* TPyAHOCTH JEMOHCTPAINN XapaKTEPUCTUKU Oe30TKa3-
HOCTH;

e peanuzanus [10, kak mpaBwiIo, IpenCcTaBiIsIeT co0oH
JVICKPETHBIE JIOTHYECKHE MOJICJIN PEabHOTO MHpA, YTO
MMEET JIBa THIIA ITOCIIE/ICTBUI:

- IporpaMMHOE obecrieueHrne 0osee UyBCTBUTEIBHO (T.€.
MEHee TEPIUMO) K «MaJICHbKUM OIIHOKaM»;

- METOJIbI MHTEPIIOJSIIUH U SKCTPAIOJISIINAH MTOJTHOCTHIO
HE IPHUTOAHBI, TIOCKOJIBbKY IPUBOJAT K HEIOCTOBEPHBIM
pesyabraram.

Takum 00pa3om, iepBasi TpyIina CpeICTB aBTOMATH3AINN
TI03BOJISIET CO3/IABATH YIIPABIISAIONINE CHCTEMBI C TIOBBIIICH-
HBIMH ITOKa3aTeIsIMU Ka4eCTBA PaOOThI, OJJHAKO ITH CHCTEMBI
HE UMEIOT I0CTATOYHOTO 0O0CHOBAHMS 10 HAZEKHOCTH BbI-
TIOJTHEHUSI TPeOyeMBbIX (DYHKIMHI 1 MOTYT OBITH OJIBEPKEHBI
kubeparakam. [1].

Bropas rpyrmima cpeicTB aBTOMaTH3aUH HMEET OOJIBIIHIA
OTIBIT TPOMBINUIEHHOTO NMPUMEHEHUS, OJJHAKO yCTYIIaeT
TIepBOI rPyIIIE MO Ka4eCTBY pean3aliu TpeOyeMbIX (QyHK-
11, 6oJiee CII0XKHA B M3TOTOBJICHNH, HAJIA/IKE ¥ CEPBUCHOM
oOcysxuBaHun. Ho 17151 ynpaBJIsiomunx CHCTEM, BBITTOJTHEH-
HBIX Ha CPEJICTBAX aBTOMATHU3AIMHU 2-1 IPYIIIBI JOCTAaTOYHO
XOpOIIIO 000CHOBBIBAIOTCS TOKA3ATEN HAJIS)KHOCTH 1 OHH,
KaK TI0Ka3bIBaeT OIBIT MHOTOJETHEH SKCIUTyaTalliH, HE
MOZIBEP KEHBI BO3/eiicTBHIO KnOeparak. [Ipn Takom pac-
CMOTPEHUH YIPABISIIOLINX CUCTEM, PEaTM30BAHHBIX Ha TEX
WM WHBIX CPEJCTBAX aBTOMAaTH3allMH, XOPOIIO BHIHBI UX
MIPEUMYILECTBA M HEJOCTATKH.

[Ipu 3TOM, HAa MOW B3IVISLJ, HAIPAIINBACTCS PACCMO-
TpEeHHE BO3MOXKHOTO CHMMOMO3a CHCTEM Ha CpPEICTBaxX
aBTOMATH3alWK U3 JIBYX Ha3BAHHBIX paHee I'PYII CPEACTB
aBTOMATH3alUH C TeM, YTOOBI HCIIONB30BATh UX MOJIOKH-
TEJIbHbIE KaUeCTBa B ITOJIHOW Mepe 1 U30eKaTh IPOSIBICHUS
HETaTUBHBIX MOMEHTOB X IIPUMEHCHHUSL.

Jaist 9T0M 118711 HeO0OXOIMMO MIPOAHATN3UPOBATH (DYHKIIU-
OHAJIBHBIE TPYTIIBI BCeX yNpasistonmx cucteM AC, 4To0bI
BBIJICTTUTH (DYHKIIMOHAJIBHBIE IPYIIIHI, JUI KOTOPBIX Kade-
CTBO peai3alliy MIPEACTABISIETCS IOCTATOYHO CIIOXKHBIM U
TPYAOEMKNM, 1 (pyHKIIMOHAIILHBIE TPYIIIHI, 0TKa3 KOTOPBIX
MPUBOAMT K aBapuu. B coorBeTcTBUM C [3] « DYHKIIMOHAb-
Hasl TpyInmna — NPUHATasE B IPOEKTE YacTh yNPABISIOICH
CHCTEMBI, ITPEACTABIISIONIast COO0H COBOKYITHOCTD CPEICTB
aBTOMAaTH3alMH, BBIMOJHAIOMNX 3a/JlaHHyI0 QyHKIMIO». B
[3] m. 3.17, yka3biBaeTcs, UTO B IPOEKTHON JOKYMEHTALUN
YIIPABIISIOIINX CUCTEM BRKHBIX I 0€30M1aCHOCTH JIOJKHBI
ObITH onperesieHbl (PYHKIMOHATIbHBIC TPYIIBI U MX KJac-
cudukanus 1o kareropusim OezomnacHoctu. Ilposenenne
TpeOyeMoro aHajaM3a HEOOXOAMMO YUUTHIBATH HE TOJIBKO
KIIacCUPUKAMIO (DYHKIIMOHAIBHBIX TPYII IO 0€30MacHO-



HALEXHOCTb MPOrPAMMHOIO OBECMNEYEHUSA YNPABJIAIOLLUX CUCTEM U BESOMNACHOCTb ATOMHbIX CTAHLUIN

CTH, HO U IEJBII PsA/ aCIEKTOB, BAYKHBIX [UIS Pealn3aiun
YTIPABISFOLINX CHCTEM.

Hanpumep, GyHKIMOHANBHBIE TPYTIIBL, PEATU3YOLINE
3aIIUTHI 10 OJHOMY MapaMeTpy, KakK IPaBHIIO, MIPEACTaB-
JISIFOT CO00¥1 T0CTATOYHO MIPOCTYIO CTPYKTYPY: H3MEPHUTEINb
rapaMeTpa 3alIuThl, CPABHUBAIOIIEE yCTPOUCTBO C BETUUH-
HOW 3a/IaHHOTO TapaMeTpa 3alluThl, YCTPOUCTBO, (hopMu-
pyIolee NCTIOMTHUTENBHBIM CUTHAM B CITydae NPEBBIICHNS
M3MEPEHHBIM [TApaMETPOM BEIMUMHBI 33/IaHHOTO TapaMeTpa
1 UCTIOTHUTEIBHOE YCTPOHCTBO. ANTOPUTM pabOTHI TaKOH
CHCTEMBI 3aIUTHI JOCTATOYHO IPOCT M CO BPEMEHEM HE
MeHseTcs. Pesxum paboThl cTarimoHapeH ¥ 0OBIYHO XOPOIIIO
JrarHoctupyeM. OTKa3 CHCTEMBI 3aI[UTHI MOKET IPHBOANTH
K 3HAYUTEJIBHBIM yOBITKaM, T.€. JOCTHKCHHE yCIICIIHON
KrOepaTaku JOHKHO OBITh HEBO3MOXKHO. J[1msa Takux QyHK-
IIMOHAIBHBIX TPYII, HA MOW B3INIAJ, IeIecooOpa3Ha ee
peanmu3anys Ha CpeACTBaxX aBTOMATHU3aIMN, 0003HAUCHHON
paHee Kak Tpymnmna — 2.

B ciydasx, korna (QyHKIIMOHATIBHAS TPYIIA PEaTn3yeT
JIOCTaTOYHO CIIOXKHYIO (ByHKIHMIO, HAlPHIMEpP BbIPaBHUBA-
HHUE TOJSI YHEPTOBBIJCICHUSI AKTUBHOW 30HBI SIAEPHOTO
peakTopa, KOTopasi UMEEeT T0CTATOYHO CIIOXKHBIN alNTOPUTM
peanu3anuy U 3aBUCUT OT MHOXKECTBA IOCTOSHHO Me-
HSFOIIIMXCS] TEXHOJIOTHUYECKUX [TapaMeTPOB, TO PEATU3AIHI0
TakoW (PDYHKIMOHATIHHOM TPYTIIEI, HA MOH B3IJIAM, CICTyeT
BBITIOJTHATH HA CPECTBAX aBTOMATH3alny Ipymel — 1. Ota
rpymma obecreunuT OoJiee BEICOKOE KadeCTBO pean3aiiui
TpeOyeMol 3a/1aull B aBTOMAaTH4ECKOM PEKHME, UYeM IMpH
ABTOMAaTHU3UPOBAHHOM YIIPABICHHN.

[IpumeneHnue ans aBTOMaTU3alLUU CPEICTB MEPBOU
TPYNIBI [IeJeco00pa3Ho B cIydasx, Korma Tpedyercs
yhOpaBlieHHE, CBSI3aHHOE C KOOPAWHALINEH OOBIIION TPYIITIHI
MIapaMeTPOB U, B 3aBUCUMOCTHU OT MEHSIOIINXCS BO BPEMEHN
TEXHOJIOTHYECKHX TapaMeTPOB, CBI3aHHBIX, HAIIPUMeEp, C
BBITOPAHUEM TOIIMBA MM OTKAa3aMU TEXHOJIOTHYECKOTO
000pynoBaHus, IPHU KOTOPEIX HEOOXOAMMO MOJIEPKHUBATH
HETIPEPBIBHOCTD TEXHOJIOIMYECKOTO MPOIEcca, ONepaTHB-
HBIM BBOJIOM B paboTy pe3epBHOTO 000PYIOBaHUS.

Taxum 06pa3om, pe3yasTaTsl (GYHKIIHOHATIHHOTO aHAIH32
ynpasisronux cucteM AC SBISTIOTCS OCHOBOH 1Tl BEIOOpa
CPE/ICTB aBTOMATU3AIMH JUTS CO3AAHMUS COOTBETCTBYIOIINX
YTIPABISFOLINX CHCTEM.

Craenyer OTMETHTb, YTO CHCTEMBI THarHOCTHKH, OCO-
OEHHO YIIPABIISIOIINX CUCTEM, BXKHBIX JUIs O€30ITaCHOCTH,
IO KOTOPBIM (POPMHPYIOTCS] CUTHAJIB aBAPUITHO 3aIUTHI,
TaKKe JOJDKHBI (JOPMUPOBATHCS HA OCHOBE HE IIPOrPaMMHU-
PYEMBIX CPEACTB aBTOMATU3AIMHU, YTOOBI HE TIO/IBEPTaThCs
BO3ICUCTBHIO KHOEpaTaK U MMETh pacdeTHOEe 000CHOBaHHE
Ha/Ie)KHOCTH.

Kak yxaswsiBaetcs B [4], m. 4.1.12, «Otyet mo o6ocHO-
BaHHUIO Oe3omacHOCcTH AC IOKEH COAEpKaTh JaHHBIE O
MIOKAa3aTeNIX HaJEeKHOCTH CHCTEM HOPMaJIbHOHM 3KCILTya-
TaIUU, BKHBIX IJIs1 OE30MaCHOCTH, ¥ UX 3JIEMEHTOB, OT-
HECEHHBIX K Kj1accaMm 0e301acHOCTH 1 1 2, a TAaK)KE CHCTEM
M DJIEMEHTOB OE30ITaCHOCTH. AHAJIN3 HAAEKHOCTH TOJDKEH
MIPOBOJIUTECS C YUETOM OTKa30B 110 OOIIEH NMpUYMHE U
OIMOOK IePCOHAIIAY.

TakuM ob6pa3om, Bce (GYHKIHOHAIBHBIE TPYIIIEI
YIPaBISAIOMAX CHCTEM KilaccoB OeszomacHOCTH | u 2
OyayT UMeTh 0OOCHOBaHHBIE PAaCUYETOM IIOKa3aTelIH Ha-
JI©KHOCTH, TIOCKOJIBKY OyIyT BBIIIOJTHEHBI Ha CPEICTBAX
aBTOMAaTH3aluu rpynnsl 2. OyHKINOHAIBHBIC T'PYIIIBI
KJlacca 3, BBINOJHEHHBIE HA MPOTPAMMHPYEMBIX CpE-
CTBaX aBTOMAaTH3alMH, OyIyT IOCTHTaTh HApaOOTKU Ha
oTtka3 mo 104 gac, 9TO B HACTOsIIEe BpeMs SBIAETCS
JOTTyCTUMBIM 3HAUYCHHEM.

ABTOp BBIpa)KaeT HAAEKIy Ha TO, YTO MPEATIOKECHHBIN
METOJI BBIOOPA CPENCTB aBTOMATH3AINH U COOTBETCTBYIOIIEE
MIOCTPOCHUE YIPABIISIONINX CHCTEM ISt aTOMHBIX CTaHIMN
OyxyT obecriedeHbl Oonee apryMEeHTHPOBaHHBIMH TOKa3a-
TENSIMH HaJIEKHOCTH (PyHKIMOHUPOBAHMS.
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Functional reliability. The theory and practice

Alpeev A.S.

DEPENDABILITY OF CONTROL SYSTEMS SOFTWARE
AND SAFETY OF NUCLEAR POWER PLANTS

The paper considers the aspects of applicability of programmable control systems for nuclear power plants.
The advantages and disadvantages of these systems have been identified. The main disadvantages of
these systems have been singled out as follows: impossibility to prove the parameters of dependability of
implemented control functions, susceptibility to potential cyber attacks. The paper offers the method of
selecting automation means for implementing control systems using programmable and non-programmable
automation means based on making a functional analysis of a nuclear power plant’s control systems.

Keywords: safety, control system, nuclear power plant, dependability, reliability, automation means,
software, analysis, function, functional group, parameter.
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The problem of proof of SW dependability from the moment of its application in practical
human activities has had one of the important places, since its use to reach required results
has become necessary for solving various complex tasks practically in all areas of science
and economy. Proof of its parameters becomes of special importance when constructing
control systems for hazardous nuclear facilities such as nuclear power plants. The point is
that failure-free operation of a nuclear power plant should be guaranteed for a long period of
about 40-60 years. Such long failure-free operation requires implementing control systems
with dependability parameters whose implementation and demonstration is practically infea-
sible at present.

That is why various teams of researchers have already been making researches in this
field for about forty-fifty years, and a required result has not been achieved so far. Of
course, to solve this problem is vital and necessary, though the problem of application of
programmable automation means should be solved here and now based on those data that
we have at present.

As mentioned above, the dependability of software used in control systems of nuclear
power plants for executing control in operation modes and in case of accidents face
high requirements, which in the context of existing programmable automation means
and circuit engineering do not ensure proof of required time to failure of implemented
functions equal to about 106 hour. Such situation regarding development of control
systems is unsatisfactory and requires measures to be taken to ensure a due depend-
ability of control systems operation. Also, emerging information about successful cyber
attacks at hardware with control programmable systems related to nuclear installations
[1] has increased interest in solving the problem of dependability of control systems
used at nuclear power plants.

To start considering the topic, let us investigate the current situation regarding available
information about automation means and systems. And it is worth to take into account that
as stated in [2] cl. 2.9 “Quantative estimation of reliability of digital programmable means
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due to a number of drawbacks is more difficult than for
non-programmable means. It can cause some difficulties in
demonstrating the expected safety of a system developed
on the basis of a computer. Currently, the requirements of
high program reliability are not provable. Consequently,
projects based on a single system that is developed on the
basis of a computer and has a failure rate as per require-
ment for the failure rate worse than 10 for software shall
be implemented with caution”. Further in [2] cl. 2.13 it is
stated that “Quantitative definition of software reliability
is an issue yet to be solved. Testing of software has some
restrictions and thus quantative definition of software reli-
ability for computer systems can be difficult or impossible
to demonstrate”.

For further consideration, all automation means are
offered to be divided into two groups: (1) programmable
automation means and (2) non-programmable automation
means. Control systems can be implemented on the basis of
the first category automation means as well as the second
category automation means, and such experience in the
practice of developing such systems is already available in
the world. Let us consider the advantages and disadvantages
of control systems developed with the help of automation
means of the groups specified above.

First of all, it is worth to note that lately we witness the
expanding application of control systems based on program-
mable automation means.

In particular it is related to the fact that such systems
allow:

e ensuring a better control of parameters of a nuclear
power plant, including those critical for safety;

e ensuring a better man-facility interface;

e ensuring ad-hoc testing;

e ensuring self-diagnostics of automation means and
functional groups;

e ensuring better diagnostics;

e ensuring an enhanced precision of measurements;

e ensuring better resilience;

e reducing demand of cables owing to application of
multiplex structures (common information buses);

» facilitating modification of control systems for emerging
operational tasks.

The above advantages of programmable control systems
do not rule out existing disadvantages of such systems. For
example, such as:

e development and construction of software looks like
a more complicated process and thus has a higher prob-
ability of generating mistakes, whose detection is rather a
difficult task;

e difficulty in demonstrating reliability parameters;

* implementation of software generally represents discrete
logical models of real world, thus leading to two types of
consequences:

- software is more sensitive (i.e. less tolerable) to “small
mistakes”;

- interpolation and extrapolation methods are absolutely
not applicable since they give unreliable results.

Therefore, the first group of automation means makes it
possible to develop control systems with enhanced param-
eters of operation quality, however these systems do not
have sufficient proof as regards dependability of execution
of required functions and can be susceptible to cyber at-
tacks [1].

The second group of automation means has bigger ex-
perience of industrial applications, however it is inferior
to the first group in quality of implementation of required
functions, it is more complex in terms of construction,
commissioning and maintenance. Yet for control sys-
tems based on these automation means, dependability
parameters are proved well enough and, as seen by the
experience of longstanding operation, are not subject to
cyber attacks.

When control systems based on automation means of dif-
ferent types are considered in such a way, their advantages
and disadvantages are clearly seen. And in my opinion, it
naturally leads to the necessity to consider possible symbio-
sis of systems based on automation means of two groups
specified above, in order to use their positive sides in full
and avoid negative effects of their applications.

To that end, we have to analyze functional groups of all
control systems of a nuclear power plant to differentiate the
functional groups for which the quality of implementation is
sufficiently difficult and time consuming, and those whose
failure causes an accident. According to [3], “Functional
group is a part of a control system specified in the design that
represents the aggregate of automation means implementing
a specified function”. According to [3] cl. 3.17, wherein it
is stated that the design documents of safety related control
systems shall specify functional groups and their clas-
sification as to safety categories. During the analysis it is
necessary to take into account the classification of functional
groups as to safety as well as a number of aspects vital for
implementation of control systems.

For example, functional groups implementing protection
as to one parameter generally represents quite a simple
structure: meter of protection parameter, circuit comparing
with a value of a specified protection parameter, device
generating a command signal in case of a measured pa-
rameter exceeding the value of a specified parameter and
a executive device. The algorithm of such system is quite
simple and does not change in time. Operational mode is
stationary and generally well troubleshot. The failure of
a protection system can lead to substantial losses, i.e. the
realization of a successful cyber attack has to be impos-
sible. For such functional groups, in my opinion, its im-
plementation should be done on the basis of automation
means specified as the 2nd group.

In cases when a functional group implements rather a
complex function, e.g. alignment of the field of a nuclear
reactor’s power density which has quite a complicated
algorithm of implementation and depends on a lot of
permanently changing technological parameters, such
functional group, in my opinion, should be implemented
on the basis of automation means of the Ist group. Since
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the group will secure a better quality of implementation
of a required task in automatic mode than in automated
control mode. The application of the first group for automa-
tion purposes is reasonable in cases when we need control
related to coordination of a large group of parameters
and depending on technological parameters changing in
time, for example, related to fuel burn-up or technological
hardware failures when the continuity of a technological
process has to be kept by putting backup hardware into
operation without delay.

Therefore, the results of a functional analysis of a nuclear
power plant’s control systems is the basis for selecting auto-
mation means for developing respective control systems.

It should be noted that diagnostics systems, particularly
those of safety related control systems, as a source of alarm-
ing signals should also be implemented on the basis of non-
programmable automation means in order to be protected
against cyber attacks and have a calculable dependability
proof.

As stated in [4] cl. 4.1.12, “The report of NPP safety
proof shall contain data on dependability parameters of
normal operation systems critical for safety and their ele-
ments belonging to 1 and 2 safety classes as well as safety
systems and elements. The analysis of dependability shall
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be made with common cause failures and staff mistakes
taken into account”.

Therefore, all functional groups of 1 and safety classes
control systems will have dependability parameters justified
by calculation, as they will be implemented on the basis of
automation means of the 2nd group. Functional groups of 3
class implemented on the basis of programmable automation
means will have a failure rate of up to 104 hour, which at
present is an accepted value.

The author hopes that the offered method for selecting
automation means and respective construction of control
systems for nuclear power plants will be provided with more
rationalized parameters of operation dependability.
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COOBLUEHNSA

TrogpaHoBa A.A.

AHAJIN3 GAKTOPOB, BJINAIOLLIUX HA
AKCIJTYATAUNOHHYIO HAAEXXHOCTb TEXHUYECKUX
CPEAOCTB CUCTEMbI YINPABJIEHUA ABUWXEHUWUEM CY40B

B crarbe npoaHann3npoBaHO BO3AEHCTBUE GakTOPOB Ha rpoLecc QYHKUNOHUPOBAHUS CUCTEMbI yripaBJsie-
Hus aBvxeHneM cynos (CY/IC) Ha aTane akcryataumy no Ha3HadyeHuio. OTkasbl Takux MHGPaCTPYKTYPHbIX
3/IEMEHTOB, Kak TEXHUYECKUE CpeacTBa — OeperoBbie paanoIOKaLMOHHbIE U PaANOPENEVIHbIE CTaHUUN, —
B/IMSIIOT HA KA4Y€CTBO paboThl BCEV CUCTEMbI B LIEJIOM M Ha npuHSThe oneparopom CY/ZC yrnpaB/ieH4eCcKoro
peLueHus. [loaTomy caenaH BbIBOA O TOM, YTO SKCrulyataums AOKHa obecrieynBarb HanboIbLLYIO S gek-
TUBHOCTb QYHKLNOHUPOBAaHUS TEXHUYECKUX CPELACTB.

KniouyeBbie cnoBa: cucrema, SKcCriiyaraunoHHasa Hage>XHOoOCTb, TeXHNYeckne cpencrtsa.

Cucrema ynpasnenus apuwxkenneM cynoB (CYIC) B PO saBriseTcs HeoTheMIeMOi YacThIo
TocymapcTBeHHOH crucTeMbl oOecreueHns 0€30MacHOCTH MOpPETIIaBaHus, CO3aeTCs U JIeH-
CTBYET Ha aKBaTOPHSIX MOPCKUX MOPTOB, BO BHYTPEHHHUX BOJaX, B TEPPUTOPHATIHLHOM MOpE
u B pmiexaied 30He PO. CYIIC co3natorcs U JSHCTBYIOT B IENISX TOBBIIICHHS YPOBHS
0€30MacHOCTH MOperIaBaHus U d(PPEKTUBHOCTU CYHOXOJCTBA, OXPaHBl KU3HU Ha MOpeE,
3aIIUTHl MOPCKOM Cpefibl M MOOEPEKbsl OT BOSMOXKHBIX 3aTrPsI3HCHUMN, 3aITUTHI OEPETOBBIX U
11e7Ib(OBBIX COOPYKEHUI OT MOBPEXKICHUN B Cllyyae MOPCKUX aBapwuii [1].

B cootBerctBun ¢ IlonokeHneM o cucTeMax yHpaBIEHHUS ABMKCHHEM CYJIOB, CHCTEMa
ABJISIETCS PE3EPBUPOBAHHOI, BOCCTaHABINBACMOM, TyOIMPOBAHHOM, IITUTEIHHOTO HEMPEPHIB-
HOTO JICHCTBHUS C KPYTIIOCYTOUHBIM PEKUMOM PabOTHI M COCTOUT U3 CIEAYIOUINX MOJICHCTEM:
cOopa uH(pOPMAIHH, TUCTAHIIMOHHOTO YIPABICHHS U Mepeaad nHPOpMaIui, 00pabOTKU
oToOpakeHHsI HH(POPMAIIH, CBSI3U U 0a3bl JAHHBIX, Ka)K/1as1 U3 KOTOPBIX MTPE/CTaBIeHAa TEXHHU-
yeckuMu cpenctBamu [2]. Cucrema GpyHKIIMOHUPYET MO/ BO3/ICHCTBUEM BHEIIHUX (DaKTOPOB
(BMusSHHME BHEIIHEH CpPEeIbl, MPOLECC BOSHUKHOBCHHS HEMITATHBIX CUTYyallMid) M BIUSHHEM
I[[EJICHANPABICHHOTO (YMpPaBIseMOro) MpoIiecca MPOBEACHUS BOCCTAHOBUTEIBHBIX paboT,
T.€. IpoIiecca TeXHUYECKOro o0cmyskuBanus. [loaTomy o nmporeccoM GpyHKITHOHHPOBAHUS
MOHUMAaeM COBOKYITHOCTH JiekcTBUl TexHuueckux cpeacts (TC) CYIAC, TexHuuecKoro mnep-
conana, oociyxkupatotero TC, oneparopa CYJIC, mOTYMHEHHBIX €MHOH TIEeITH.

Takum 00pa3om, dKCIUTyaTanus A0JDKHA oOecreyrBaTh HauOONbIIYI0 Y3PPEKTHBHOCTh
¢yukimonuposanust CY/IC, T.e. mokazareiib, OTPaKaoIIHi yPOBEHb JOCTHKCHUS B TIPOIIECCE
(YHKIIMOHUPOBaHHSI MOCTABJICHHBIX MIEpe]] CUCTeMOH 1iesiel U 3a/1a4. COBOKYITHOCTb CBOMCTB
00beKTa, 00yCIOBIUBAIONIUX €TI0 IPUTOJHOCTH YIOBICTBOPUTH OTIPE/ICIIEHHBIC TOTPEOHOCTH
B COOTBETCTBHUHU C €0 Ha3HaYCHHEM, Ha3bIBaeTCsl kadecTBOM oOwnekTa. K xauectBy CV]IC
OTHOCSTCS TaKHe CBOMCTBA, KaK OE€30MacCHOCTh, Ha/IC)KHOCTb, IIOMEXO03AIIUIIEHHOCTD U JIp.
Bri0op nokazareneii kauecTBa (pyHKIIMOHMUPOBAHMUS 3aBUCHUT OT PELIAEMbIX CUCTEMOH 3aj1ad,
MIOCKOJIBKY TH KOJIMUYECTBEHHBIC MTOKA3aTENIN ONPEALIIAIOT, XOPOIIIO MJIH MJI0XO0 CHCTEMa pe-
nraet noctasneHusle 3aga4n [3]. g CYJIC xapakTepHO HaIMYHe MHOTHX TEPHOA0B QyHK-
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IIMOHNPOBAHNSI, KOT/IA pellIaeTcs OCTaBICHHAs 3a1a4a. JTH
MIepHO/IBI, KOTJIa CHCTEMA HCIIPaBHA M pelaeT 0e3 OmmnooK
MIOCTABJICHHYIO 33]1aqy, YepeayI0TCs C IepHOIaMU ITPOCTOS
— BBIHY)KICHHBIMH, HE)XEJIATEIbHBIMH, BHI3BAHHBIMHU BO3-
HUKHOBEHHEM OTKA30B 1 HEOOXOIMMOCTBIO HX YCTPAHEHHUS
wi npeaynpexaeHus. [Tostomy, yem Oonblie BpeMeHH
crcTeMa IPOBOJMT B pab0OTOCIIOCOOHOM COCTOSTHUU M YEM
MEHBIIIE BpeMs BBIHYKICHHBIX IIPOCTOEB, TEM BBIIIE Kadye-
ctBo (pynkrmonuposanust CYJIC.

[Tokazarensmu kadectBa ¢(yHkumonuposanus CY/IC
SIBJISTFOTCSI:

- K03()(UIHMEHT TEXHUYECKOTO MCIIOIb30BAHMS Ha TIe-
puone (0, T), T.e. MaTeMaTHUECKOE OKUJAHHE JOJH Bpe-
MEHH, KOTOPYIO CHCTeMa IPOBOIHUT B pabOTOCIIOCOOHOM
COCTOSIHMM Ha ATOM HHTEpBaJie BPEMEHH, WJIH, APYTHMHU
CJIOBAaMH, BEPOSITHOCTb 3aCTaTh CUCTEMY pabOTOCIIOCOOHON
B CIIy4YaifHBIf MOMEHT BpeMeHU. JIaHHBII KO QHUIIIEHT He
3aBUCHT OT COCTOSIHUSI CHCTEMbl B MOMEHT Hadasa (yHK-
IMOHUPOBAHUS;

- K03 PUIIMEHT FOTOBHOCTH — BEPOSTHOCTH TOTO,
YTO OOBEKT OKaXXETCsl B PaOOTOCIIOCOOHOM COCTOSTHHU B
MIPOM3BOJIBHBI MOMEHT BPEMEHH, KPOME IIIIAHUPYEMBIX
MePUOOB, B TEUCHNWE KOTOPHIX MCIOJIb30BaHHE 00BEKTa
10 HA3HAYCHHUIO HE MpenycMaTpuBaeTcs (MpopHiIakTuka u
TEXHUYECKOe 00CITyKUBaHHE);

- CPEHUH yIeNIBbHBINA J0XO0, TPUXOISAIIUICS Ha SIMHULLY
KaJICH/IAPHOTO BPEMEHH;

- CpEIHUE yACIbHBIE 3aTPAThI, TPUXOSIINECS HA €INHH-
Iy BPEMEHH HCTIPABHOTO (PyHKIMOHHUPOBAHUS CHCTEMBI;

- XapaKTepHcTHKa 0€30TKAa3HOCTH — paclpesiesieHue
BpeMeHHU 0e30TKa3HOM pabOThI CHCTEMBI.

Paccmorpum mponece gpynknnonuposanus CYIC B
PEaIbHBIX YCIOBUSX, ITPU KOTOPBIX HEN30€KHBI OTKa3bl €e
TEeXHUYECKUX Cpe/IcTB. Bee (hakTopsbl, HeraTMBHO BIMSIOIINE
Ha HaJISKHOCTh CUCTEMBI B IIPOLIECCE €€ AKCILTYaTalluH 110
Ha3HAYEHHIO, MOXXHO YCJIOBHO Pa3/eJINTh Ha CIIEIyIOLIHe
KaTeropuu: CyObeKTHBHBIE (3aBUCAIINE HCKITIOYUTEIHHO OT
JIeWCTBUI 00CITY>KMBAIOIIETO MIEPCOHaNa) U 0ObEKTHBHBIC
(cBA3aHHBIE ¢ BHEITHMM BO3JCHCTBHEM Ha ammaparypy c
BHYTPEHHHMH MPOLIECCAMH, ONPEACISIIONINMH CTapeHNe 1
n3Hoc obopynosanust). CYJIC B cBOeM cOCTaBe CONEPKUT
TEXHUYECKHE CPEICTBA, IPOrPAMMHOE 00ECIICUCHHUE U YeTI0-
BeKa oreparopa (rpymiry orneparopos). CBou (pyHKIHH TeX-
Huueckue cpenctsa CYJIC BBIOMHSIOT MO yIPaBICHUEM
oneparopoB CYJIC 1 HHKEHEPHO-TEXHUYECKOTO [IEPCOHAIA,
MIO3TOMY HaJIeKHOCTh CHCTEMBI B IIPOLIECCE IKCILTyaTalluN
MOXKET YXYIIIAThCs MO/ IeHCTBHEM CYyObEKTUBHBIX (haKTo-
POB (TaK Ha3bIBAEMOTO YEJIOBEYECKOTO (haKTopa), KOTOPBIH
OKa3bIBACT CYLIECTBCHHOE BIMSHHUE Ha HA/IC)KHOCTH arlia-
partypbl Ha BCEX dTanax ee )KU3HEeHHOTO [IUKIIA.

I[To pe3ynabraTaM aHaIM3a JAaHHBIX TUHAMUKHU SKCILTya-
TALlMOHHBIX OTKA30B, IIPEJICTaBlIeHHbIX 3a nepuoj ¢ 2001
r. mo 2013 1. B BH/IE XKYPHAJIOB TEXHUYECCKOTO OOCITYKHU-
Banusa CYJIC nopra HoBopoccuiick, MOXKHO caenaTh
cienyromyo kiaccudukanuio Gpakropos, BIUSIOMNX Ha
9KCIUTyaTallHOHHYIO HAJEKHOCTh TEXHUUECKUX CPEICTB:
MOrOJIHbIE yCIOBHS; dHepreTudeckuil; BausHue 3UII
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Ha 3KcIutyatauuio Texnudeckux cpencts CYIAC. dns
OTIpe/ieTICHN s, KAKOW U3 TICPEYHCICHHBIX BHIIIE (PAaKTOPOB
OKa3bIBaCT HAaWOOJbINICE BIMSHAE HA YKCILUTYaTallHOHHYIO
HAJI)KHOCTh W aKTYaJIbHBI JTU OHH IPU JajdbHEHIIeH Mo-
nepransanuu CYJIC, B [4] Obl1a IpoBe/ICHA WX KCIIEPTHAS
oleHKa. B pe3ynprare 3KCIEepTU3BI MONYYIIIH, YTO BCE
TpH (paKTOpa SBISAIOTCS aKTYaILHBIMH BHE 3aBHCHMOCTH
ot mozaepHuzanuu CYC. @akTopsl «IHEPreTHIECKU»
U «IOTOJIHBIC YCIIOBUS» B ONWHAKOBOW CTETICHH BIHSIOT
Ha JKCIUTYaTallMOHHYI0 HaJEeKHOCTH cUCTeMbl. DakTop
«srustaue 3UTD» MOXKET TOBIHUATH HA SKCILUTYaTallHOHHYIO
HAJIe)KHOCTh CUCTEMBI, & MOKET U HE TIOBJIHATH — B 3aBU-
CUMOCTH OT OIPEICICHHBIX YCIOBUH (KBATH(UIIHPOBAH-
HOCTB 00CITY)KHBAIOIIETO TIEPCOHAIA, [UTHTEIFHOCTH TIPO-
CTOsI IPU PEMOHTE, OTCYTCTBHE HEOOXOIMMON 3amacHOU
YaCcTH B KOMIUIEKTE U T.1I.).

3HAUNUTENbHOE BIUSHHE HA JKCIUTYaTallHOHHYIO Ha-
JICKHOCTh OKa3bIBAIOT MPOIIECCH CTapeHUs M H3HOCA,
MIPUBOJIAIINE K IMTOCTCIIEHHOMY YXYIIICHHIO TEXHUYECKAX
XapaKTEepUCTHUK U apaMmeTpoB [S5]. B pesynbrare crapenus
AIIEMEHTOB ITOCTETICHHO BBISIBIISIFOTCS Pa3INIHBIC, IMEIOIINE
CITy9aiHyI0 IPUPOITY, CKPBITEIC Je(PEKTH MaTepPHAJIOB, T.C.
YMEHBIIIAETCS COTIPOTHBIICHHE U30JISIIIAHN, PACTET BETUMUNHA
HEKOTOPBIX THUIIOB COTIPOTUBIICHIH, OKUCIISIOTCS KOHTAKTHI
pa3beMoB u T.11. [Iporecc crapeHus 3IeMEHTOB IPOUCXOIUT
KaK BO BpeMsi pabOTHI, TaK M BO BPEMsI XpaHCHHS JJIEMCHTOB
Y TIPEJICTABIIET COO0I HEMPEePBIBHBIH MPOIIECC BO3ICHCTBUS
BpPEMEHH Ha alaparypy, CKOpOCTb KOTOPOTO OTIPEIEIICTCS
KaK BHEMIHUMHU (pakTopaMu (IIOTOMHEIC YCIOBHS), TaK H
COONFOIEHNEM BCEX MPABIII KCILTyaTaIlldd anmnapaTypsl
00CITy>)KUBAFOIIINM MIEPCOHATIOM (CBOCBPEMEHHOCTb M Kaye-
CTBO IIPOBEICHUS PEMOHTHBIX U TIPOPHIAKTHICCKHUX padoT,
COOMIOZICHUE PEIKUMOB PaOOTHI armaparypsbl). [IpoBeneHHas
SKCTepTHas oreHKa BiusHUs 31T Ha dKCIITyaTallnOHHYTO
HagexxHocTh CYJIC mokasana, 9To: 0co00e BIHMSHHE OKa-
3BIBACT Ha JKCILTYyaTAIlIOHHYIO HAllC)KHOCTh OTCYTCTBHE
B komruiekTe 3UII pacxogHBIX 371€MEHTOB (MarHeTpOH U
T.J1.), T.K. H3-32 KX BEICOKOH CTOMMOCTH HE YIaeTCs CO3/1aTh
HEOOXOIMMBIE 3aITachl, YTO IIPHBOIUT K BOSHHKHOBEHHIO He-
nocratka 3UIT; mpu coBpeMEHHOM BBICOKOTEXHOIOTHIHOM
MIPOU3BOJICTBE PEMOHT BBHIIICAIICH U3 CTPOS armapaTypbl
4acTO HEBO3MOXKCH MIJIH YKOHOMHYECKHU HE IeNIeco00pa3eH
BHE KPYITHBIX XOPOIIIO OCHAIIICHHBIX CTICIHATN3UPOBAHHBIX
MIPEINPHUSTUH (CEPBUCHBIX IICHTPOB), YTO OKA3BIBACT CYIIIC-
CTBEHHOE BIIMSHIE Ha BPEMsI BOCCTAHOBJICHHUS OTKA3aBILIETO
AIIEMEHTA; B OCHOBOIIOIATAIOIINX, HAIIMOHAIBHBIX CTaHap-
tax CY/IC [2], ucrionb3yeMbIX B paboTe CIeIHaIincTaMu,
HET YEeTKO OIPEICIICHHBIX CPOKOB ITPOBEICHUS PETIIaMEHT-
HBIX B IPOPUIAKTHIECKUAX PaOoT.

K 00BeKkTHBHBIM (haKTOpaM, BIHSIONINM Ha SKCILTyaTa-
uroHHy10 HasexHocTh CY/IC, MOXKHO OTHECTHU MOTOJHbIE
ycIoBUsl 1 cO0M B aekTpocHaOxkennn oovexroB CY/IC. B
MIEPHO]] UCCIIEIOBAHMS OBLIO 3aUKCHPOBAaHO 78 ciydaes
c6ost B anekTpocHabkeHun. [ox cooeM moHMMaeM HapyIIe-
HHE KaueCTBa MOCTaBIISIeMOM MeKTposHepruu. Hanbompimee
KOJIMYECTBO COOEB AEKTPOCHAOKEHHS OTMEUCHO Ha PAJIHO-
TEXHIYECKOM MTOCTY «[ eIEHIKIK» U ITYHKTE PaIHOJIOKAIN-
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onHoro HabmoneHus «kOxuas O3epeeBkay, HaXOMAIIIXCS
B KOHIIE JIMHHUH JIEKTPOCHAOKEeHHS [6].

Cam 110 cebe cOoii B 3MeKTpoCcHAOKSHNH HE TIPEICTABIISECT
CyIecTBeHHOH onmacHocTH st obopynoBanus CYJIC, ocHa-
IIEHHOTO MCTOYHUKOM OecrepeOOHOro MUTaHus, OIHAKO
MOBEIIIEHHOE HanpspkeHne (Obonee 340B), moHMKEeHHOE Ha-
npspxenue (Menee 120B) 1 mpoBabl HANPSKEHSI TPUBOIST
K TIeperpy3ke OJIOKOB MUTAHHSA 3JIEKTPOHHBIX MPHOOPOB,
TEM CaMbIM yMEHbBIIAsi UX PECypC; JEKTPUUECKUN IIyM
MIPUBOUT K COOSIM IIPH BBITIOJTHEHUH IIPOTPaMM H Iiepeiade
JTAaHHBIX, K HECTAaOMIbHOMY M300payKeHHUIO Ha AKpaHaX MO-
HHUTOPOB H B BUCOCHUCTEMAX; TAPMOHUYIECKHIE NCKAKEHHS
HAINpsDKEHUS IPUBOAAT K TIOMEXaM B paboTe TyBCTBUTEIb-
HOTO 000PYHOBaHMS CHCTEMBI TeJe- BHICO- HAOIIONCHHUS,
HeCcTaOWIbHAsI YaCTOTa MPUBOIUT K ITEperpeBy TpaHchopmMa-
TOPOB, KPOME TOTO, SIBIISIETCSI HHANKATOPOM HEPaBUIbHON
pabOTHI SHEPTOCUCTEMBI HIIH €€ CYIIECTBEHHOH YacTH.

OTar 3KCITyaTaluy TEXHUUECKUX CPEACTB UTPAET 0CO-
Oyro poits B iporiecce ku3aeHHoro mukiIa CY/IC, mockombKy
BCE yCHIINS, 3aTPadeHHBIC HA CO3[AHNE BBICOKOKAUECTBEH-
HOH CHCTEMBI, MOT'YT OBITH CBEJICHBI HA «HET» HEMPABUIIEHO
WM HEpalMOHAJILHO OPraHU30BaHHOM 3Kcrryaranuei. [1o-
3TOMY 3KCIUTyaTaIysl TOJDKHA 00eCIIeuBaTh HANOOIIBIITYIO
3¢ eKTHBHOCTH (PYHKITOHNPOBAHHS TEXHUIECKIX CPEICTB.
OTKka3sl Takux HHPpacTPyKTypHBIX neMenToB CY]/IC, kak
TEXHUYECKHE CPEJCTBA — OEPETOBBIE PaOIIOKAIIIOHHBIE
CTaHIINH U paJropeeiiHbIe CTAHINN BIHUSIOT Ha Ka9eCTBO
paboTHI Bcell CHCTEMBI B IIEIOM U Ha IPHUHSATHE OIIEPaTOPOM
CVYJIC mpaBWIBHOTO YIIPaBICHYECKOTO perreHus. Vcxons
13 TOTO, YTO B PEATbHBIX YCIOBHAX TEXHUIECKUE CPENICTBA
CYAC ¢hyHKIMOHUPYIOT MO BO3ACHCTBHEM Pa3THIHBIX
BHEIIHUX ()aKTOPOB (TIOTOAHBIE yCIIOBHUS, IEpPETagbl Ha-
MPSDKEHUS B CETH AIIEKTPOCHAOKEHUS 1 T.[1.), a TaKke (u-
3MYECKOT0 M3HOCA, MOXKET IPON30UTH U3MEHEHHE YPOBHS
CBOWCTB, OIPE/IENSAIOMNX KaueCTBO TEXHMUECKUX CPEJCTB
1 3P PEKTUBHOCTD UX PYHKIHOHUPOBaHUA. [I0CKOIBKY 1T0-
BEIIIeHHE 3((HEKTHBHOCTH SKCIUTYaTaI[|H IIOPTOB, (hI10Ta 1
o0ecrieueHne YNCTOTHI OKPYXKAIOIIE cpeibl HEMBICIIMO

0e3 TeXHMYECKOT0, METOJIMYECKOT0 U OPraHM3alIMOHHOTO CO-
BepmeHcTBoBaHMsA Oeperosrx CY/IC, To BOmpoc moBkIIIe-
HHH YPOBHS 9KCIUTYaTallHOHHOM HaIe)KHOCTH TEXHUYECKNX
cpeactB CYJIC B HacTosIIEE BPEMS SBIISCTCS aKTyaIbHBIM.
B nmanHOi1 paboTe BBIABICHBI OMpenensonie HhakTopsl,
BJIMAIOIINE HA JKCILIyaTallMOHHYIO HAJEXKHOCTb TEXHH-
YECKHX CPEICTB, YTO IO3BOJISAET ONPENSIUTh OCHOBHEIE
HAaIpaBJICHUs NOBBILICHUS IKCIUTYaTallHOHHON HaJeKHOCTH
CHCTEMBI 1 OyZeT CriocoOCTBOBATH MOBBIICHUIO Ka4ecTBa
ee (pyHKIIMOHUPOBAHUSL.
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ANALYSIS OF FACTORS AFFECTING THE OPERATIONAL
RELIABILITY OF VESSEL TRAFFIC SERVICE TECHNICAL

FACILITIES

This article represents the analysis of factors affecting the functioning of Vessel Traffic Service (VTS) at the
stage of intended operation. Failures of such structural elements as technical facilities — coast radar and
radio relay stations — affect the quality of the whole system operation, as well as management decisions to
be taken by a VTS operator. Therefore, it is concluded that the operation should ensure the most effective
functioning of technical facilities.

Keywords: system, operational reliability, technical facilities.
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Vessel Traffic Service (VTS) of the Russian Federation is an integral part of the State system
of navigation safety. It is developed to be valid in seaport waters, internal waters, territorial
sea and in adjoining zones of the Russian Federation. VTS systems are developed to enhance
the maritime safety and navigation efficiency, safety of life at sea, protection of the marine
environment and coastal area from possible contamination, protection of on-shore and off-
shore facilities from damages in case of accidents at sea [1].

In accordance with the Provisions of vessel traffic service, the system is a redundant, re-
coverable, duplicated, constant long-lasting system with around-the-clock operation mode,
consisting of several sub-systems: acquisition of information, remote control and data trans-
mission, information processing and display, communication and data base — each subsystem
is represented by technical facilities [2]. The system is functioning under the influence of
external factors (environmental effects, emergency situations) and of intentional (controllable)
process of recovery works, i.e. maintenance. That is why when speaking about the functioning
we mean the complex of operational actions by VTS technical facilities, technical personnel
operating TF, a VTS operator aimed at the common target.

Therefore, the operation shall ensure the most effective VTS functioning, i.e. the factor,
reflecting the level of achievement of the aims and tasks assigned for the system during
functioning. A set of the object’s properties responsible for its operability to sustain certain
needs in accordance with its designation is called the object’s quality. VTS quality includes
such features as safety, dependability, interference immunity, etc. Choice of the indica-
tors of functioning quality depends on the tasks solved by the system, as these quantitative
indicators determinate how well the assigned tasks are solved by the system [3]. VTS is
characterized by many functioning periods, when the assigned task is being solved. These
periods, when the system is fault-free and able to solve the assigned task without any errors,
interchange with outage periods — these periods are forced, undesirable. They are caused
by the failures and necessity of their elimination or prevention. That is why the more time
in operable state is spent by the system and the less is the duration of forced outages, the
higher is the VTS quality.
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VTS quality indicators are:

- coefficient of technical use within a period (0, T), i.e.
mathematical expectation of time fraction spent by the
system in operable state during this particular time inter-
val, or, in other words, probability to catch the system in
operable state in random time. This coefficient does not
depend on the state of the system at the moment when it
starts functioning;

- availability factor, the probability of the object being
in operable state at a random moment of time except the
planned periods, during which there is no intended use of
the object (preventive measures and maintenance);

- average profit per unit of calendar time;

- average costs per unit of time of the system successful
functioning;

- characteristic of failure free operation — time to failure
distribution.

Let us consider the process of VTS functioning in real
conditions when the failures of its technical facilities are
inevitable. All factors affecting the dependability of system
during its intended operation can be nominally divided into
the following categories: subjective (depending only on
the activities of servicemen) and objective (related to the
external influence on the facilities with internal processes,
determining the ageing and deterioration of equipment).
VTS includes technical facilities, software and a human
operator (group of operators). VTS technical facilities
perform their functions under the control of VTS operators
and technical staff, which is why the system dependability
during operation may deteriorate as the result of subjec-
tive factors (or so called human factor), significantly af-
fecting the dependability of facilities at all stages of the
life cycle.

According to the results of analysis of operational
failure dynamics data, represented for the period from
2001 till 2013 in the form of maintenance registers for
Novorossiysk port, we can classify the factors affecting
operational dependability of technical facilities: weather
conditions; energy factor; influence of spare parts on the
VTS facilities operation. To define the factor of the most
influence, as well as to define whether these factors are
still relevant under the further VTS modernization, the
expert estimation was performed [4]. The estimation
showed that all the three factors are relevant regardless
of the VTS modernization. The factors “energy factor”
and “weather conditions” do equally affect the system
operational dependability. The factor “spare parts influ-
ence” may or may not affect the system dependability
— it depends on the particular conditions (proficiency
of servicemen, downtime during maintenance, loss of a
required spare part in the set, etc.).

The dependability is significantly affected by the
deterioration and ageing which lead to degradation of
technical characteristics and parameters [5]. Ageing of
the elements results in different random hidden defects of
materials, i.e. the insulation resistance decreases, and the
values of certain resistance types grow, connector contacts

oxidize, etc. The elements are getting aged not only dur-
ing operation, but also during the process of storage — it
is a continuous process of time affecting the facilities,
the fastness of which is defined by both — external factors
(weather conditions), and observance of all the service
instructions by servicemen (timeliness and quality of
preventive measures and maintenance, compliance with
operation modes). The expert estimation of spare parts
influence on VTS operation dependability showed that the
dependability is influenced by the lack of expendable ele-
ments (magnetrons, etc.) within the scope of spare parts,
as, due to their high cost, it is not possible to accumulate
a required stock which results in the unavailability of
spare parts; in the context of modern high-quality pro-
duction the repair of broken facilities is often impossible
or economically impractical outside large well-equipped
specialized companies (service centers), having a great
impact on the time required for the recovery of a failed
component; basic national VTS standards [2], applied by
the specialists, do not contain any fixed time terms for
maintenance and preventive works.

The objective factors affecting VTS operational depend-
ability include weather conditions and VTS power supply
failures. The estimation detected 78 power supply failures.
Failure means power supply quality defects. Most power
supply failures were detected at the radar post “Gelendzhik”
and at the observation post “Yuznaya Ozereevka”, allocated
in the end of a power supply line [6].

A power supply failure itself is not a significant haz-
ard for VTS equipment, fitted with an uninterruptible
power supply, but the high voltage (more than 340V),
low voltage (less than 120V) and the voltage falls
lead to the overloading of supply units of electronic
devices, and therefore reducing their operating life;
electrical noise causes the failures of program execu-
tion and data transmission, as well as unstable display
representation on monitor screens and in video systems;
harmonic voltage distortions lead to the disturbances
in the operation of sensitive video monitoring systems;
unstable frequency causes transformer heat problems,
and besides, it tells about malfunction of the electric
power system or its part.

The stage of operation of technical facilities plays a
special part in VTS life cycle process, as all efforts spent
on the development of a high quality system, can be nul-
lified due to incorrect or impractical operation. Therefore,
the operation shall ensure the most efficient functioning of
technical facilities. Failures of such VTS structural elements
as technical facilities — coast radar and radio relay stations
have impact on the quality of operation of the system as a
whole, and on the proper management decision taken by a
VTS operator. On the basis of the fact that in real condi-
tions CTS technical facilities perform functioning under the
influence of external factors (weather conditions, changes
of voltage in power supply system, etc.), as well as due to
physical deterioration, the properties determining the quality
of technical facilities and the efficiency of their functioning

85



ANALYSIS OF FACTORS AFFECTING THE OPERATIONAL RELIABILITY OF VESSEL TRAFFIC SERVICE TECHNICAL FACILITIES

may change. Improvement of the efficiency of operation of
ports, fleet and environmental purity is known to be unim-
aginable without technical, methodical and organizational
improvement of coast VTS. That is why the issue of VTS
facilities dependability growth is currently quite relevant.
This article describes the determining factors affecting
operational dependability of technical facilities, which
allows to define the main directions for improvement of
the system operational dependability and the quality of its
functioning.

References

1. “VTS Manual” IALA, 2004.

2. Vessel Traffic Service systems technical and opera-
tional requirements No. MF p2-22/848-70. M:2002.

3. Tyufanova A.A. Influence of maintained systems
reliability on safety of navigation// North Caucasus

86

Region. Technical sciences. — Rostov-on-Don: Platov
South-Russian State Polytechnic University (NPI), 2008.
—P.130-133.

4. Tyufanova A.A. Expert estimate of probability of a
hazardous event under operation of complex technical VTS
system of high responsibility// Coll. of research papers, is-
sue 13. — Novorossiysk: “Admiral Ushakov State Maritime
University”, 2009. — P.137-140.

5. Cherkesov A.N. About the calculation of reliability
of maintained systems with the limited amount of spare
parts, with periodic replenishment. // Dependability and
quality No.3. —Moscow: Publishing house “Technologies”,
2003. — P.29-39.

6. Tyufanova A.A. Analysis of the effect of power supply
quality on the operation of VTS equipment at the Novoros-
siysk port // Coll. of research papers, issue 13. — Novoros-
siysk: “Admiral Ushakov State Maritime University”,
2008. — P.78-81.



COOBLUEHNSA

i
’ E . Pa-:’i‘
AHTOHOB A.B., )Xapko E.®., NMpomsicnos B.T.

NMPOBJIEMbl OLEHKU HAOEXHOCTU

N KAHECTBA NPOrPAMMHOIO OBECINEYEHUA

B ABTOMATU3SUPOBAHHbIX CUCTEMAX YNPABJIEHUA
TEXHOJIOTMHECKUMMU NPOLUECCAMMU

B ctatbe paccMaTtpuBaroTCsl acriekTbl OLIEHKW Ka4ecTBa, HaaeXHOCTU MPporpaMMHOro obecrieyeHunsi B 4acTtu
TEOPETUYECKMX OCHOB, METOA0B, OCHOBHbIX TEHAEHLMV 1 rnpobsiem B 3Tor ob1acTu.

Kno4eBble cnoBa: HangexHOCTb, 0OecrnedyeHne KkayecTsa, rnporpammHoe obecrneqdeHmne, ACY TI1

BeBepneHune

[Iponecc pa3BUTHS aBTOMaTH3aINN CIOXKHBIX TEXHOJIIOTHIECKUX 00BEKTOB, HAPYIICHHS
paboToCcocOOHOCTH KOTOPBIX MPUBOIAT K OOIBITNM 3KOHOMHYECKUM, SKOJIOTHYECKUM T10-
TEpSM, YIpo3aM 3/I0POBBIO WM XU3HH JIIOJIEH, XapaKTepu3yeTcs TeHASHIeH pa3paboTku
ABTOMATH3MPOBAHHBIX CHCTEM YIpaBICHHUS TeXHONormueckumu npoueccamu (ACY TII),
peaNn3yoNNX 3HAYNTENFHO 00JIee CI0KHBIE aJTOPUTMBI YIIPABICHUS U aHAIN3a JaHHBIX
C HCTIOIb30BAHNEM CIIOXKHBIX MPOTPAMMHO-TEXHHUECKHNX KOMIUTekcoB [1]. Obecneuenne
HagexHoctr ACY TII Ha Bcex aTamax ee >KH3HEHHOTO IMKJIa 0a3upyeTcs Ha KaueCTBEHHOM
1 KOJIMYECTBEHHOM aHaJHM3e, KOTOPBIH, COTJIACHO HOPMAaTHBHOI JTOKyMEHTAIlMH, TaKxke
JIOJDKEH TTPOBOAMTHCS HA BCeX dTanax. KaueCTBEHHBINH M KOMIMYECTBEHHBIN aHAIN3 HAIeXK-
HOCTH JIOJDKEH YYWTBIBATh JIBE COCTABIISIONINE IPOTPAMMHO-TEXHUYECKUX KOMIIJIEKCOB
(IITK): ammmapaTtHyto u mporpaMMHy0. OTHAKO KOJTHYECTBCHHBIN aHAIN3 HAJIC)KHOCTH IS
MIPOTPaMMHBIX KOMITOHEHTOB KOMIUIEKCOB (IIporpamm, mporpammuoro odecnedenns (110)),
B OTVIMYHE OT ANIapaTHOH YacTh, UIMEET TPYTHOCTH [2]. DTH TPYJHOCTH 00YCIIOBICHBI OTIIH-
YHUSIMU B IPUYMHAX BO3SHUKHOBEHMS OTKA30B B allapaTHON U MPOTPAMMHOI COCTABIISIOIINX
[ITK. TpynHOCTH pacueTa HaJe)KHOCTH KIIACCHICCKON TIPOTPaMMBI, PYHKIIMOHUPYFOIIEH B
paMKax yHUBEpCAIbHOW MAIIMHBI ThIOPUHTA, COCTOUT B TOM, YTO QJITOPUTM €€ (PyHKIINOHU-
POBaHUsI HE ABJSIETCS CiTydaifHbIM. OTKa3 IpOTrpaMMbl HOSIBIISIETCS TIOCIIE HAJIOKESHNS Ha Jie-
TEPMHHUPOBAHHYIO (QYHKIINIO, KOTOPAsi COOTBETCTBYET aJITOPUTMY ITPOTPAMMBI, CITyqaifHOTO
poriecca, ONMCHIBAIONIEMY BXOIHBIC JaHHbIE s Hee. J|eTepMUHNPOBaHHOCTD aJITOPUTMa
JUTS KJITACCHYECKHX MPOTPaMM IPUBOAMUT K TOMY, YTO B JIyHIIEM CIydae PacCUUTHIBACTCS
BEPOSITHOCTH OTKAa3a JIJIsl KOMIUIEKCA: BXOAHBIE JaHHBIE + MporpaMMa. PacdeT BeposSTHOCT-
HBIX XapaKTePHCTHUK BBIXOJHOTO MpoIiecca, Aaxe B cllydae C N3BECTHOW (yHKIMEH, MOKET
OBITH TPYIHOH 3amavel, a IPH HAJMYUH OMINOOK B €€ pean3alii MOXKHO CUUTATh TaKylo
3a1a4dy He BBITTOTHUMOMN. [Tpobnema Obl1a 0cO3HaAHA MHOTHMH CHEIMATINCTAMH H, TaK KakK
CyIIEeCTBYET HOTPEOHOCTH B OIIEHKE Ha/IeKHOCTH IPOTPaMM, TIPUMEHSEMBIX B COCTABE Pa3-
JTMYHBIX KOMIUIEKCOB, MOSIBIISIFOTCS MOZIEITH ¥ METO/IbI, TTO3BOJISIFOIINE OLICHUTh HaJIS)KHOCTh
nporpammsl [3].
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BwmecTe ¢ HaEKHOCTBIO, HHOLA ITOJMEHSS €€, HCIIOJIb-
3YIOT TEPMHUH «Ka4eCTBO» MPOTPaMMHOTO OOECIICUCHHS.
KadgecTBo mporpaMMHOTO 00€CIICUeHHST MOXKHO OIIPEACTHTh
KaK COOTBETCTBHE SIBHO YCTaHOBIICHHBIM (DYHKITMOHAIBHBIM
U JKCILTyaTallMOHHBIM TPEeOOBaHUSAM, SBHO yKa3aHHBIM
CTaHAapTaM pa3pabOTKU U HESBHBIM XapaKTEPHCTHKAM.
KauecTBeHHBIC 1 KOITITYECTBEHHBIE IIOKA3aTEIH Ka9eCTBa [PO-
TpaMM, B OTJITYHE OT BEPOSTHOCTHBIX ITOKA3aTelel HaeKHO-
CTH, MOKHO 3(p(hEeKTUBHO HCTIONH30BATH ISl aHAIH3a BHIIOB H
MOCJIEACTBUI OTKA30B, CPABHUTEIFHOTO aHAJII3a BAPUAHTOB
TEXHIHYCCKHUX PEIICHUH 110 00ECIICYCHUIO HAICKHOCTH, Op-
TaHU3AIMU TEXHIYECKOTO 00CITy)KiBaHMs. KauecTBeHHBIC 1
KOJTMYCCTBEHHBIC ITOKA3aTeNN Ka4eCcTBa IPOrpaMM HUMEIOT
HECOMHEHHYIO MTPAaKTHYECKYIO [IEHHOCTb.

B crathe aHanm3mMpyroTcs HambOoJee YacTO BCTPEYaro-
IIFecs METOMbI pacyeTa HaJe)KHOCTH MPOTPaMMHOTO 00e-
CIICYCHHS, TTOKa3aHbI MPOOIEMBI C MPIMEHEHUEM JTaHHBIX
MeTonoB. [IpuBeneH 0030p OCHOBHBIX TTOIXOIOB K OICHKE
KauecTBa IMPOrPaMMHOTO 00CCTICUCHUSI.

MpuyYnHbI OTKA30B annapaTtypbl
M NporpamMMHOro oéecnedyeHus

BT'OCT 27.002-89 BbIIeTICHBI CIIETYIOIIHE BUBI IIPHIHH
BO3HMKHOBEHHS OTKa30B aIMapaTyphlL:

1. HECOBEPIICHCTBO WM HApyIICHNE YCTaHOBJIECHHBIX
TIPaBHII 1 (MM ) HOPM TIPOEKTUPOBAHMS M KOHCTPYHPOBAHHUS
(KOHCTPYKTHUBHBIE OIIHOKH);

2. HECOBEPIIEHCTBO MM HapyIIEHHE yCTAaHOBICHHOTO
MPOLIecCca U3TOTOBJICHUS MM PEMOHTA, BBITOIHIEMOTO Ha
PEMOHTHOM HPEIIPHUITHH;

3. HapyIIeHNE YCTAaHOBICHHBIX TIPABHII U (JIH) YCIOBUI
9KCIITyaTallly;

4. ecTecTBEHHbIC ITPOIIECCHI CTAPCHMUS, M3HAIINBAHMS,
KOPPO3HUH 1 YCTATIOCTH P COOITIOZICHNH BCEX YCTAHOBIICH-
HBIX MIPABHJI ¥ (MITH) HOPM IIPOEKTHPOBAHUS, H3TOTOBIICHUS
B OKCILTyaTaIHH.

HanOomnpmmii Bec B MOTOKE OTKA30B allliaparypsl UMEIOT,
KakK MIPaBUJI0, OTKA3bl 2-TO U 4-TO BUAA.

[Iporpamma —3T0 COBOKYITHOCTb MHCTPYKLHH, BEIPAXKEH-
HBIX Ha OTHOM U3 SI3bIKOB, 1 3aITCAHHAsI HA MaTePHAIILHOM
HOCHUTEJE J0JITOBPEMEHHOTO M BPEMEHHOTO XPaHEHHMS.
OTKa3 MaTreprasbHOTO HOCHUTENS IPOTPaMMBbl 3TO OTKa3
anmaparypbl, Ha KOTOPOIl BBIIOIHSAETCS MPOrpaMMa WIIN
oTka3 Hocutesst. OTKa3 MpOrpaMMBbl MTPOSIBIISIETCS KAk He-
COOTBETCTBHE 3HAYCHHS HA BBIXOJIE IIPOTPaMMBbI 33/IaHHOMY
3HadyeHuto. HpopMamoHHoe comepikaHue IMPOTPaMMBbI
camo 1o cebe He MeHseTcs (He oTKas3bIBaeT). [TosTomy mis
OTKa30B MPOTPaMM XapaKTEePHBI IPUYUHEI BUAOB 1, 2 1 3.
Haubonpmryto gomo cpenu Beex otkazos [10 3aanMaroT, kax
MIPAaBUJIO, OTKA3bl, BEI3BAHHbIE NIEPBON NPUUUHON. [T1aBHas
0COOEHHOCTB OTKa30B TOTO THITA KaK JJIs IIPOTpaMM (MHaYe
ommoOkw [10), Tak 1 7151 armapaTyphl, 3aKIIF0YaeTCs B TOM, UTO
BHOCSTCSI OITMOKH B IIPOTpaMMy (ammaparypy) CIrydaifHo, a
TIPOSIBIISIFOTCST — AETEPMUHUPOBAHO ITPY HACTYTUICHUH OTIpe-
JIETIEHHBIX cOOBITHH. JIJIst MporpaMM MOMEHT HACTYTIICHHS
COOBITHSI OTKa3a ONPEAECIISIETCS] COCTAaBOM M 3HaYEHHEM Ha-
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00pa BXOJIHBIX JJaHHBIX, YPOBHEM 3arpy3KH BRIYUCITATEITEHBIX
pecypcoB, HHPOPMAIIMOHHBIM OKPY>KCHHEM MIPOTrPaMMEI Ha
9Tarle ee BHIMOIHEHUS U MMOJOOHBIMU (PaKTOpaMIL.

HaxkoruteH 00JbIOM OMBIT U TEOpETHYECKast 6a3a M0 KO-
JINYECTBEHHBIM METOIaM aHAaJIH3a Ha/IS)KHOCTH aIllTapaTHBIX
cpeacts. [IporpaMma He MOKET H3MEHUTHCS BO BPEMCHH
0e3 M3MEHCHUS CBOMCTB MAaTePHATBHOTO HOCUTEIIS caMa 1o
cede 1 ee 0TKa3 eCTh MPOSIBIICHUE OMINOOK, COICPKABIITIXCS
B rporpamme. KomuecTBeHHBI aHATH3 0TKa30B IIPOrpaM-
MBI UMEET PSIIT TIpoOIIeM:

° CIIOKHOCTBH TIOJYYCHUS aHATUTHYCCKOTO BBIPAKCHUS
Ut (QYHKIIUH, OTIACHIBAOIICH PadOTy IPOTrPaMMBL;

* cIy4yalHbIN MpoLEecC, CBI3aHHBIA ¢ BXOJHBIMU JaH-
HBIMH, YPOBHEM 3arpy3KH BBIYHUCIUTEIBHBIX PECypCoB,
WH(GOPMAIIMOHHBIM OKPY)KCHHEM MOXKET UMETh CIOKHOE
WA HE U3BECTHOE PacIpe/IeIICHIC;

° HaJTMYME OMIMOOK B ITPOTpaMMe, HEITMHEITHO BIUSIOT Ha
BHJ ()YHKIWH, OITUCHIBAIOIICH PabOTy MPOrpaMMBbl, U BUL
9TOH (PYHKIIMH HE U3BECTCH.

B pabote [4] mpuBoanTCS KITacCUDUKAINS THIIOB OIITH-
0OK B TIpOTrpaMMe I10 HX ITPOUCXOKICHHIO:

1. CucteMHBIC OMMOKY TP ITOCTAHOBKE MEJICH U 3a/1a49
CO3MaHHS IPOTPAMME,

2. OmmOKH MPOrpaMMIPOBAHUS B TEKCTAX IMPOTPAMM H
OIMMCAHWSIX TaHHBIX (CHHTAKCHYECKUE OMIHOKH);

3. AJTOpUTMHUYECKHE OIMUOKH pa3pabOTKU MpPH HEMO-
CpPEACTBEHHOM (DOPMYITUPOBAHUH TPEOOBAHUI K (PYHKITHSIM
MIPOTPAMMBI U aJITOPUTMHIYCCKIE OITUOKA PEaTH3aIliH THX
TpeOOBaHUH.

[TepBbIii THIT OIIMOOK HE SIBISACTCS CIICIUPUICCKAM IS
MIPOTPAMMHOTO 00SCIICUCHHS U HE SBIISICTCS MPEIMETOM Pac-
cMmotpenus. [lomasisttomiee OONBIIMHCTBO OMIMOOK BTOPOTO
THTIA HCKITFOYAETCS CPEICTBAMU aBTOMAaTHIECKON TIPOBEPKU
niporpamm (komriisitopamu). C azeopummuieckumu ouiuo-
Kamu IeTI0 OOCTOUT WHAUe: YOSTUTHCS IIepeNl SKCIUTyaTarueit
MPOrpaMMEI B TOM, YTO OHA PabOTaeT MPABUIEHO U B HEH
HET allTOPUTMUYIECKIX OMIIOOK, MOYKHO TOJIBKO B IIPOIIECCE
mecmupoeaHus MPOrpaMMBbl (TECTUPOBAHHUE MO3BOJISCT
BBISBJISITh BCE THUNBI OMIMOOK). M3-3a O0nbIIon 00macTu
MIPOBEPKH, TECTOBOE MOKPBITUE IS IFOOOH peanbHOI mpo-
TpaMMBI He SIBJISIETCS TTOJTHEIM, T.€. BCEIIa OCTaeTCs BO3MOXK-
HOCTB TOTO, YTO B IIPOTPaMMe CYIIECTBYIOT OIIHOKH.

B xiraccuueckux si3pIKax MporpaMMHPOBAHIS H3BECTHO,
YTO KOJIMYECTBO OIMUOOK 3aBUCHUT OT 00BEMa HCXOIHO-
r0 KOJa MPOTPaMMBbl, TEXHOJIOTHU MPOTPAMMHUPOBAHHS,
KBaJIM(UKAIIH TIEPCOHATA YYaCTBYIOIIETO B pa3pabOTKe
MIPOTPaMMBbl U CPEACTB, BHIICICHHBIX HA TECTHPOBAHHE
[5]. JanHbIe MOKa3aTeau MOTYT CUMUTAThCSl KOHCTAHTAMHU
JUT 3aMKHYTBIX TPYIIT Pa3paOOTYHKOB C YCTOSBITUMHUCS
HOpMaMH pa3pabOTKH U TECTUPOBAHUS.

OnHako HeNMHEWHAs CBSI3b MEXKITy KOJTMIECTBOM OIIHO0K
B IIPOTPaMMe ¥ BEPOSITHOCTHIO UX TIPOSIBIICHUS [TPH UCTIOINb-
30BaHUH IIPOTPAMMBI IPUBOAUT K HETATHBHBIM PE3yJIbTaTaM
TIPH TIOTIBITKE MCIIOIH30BaTh OICHKY ITO0 KOJUYECTBY OIIU-
00K B IporpamMme ISl pacdeTa BEPOSITHOCTH €€ 0TKaza [4].
Hecmortpst Ha mpo6ieMbl ¢ 000CHOBaHUEM MTPUMEHIUMOCTH
BEPOSITHOCTHBIX METOZOB OIICHKH HaJIC)KHOCTH IIPOTPaMM-
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HOTO 00ecTIeueH s, pa3paboTaHo U MPUMEHSIOTCS OOITBIIIOE
KOJIMYECTBO METOJIOB KOJIMYECTBEHHOM OLIGHKH HAJIEKHOCTH
nporpamm. Hike npruBeeHsl Hanbosee 4acTo UCIOJIb3ye-
MbI€ METOJIbI M YKa3aHBI IIPOOIEMBI ¢ HX IPHMCHEHHEM.

MeToabl aHanu3a HaaeXHoCTHn
nporpamm

CyiectByeT 00JIBIIIOE pa3HOOOpasue o0acTei mpuMeHe-
HUSI MOZIeJIeH C TOUKH 3PEHUS MOJICITMPOBAHUS allliapaTHbIX
U TIPOrpaMMHBIX OTKa30B, O/IHAKO HauOoJIblliee BHUMaHHE
YAEISIeTCSl MOZEISAM OLICHKH HaJEXKHOCTH IPOrPaAMMHOIO
obecrieueHus1, CIOCOOHBIMHU ObITh MHTETPUPOBAHHBIMH B CY-
IIECTBYIOLIYIO KOMIUIEKCHYIO MOJIEIIb pacueTa HaJIe)KHOCTH
CHCTEMBI YIIPaBJIeHUsI. B KOMITIIEKCHOI MOJIEIIN yUUTHIBAIOT-
Cs1 IOCJIEACTBYSI BUJIOB OTKa30B KOMIIOHEHTOB B IU(POBOM
crcTeMe B 11eJIoM 11t 00bekTa. OCHOBHBIE METO/IbI aHAJIN3A
HaJIS)KHOCTH KJIACCU(UIMPYIOT B COOTBETCTBHU C UX IJIaB-
HOH 1IeJIbI0 B COOTBETCTBUH C TEM, KaK OCYILIECTBIISIETCS
aHaJIM3 apXUTEKTYPbI IIPOrPAMMHOM CUCTEMBI:

1) Bocxomsimuii MeTos (I1aBHBIM 00pa3oM HarpaBJIieH-
HBIIl Ha HMCCIEJOBAHMS MOCICACTBUIl SMHUYHBIX HEHC-
IIPaBHOCTEMN):

a) ananu3 nepesa coowithii (ETA) n momudukanmn;

b) ananus BugoB M nocnexnctBuii orkazoB (FMEA) n
Mo (HUKALUY;

2) Hucxopsmume MeTons! (MCCleNyonne MOCIeICTBHS
KOMOMHAIMI HEUCIIPAaBHOCTEH);

a) aHanu3 Jepesa HeucnpasHocteil (FTA);

b) MapxkoBckuii aHanmms;

c¢) ananus cetu [letpu;

3) UccrenoBanue OMacHOCTH U yIOOCTBA HCIIOb30BAHUS
(HAZOP);

4) CratucTHYeCcKHe METO/Ibl OLIEHKU HaEeHOCTH.

OTH METOIbl aHaIH3a MPUMEHHUMBI KaK IJIsl OLICHKH
XapaKTepUCTUK KauecTBa, TaK U ISl OLIEHOK KOJIMYECTBEH-
HBIX XapaKTEPUCTHUK MPU MPOTHO3UPOBAHUH MOBEJICHUS
CUCTEMBI B JKCILIyaTaluu. JJoCTOBEpHOCTh pesysbrara
3aBUCHUT OT TOYHOCTH M NPABHIBHOCTHU JIAHHBIX 00 OCHOB-
HBIX coObITHsAX. Ha mpakTHKe MCHONB3yI0T KOMOMHAIMN

Ta6auua 1. CpaBHMTEIbHASI XapAKTePUCTHKA METOIO0B™

HHMCXOJSIIETO U BOCXOAIIETO aHAIIM30B, YTOOBI TOBBICUTH
TTOJTHOTY aHAaJIH3a.

B paGore [4] BbIIeI€HBI OCHOBHBIE TPEOOBAHUS K MO/IC-
JISIM, UCTIOJIB3YEeMBIM B METOIaX pacdeTa HaJeKHOCTH:

1) Monens nomxHa OOBSICHATH KaK Y)K€ IMPOU30IIEI-
IIF€ OTKa3bl, TaK U MO3BOJSATH MIPOTHO3HUPOBATH OTKA3HI B
Oymymewm;

2) Mogens AOMDKHA OCHOBBIBATHCSA HA CYIIECTBEHHBIX
XapaKTePUCTUKAX MOJCITUPYEMON CHCTEMBI;

3) Monenb 0/KHA OCHOBBIBATHCS Ha IMOHATHBIX U JI0-
CTOBEPHBIX TIPEIOTOKEHISX;

4) Mozens DOKHA BRIPaXKaTh B YUCICHHOHN (opme 3a-
BHCHMOCTH MEXKIY OTKa3aMH;

5) Monenb nomKHA OCHOBBIBATHCS HA MPOCTON U JIETKO
HU3y4aeMON KOHLEIIHH;

6) Vicxomuble qaHHbIE, TpeOyeMble I TIOCTPOSHHS MO-
JIeTTH, JOJDKHBI TPUHUMATBCS JTOCTOBEPHBIMU 3HAYUTEITFHOM
Y4acThIO AKCIIEPTHOTO COOOIIEeCTBA;

7) Mogens noKHA pa3nAvyaTh ONWHOYHBIE M MHOXKE-
CTBEHHBIC OTKA3bI;

8) Momenp JOmKHA pa3inuyarh OTKA3bl B BBITIOJTHEHUH
(DYHKINH ¥ TPOMEKYTOUYHBIH OTKa3;

9) Mopenb 1oKHA TO3BOMIATE MOTYIHTH MOIH30BATEIIO
MIPOBEpPEHHBIC NaHHBIC, BKIOUAs BEPOSTHOCTH OTKa3a |
OIIEHKY JOCTOBEPHOCTH PE3yIbTaTa;

10) Mozaens 1omKHA MTO3BOJIATH AHAIN3APOBATh CI[CHA-
puH OTKa3a MUPPOBHIX KOMIIOHEHTOB BO B3aMMOJIEHCTBUN
¢ HeIM(pPOBBIMH KOMIIOHEHTAMH;

11) Monenp He AOJDKHA WCIONB30BaTh CHIOMHHYTHYIO
HH(POPMALIUIO O COCTOSHUH CHCTEMBL.

B Tabmume 1 npuBeneHo cpaBHEHHE HaNOOJIEe YaCTO UC-
MTOJIH3YEeMBIX B OLICHKE MTOKa3aTes el HaIe)KHOCTH METO/IOB C
TTO3HIINH UX IPAMEHEHUS IS [TPOT PAMMHBIX KOMITOHEHTOB.
Jannbie s Tabaunbl | B OCHOBHOM B3ATH U3 paboTsI [4],
B paboTe MOTYePKHYT CYOBEKTUBHBIA XapaKTep JaHHBIX.

MOoKHO BHIIETH, YTO METOBI pacueTa HaJe)KHOCTH, TIPH-
BeJeHHBIE B TaOHIE 1, B 1I€JIOM UMEIOT HETOCTATKH:

1. HemoaHOTa KOMIIOHEHTOB U X OTKA30B;

2. OTcyTcTBHE OOUIETIPUHATON (PHUIOCOPCKOH OCHOBEI
MPOTPAMMHOTO MOJEIUPOBAHNS HHTCHCUBHOCTH U Be-

TpeOoBanue
P 1| 2| 3| 4|5 |67 9 | 10 | 11
Meton
HenpeprsiBHOE 1epeBo coObITHIA [6] X X X X 0 ? ? X ? ? 0
JluHaMu4deckoe AepeBo COObITHIA [7] X X X X X ? ? ? X X 0
MapxoBckue mogenw [2] X X X X 0 ? ? X X X 0
Cetu Iletpu [8] X X X X 0 ? ? ? X ? 0
MeTomonorust TMHAMIYIECKIX
X X X ? X ? ? ? X X X
rpad-1oToKoB [9]
Junamuueckoe nepeBo 0Tka3os [10] X ? ? ? X ? X ? X ? X
narpamMma mocJe10BaTeTbHOCTH
Auarp UH X X X X 0 ? ? ? X X 0
coOprTHid [11]
Or1ieHKa IO METPUKAM IIPOrPaAMMHOTO
t p porp x |2 oo | 22| x| x]o0o/|o0]|x
obecrneucHus [12]

*B mabauye npunsmol ciedyiouue 0003nauenus. X — ceoucmeo nokpwvimo, () — ceoucmeo He nOKpolmo, ? — nOKpulmue

COMHUMEIIBHO.
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POSITHOCTH OTKa30B M METOMOB ISl MX KOJIHUYECTBEHHON
OLICHKH;

3. HeyOenuTenbHOCTD OIICHKH MTapaMeTPOB OTKa3a — HH-
TEHCUBHOCTHU OTKA30B, PACIPEIEIICHUS PEKIMOB OTKA30B 1
(hakTopoB oTkaza mo obmeit npraune (OOIT).

COMHHTENBHOCTH TPUMEHEHHUSI METOIOB pacueTa HamIexK-
HOCTH JIJIs1 IOy 4eHHs a0CONTIOTHBIX 3HAYEHUH MOKa3aTenen
HAJIS)KHOCTH HE 03HAaUaeT HEOOXOANMOCTH ITOJIHOTO OTKa3a
OT BEPOATHOCTHBIX METOAOB MX OLEHKH. MeTOmbl MOTYT
OBITH MCIIONB30BaHbI /Ul aHAJIN3a BUIOB U MOCIEACTBUN
0TKa30B oTAeIbHBIX KoMIToHEHTOB ACY TII u 1 cucre-
MBI B II€JIOM, a TaKXe I aHaIn3a ee paboToCmocoOHO-
cti. MapkoBckue MeTonsl U cetH [letpu cumratores [13]
Hanbosee NEepCIeKTUBHBIMU C TOUKU 3PEHUS TOITyUCHHUS
KOJIMIECTBEHHON OIICHKM HAJEKHOCTH MPOTrPAMMHOTO
obecrieueHnst U y4eTa B3aMMHOTO BIMSHUS IIPOrPaMMHBIX
W aNIapaTHbIX KOMIIOHEHTOB CHCTEMBI.

OueHKU Ka4yecTBa NPoOrpaMmMHoOro
o0ecneyeHUs: Moaesniv KayecTBa

CnoXHOCTB mporecca pa3paboTK U COMPOBOXKICHUS
ITO Bo MHOrOM 00ycCiIaBIMBAETCsl OCOOBIMH TPEOOBAHMSI-
MU, TIPeABABISIEMBIMHE K €ro KauecTBy. bazoByro Mosens
Ka4eCcTBa MOYKHO OTNPEICNIUTh KaK CTPYKTYPHUPOBAHHBIH
Ha0O0p CBOMCTB, KOTOPbIE HEOOXOAUMBI JJIS1 YIOBIETBOPEHHS
onpeneneHHbIx 1eneit [14]. IlpeumyiiecTBo npuMeHeHHS
6a30B0il MOzIEeIM KadeCcTBa 3aKJII0YAETCS B ICKOMITO3UIIH
3HAUUMBIX JJIsl IPOTPAaMMHOT0 00ecHeYeHusI 00bEKTOB, Ta-
KHX, KaK TPOIIECChl )KU3HEHHOTO ITUKJIA, TPOrpaMMHBII ITpo-
JIYKT, Ha PsiJl CBOMX XapaKTEPUCTUK/TIOIXaPaKTEPHCTHK.

[Tonp3oBarenu 1O HCHBITHIBAIOT NOTPEOHOCTH B CO3-
nmaunu moxener kadectsa I1O mist OIeHKM KadecTBa Kak
KaueCTBEHHO, TaK U KOMUeCTBeHHO [ 15]. Moaenu kayecTsa,
KOTOPbIE MMEIOTCSI B HACTOAIIEE BpPeMsi, B OOJIBIINHCTBE
CITy4aeB BJISIOTCA HePAPXUIECKIMHU MOJICIIIMU Ha OCHOBE
KPHUTEpUEB Ka4eCTBA U CBSI3aHHBIX C HUMHU MTOKa3artesnei (Me-
TpuK). Bce Mozenu kauecTBa MOTYT OBITh pa3/ieNieHbl Ha TPH
KaTerop1u B COOTBETCTBUH C METOJAMH, HA OCHOBE KOTOPBIX

Brympennee
Kauecmeo

Kauecmeo
npoyecca

Mempuxu Mempuxu
Kavecmea GHYmMpeHHe20
npoyecca Kauecmea

ISO/IEC 9126-1 ISO/IEC 9126-2

oHM ObuTH co3taHbl. K epBoMy BHIY MOXXHO OTHECTH TE€O-
peTHYecKye MOJIeNN, OCHOBAHHBIE HA THIIOTE3€ OTHOIICHUH
MEXly epeMeHHBIMH KadecTBa. Ko BTopoMy BHIY OTHO-
CSITCSL MOZIGNN «YIpaBJIeHHUs TaHHBIMI», OCHOBaHHbBIE Ha
CTaTUCTHYECKOM aHayu3e. [, HakoHel, KOMOMHHPOBaHHAS
MOJIeJIb, B KOTOPOW HHTYULIUS NCCIISNOBATEIIS HCTIONB3YeTCs
UL OTTpeIeTIeH s HY’KHOTO BUJIa MOZIGIIH, a aHAJIN3 IAHHBIX
UCIIONB3YETCs Ul ONpeleIeHHs] KOHCTaHT MOJENH Kade-
ctBa. Ho Bce 911 Moziesn CBS3BIBAIOT HHTEPECHI I10Ib30Ba-
TeJs, T.e. HCXOSIIME CBOWCTBA CUCTEMBI, C BHYTPEHHUMH
CBOMCTBAaMH, KOTOPBIE TIOHSATHBI pa3paboTYHKaM.

KagectBo I1O ompenensiercs B cranmaprax [SO/
IEC 9126-1:2001 u ISO/IEC 25010:2011 kak Bcsikasi co-
BOKYITHOCTB €TI0 XapaKTePHCTHK, OTHOCSIIUXCS K BO3MOXK-
HOCTH y/IOBJIETBOPSITH BBICKA3aHHBIE WU [IOJ[pa3yMeBaeMbIe
NOTPEOHOCTH BCEX 3aMHTEPECOBAHHBIX JIHLI.

Pa3znmuaroTcs NOHATHS BHYTPEHHETO Ka4ecTBa, CBSI3aH-
HoTO ¢ Xapakrepuctukamu [10 camoro o cebe, 6e3 yuerta
€ro MOBEJICHNUS; BHEIIHEr0 KAauyeCcTBa, XapaKTepU3YIOLIEero
I1O ¢ Toukm 3peHns ero moBexeHus; u kadectsa [10 mpu
UCIIOIB30BAHNH B PA3JIMYHBIX KOHTEKCTaX — TOTO KayecTBa,
KOTOPOE OLIYIIAETCs MOJIb30BATEISIMU IIPH KOHKPETHBIX
creHapusix padotsr [10. [l Bcex 3TUX acTIeKTOB KauyecTBa
BBEJICHBI METPHKH, IO3BOJISIOIIIE OLIEHNUTH MX. Kpome Toro,
U1 co3nanus HanexxHoro [10 cymecTBeHHO KauecTBO TeX-
HOJIOTMYECKHX IIPOLIECCOB €ro pa3paboTku. B3anumooTHoIIE-
HUSL MEXXTy STHMH aclleKTaM1 KadecTBa I10 CXeMe, IIPUHATON
B pa3JIMYHBIX MOJIEIISIX KadyecTBa, [IOKa3aHo Ha puc. 1.

Ha puc. 2 mpuBenena Mozens orieHnBaHus kKadecTsa [10
cornacHo ISO/IEC 9126.

3aknioyeHue

IIpo0Giiema OIeHKH HAIeKHOCTH (0€30ITHO0YHOCTH ) ITPO-
rpaMMbl, B OTJIMYHE OT POOJIEMBbI CO3/IaHNUS KAYECTBEHHOM
MIPOrpaMMBbl, BUMMO, HE UMEET PELICHUsI B 00IIeM cliy4yae
B paMKax KJIaCCHYeCKO MalnHbl ThIOpUHTa U CYIIIECTBYET
HEKOTOPOE KOIMYECTBO (DyHaMEHTAIbHBIX MPOOIIeM, CBS-
3aHHBIX C IETEPMUHUPOBAHHBIM XapaKTepOM (QyHKIIMOHHPO-
BaHMs IporpaMMbl. KonndecTBeHHas! OlleHKa HaJIeKHOCTH

: Paznuunvie : -------- "‘

| KOoHmeKcmbl : \

: UCNONBL30BAHUS | “
! \

Buewmnee
Kauecmeo

Kauecmeo npu
UCNONL306AHUU

Mempuxu BHEeUutHe2o
Kadecmea

ISO/IEC 9126-3

Mempuxu
Kauecmea npu
UCnOIbL306aHUU

ISO/IEC
9126-4

Puc. 1. OcHOBHBIE aCTIEKTHI KauecTBa MporpaMMHOTo obectiedeHus mo cranaapram ISO/IEC 9126-1:2001
u ISO/IEC 25010:2011
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NPOBJIEMbl OLLEHKUA HAAEXKHOCTU U KAYECTBA MPOrPAMMHOIO OBECMNEYEHUA
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YcTaHOBMNEHHbIe Unu
npeapnaraemMble

norpe6HocTU AaMUHUCTPATUBHbIE
TpeGoBaHus
I UCO 9126 u gpyras TexHuveckasa nHopmauus Onpepnenexue
I e TpeGoBaHui
Cneuudmkauus I I
+ Tpe6oBaHuin | |
KayecTBa | |
OnpepeneHune + +
Tpe6oBaHuii KayecTBa * *
\ \ 4
BLISop METpHK OnpepeneHne ypoBHs Onpepenexve NoaroToBka
paHXupoBaHuA KpUTepueB OLIeHKMN
____________ Mpoaykuma unun
| Paspa6oTtka : "Pﬁ""z’“yr::a"
: NporpamMmMHoro :_pfy u Namepesmbie
L _ti_ﬁftiﬂ_eq_efliﬂ_ o \ 3HaueHus YCTaHOBMEHHBIN
VY ypoBeHb
UsmepeHus L OueHuBaHue
Y \ b
PaHxupoBaHue
OueHka .
PesynbTtar

(npuemnembIn
UNU Henpuemnembii)

Puc. 2. ®akTopsl 1 aTprOyTHl BHEIITHETO U BHYTPEHHETO Ka4eCTBa MIPOTPAMMHOTO 00CCIICUCHUS
B coorBerctBuu ¢ ISO/IEC 9126

CUCTEM, OCHOBAHHBIX Ha MPOTPAMMHBIX CPECACTBAX, MOKET
6BITb MOJy4Y€Ha TOJIBKO IIYTEM COUYCTAaHUA (1)aKTI/I‘-IeCKI/IX
JaHHBIX U3 HCCKOJIBKUX HCTOYHHUKOB, OATHAKO U TOrAa 6y/:[eT
CYILIECTBOBAaTh 3HAUUTEJILHOE HEJOBEpHE K aOCOIIOTHBIM
udpam I mapaMeTpoB HAJCKHOCTH. B HacTosiIee Bpemst
HE CYIIECTBYET COINIACOBAHHBIX METO/IOB U JIAHHBIX 00 OT-
Ka3ax Jyisi KOJIMYECTBEHHOM OLIEHKN Ha/IS)KHOCTH IIU(PPOBBIX
cucteM. Bo3amMoxxHO, perieHne npooaeMsl JISKUT B 00JIaCTH
[Iepexo/ia OT KJIACCUYECKON YHUBEPCAIbHON MalIMHbI ThI0-
pUHTAa K €€ MOI[I/I(bI/IKaI_[I/II/I B BHUJC BepOHTHOCTHOfI MaIlInHbI
Trropunra mwin K QyHKIIHOHAIBHOMY MPOTrPAMMHUPOBAHHIO,
KOTOpbIe CBOOOJHBI OT BBINICYKa3aHHBIX OIPAaHUYCHUH U
JIOMYCKArOT (JOpMaTTbHYIO BepU(DHUKALIUIO TPOrPAMMBI.
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PROBLEMS OF EVALUATION OF SOFTWARE
DEPENDABILITY AND QUALITY IN INDUSTRIAL
AUTOMATION AND CONTROL SYSTEMS

The article describes aspects of evaluation of quality, reliability of software regarding theoretical basis,
methods, main tendencies and problems in this area.

Keywords: dependability, quality assurance, software, IACS.

1. Introduction

The development of automation of complex technological objects, whose malfunctions
lead to large economic, ecological losses, threats to health or life of people, is characterized
by a tendency of developing industrial and automation control systems (IACS) realizing much
more complicated algorithms of data control and analysis with usage of complex software/
hardware [1]. Assurance of IACS dependability at all stages of its life cycle is based on the
qualitative and quantitative analysis, which according to normative documentation, should be
also conducted at all stages. The qualitative and quantitative analysis of dependability should
consider two components of software/hardware system (SW/HW): hardware and software.
However, the quantitative analysis of dependability for software components of SW/HW sys-
tems (programs, software (SW)), unlike the hardware, has difficulties [2]. These difficulties are
due to differences in the causes of failure occurrence in hardware and software components
of SW/HW. The difficulty of calculating the dependability of classical program functioning
within the framework of Turing universal machine consists in the fact that the algorithm of its
functioning is not stochastic. Program failure appears after imposing on the determined func-
tion, which corresponds to the program’s algorithm, stochastic process describing input data
for it. Determinacy of algorithm for classical programs leads to the fact that at best there is a
calculated probability of failure for the system: input data + program. Calculation of probability
characteristics of output process, even in case of a known function, can be difficult, and at
presence of errors during its implementation it is possible to consider such task as unfeasible.
The problem was realized by many experts and, as there is a requirement for evaluation of
dependability of programs applied as a part of various systems, there are models and methods
allowing evaluation of dependability of the program [3].

Together with dependability, sometimes substituting it, the term “quality” of software is used.
Quality of software can be defined as compliance to the explicitly set functional and operational
requirements, explicitly specified development standards and implicit characteristics. Qualitative
and quantitative indicators of quality of programs, unlike probabilistic reliability, can be used
efficiently for analysis of types and consequences of failures, comparative analysis of variants
of technical solutions on provision of dependability, organization of maintenance. Qualitative
and quantitative indicators of quality of programs have a doubtless practical value.
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In the article, most frequent methods of calculation of
software dependability are analyzed, problems with ap-
plication of these methods are shown. A review of main
approaches to evaluation of software quality is given.

2. Causes of failures of hardware and
software

In GOST 27.002-89 the following causes of occurrence
of hardware failures are highlighted:

1. Imperfection or violation of fixed rules and (or) norms
of development and designing (design errors);

2. Imperfection or violation of fixed process of manufac-
ture or repair carried out at a repair enterprise;

3. Violation of fixed rules and (or) operational condi-
tions;

4. Natural processes of ageing, wear, corrosion and
fatigue at observance of all fixed rules and (or) norms of
designing, manufacture during operation.

In a flow of hardware failures the greatest weight, as a
rule, has failures of the 2" and 4™ type.

The program is a collection of instructions expressed in
one of the languages and recorded on a material object of
long-term or temporary storage. The failure of a program’s
material object is a failure of hardware, on which the pro-
gram is executed, or an object’s failure. Program’s failure
appears as mismatch of value on program’s output to a preset
value. The informational contents of the program does not
vary itself (does not fail). Therefore, for failures of programs
the reasons of types 1, 2 and 3 are characteristic. The greatest
share among all SW failures, as a rule, is the failures caused
by the first reason. The key feature of failures of this type
both for software programs (otherwise called SW errors) and
for hardware consists in the fact that errors are brought in the
program (hardware) accidentally, while they appear deter-
ministically at occurrence of specific events. For programs,
the moment of failure occurrence is defined by configuration
and value of a set of input data, level of loading of computer
resources, informational environment of the program at a
stage of its execution and by similar factors.

A wide experience and theoretical basis on quantitative
methods of analysis of hardware dependability has been
gained. The program cannot change in time without change
of properties of a material object by itself and its failure is
the demonstration of errors contained in the program. The
quantitative analysis of software failures has a number of
problems:

e complexity of receipt of analytical expression for the
function describing operation of the program,;

e stochastic process linked to input data, level of loading
of computer resources, informational environment can have
complicated or unknown distribution;

e presence of software program errors has a nonlinear
influence on type of the function describing operation of the
program, as well as the type of this function is unknown.

The document [4] contains the classification of types of
software program errors by their origin:

1. System errors during setting of purposes and tasks
related to the creation of program;

2. Software programming errors in texts of programs and
data descriptions (syntax errors);

3. Algorithmic errors of development under a direct
formulation of requirements to program’s functions and al-
gorithmic errors of implementation of these requirements.

The first type of errors is not specific to the software
and is not the subject of consideration. The overwhelm-
ing majority of errors of the second type are eliminated by
means of automatic check of programs (compilers). With
algorithmic errors the situation is different: you can be
convinced that the program works correctly and there are
no algorithmic errors only in the course of program testing
(testing allows revealing all types of errors). Due to the
large area of check, the test coverage for any real program
is not complete, i.e. there is always a probability that there
are errors in the program.

For classic software programming languages it is known
that the number of errors depends on the volume of pro-
gram’s source code, technology of software programming,
qualification of personnel participating in the program’s
development and resources allocated for the testing [5].
These indices can be considered as constants for the closed
development teams with the established norms of develop-
ment and testing.

However, nonlinear link between number of program
errors and probability of their appearance during program
usage leads to negative results under the attempt to use
evaluation by a number of program errors for calculation
of probability of its failure [4]. Despite the problems with
substantiation of applicability of probability methods of
software reliability evaluation, a considerable amount of
methods of quantitative evaluation of reliability of programs
have been developed and applied. Most frequently used
methods and problems with their application are specified
below.

3. Methods of analysis of reliability
of software programs

There is a big variety of areas of usage of models from the
point of view of modeling hardware and program failures;
however, the greatest attention is given to models of evalu-
ation of dependability of software capable to be integrated
into existing complex model of calculation of dependability
of a control system. In complex model, consequences of
types of failures of components in digital system as a whole
for the object are considered. The main methods of analysis
of reliability are classified according to their main objective
in accordance with the fact, how analysis of architecture of
the program system is carried out:

1) Ascending method (mainly directed on research of
consequences of single failures):

a) Event tree analysis (ETA) and modifications;

b) Failure mode and effects analysis (FMEA) and modi-
fications;
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2) Descending methods (directed on research of conse-
quences of combinations of failures);

a) Failure tree analysis (FTA);

b) Markov analysis;

c) Petri net analysis;

3) Hazard and Operability study (HAZOP);

4) Statistical methods of evaluation of dependability.

These methods of analysis are applicable both for
evaluation of characteristics of quality and for evalua-
tions of quantitative characteristics during forecasting
of system behavior during operation. Reliability of the
result depends on accuracy and correctness of data on
main events. In practice, combinations of descending
and ascending analyses are used to raise integrity of
analysis.

In the paper [4] the main requirements to the models used
in methods of reliability calculation are selected:

1) Model should explain both already occurred failures
and allow to predict failures in the future;

2) Model should be based on substantial characteristics
of modeled system;

3) Model should be based on clear and authentic sup-
positions;

4) Model should express in numerical form dependences
between failures;

5) Model should be based on simple and easily studied
concept;

6) Input data required for model construction should
be accepted as authentic by a considerable part of expert
community;

7) Model should distinguish between single and multiple
failures;

8) Model should distinguish between failures during
performance of function and intermediate failure;

9) Model should allow to the user obtaining of checked
data, including probability of failure and evaluation of reli-
ability of result;

10) Model should allow analysis of failure scenarios of
digital components in interaction with non-digital compo-
nents;

11) Model should not use momentary information on
system’s status.

Table 1. Comparative characteristic of methods”

Table 1 shows comparison of most often used methods
for evaluation of indices of reliability from the point of
view of their application for program components. Data for
table 1 are taken basically from [4], wherein the subjective
character of data is underlined.

It is possible to see that methods of calculation of reli-
ability given in Table 1 on the whole have the following
disadvantages:

1. Incompleteness of components and their failures;

2. Absence of commonly accepted philosophical basis of
software modeling of intensity and probability of failures
and methods for their quantitative evaluation;

3. Weakness of evaluation of failure parameters — failure
rates, distribution of failure modes and factors of common
cause failure (CCF).

Doubtfulness of application of methods of reliability
calculation for receipt of absolute values of reliability
indices does not mean a necessity of total rejection of
probabilistic methods of their evaluation. Methods can be
used for analysis of types and consequences of failures
of individual TACS components and for a system as a
whole, as well as for analysis of its functionality. Markov
methods and Petri nets are considered in [13] as the most
perspective from the point of view of receipt of quantita-
tive evaluation of software reliability and consideration
of mutual influence of software and hardware components
of the system.

4. Evaluations of software quality:
quality models

Complexity of SW engineering and maintainability
process is in many respects stipulated by special require-
ments presented to its quality. The base quality model can
be defined as the structured set of properties, which are
necessary for accomplishment of definite purposes [14].
Advantage of a base quality model consists in decomposi-
tion of such objects significant for software, as life cycle
processes, software product, a number of characteristics/
sub-characteristics.

SW users feel the needs in creation of the SW quality
models necessary for quality evaluation both qualitatively

Requirement
Method 1 2 3 4 5 6 7 8 9 10 1
Continuous tree of events [6] X X X X 0 ? ? X ? ? 0
Dynamic tree of events [7] X X X X X ? ? ? X X 0
Markov models [2] X X X X 0 ? ? X X X 0
Petri nets [8] X X X X 0 ? ? ? X ? 0
Methodology of dynamic data-flow graphs [9]| x X X ? X ? ? ? X X X
Dynamic tree of failures [10] X ? ? ? X ? X ? X ? X
Diagram of sequence of events [11] X X X X 0 ? ? ? X X 0
Evaluation by metrics of software [12] X ? 0 0 ? ? X X 0 0 X

* In the table we have the following designations: X — the property is covered, 0 — the property is not covered, ? — the

coverage is doubtful.
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Fig.2. Factors and attributes of external and internal quality of software according to ISO/IEC 9126

and quantitatively [15]. Quality models, which are available
now, in most cases are hierarchical models on the basis of
quality criteria and indices (metrics) linked to them. All
quality models can be divided into three categories accord-
ing to the methods, on the basis of which they were devel-
oped. The first type includes theoretical models based on a
hypothesis of ratios between variables of quality. Models of
“data control” based on statistical analysis refer to the second
type. Finally, the combined model, in which intuition of
the researcher is used for definition of the necessary model
type and data analysis, is used for definition of constants of
a quality model. But all these models link interests of the
user, i.e. system’s initial properties with internal properties,
which are clear to developers.

SW quality is defined in the standards ISO/IEC 9126~
1:2001 and ISO/IEC 25010:2011 as any collection of its

characteristics referred to possibility to meet stated or meant
requirements of all interested persons.

There are distinguished concepts of internal quality
linked to characteristics of SW itself without consideration
of its behavior, external quality characterizing SW from
the point of view of its behavior and SW quality during
usage in various contexts, i.e. the quality, which is felt
by users at concrete scenarios of SW work. For all these
aspects of quality there are introduced metrics allowing
their evaluation. Besides, for creation of reliable SW the
quality of technological processes of its development
is important. Mutual relations between these aspects of
quality by the scheme accepted in various quality models
are shown in Fig. 1.

Fig. 2 shows the model of evaluation of SW quality ac-
cording to ISO/IEC 9126.
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5. Conclusion

The problem of evaluation of dependability (failure-free
functioning) of the program, unlike the problem of creation
of qualitative program, probably, has no solution in general
case within the limits of classical Turing machine and there
is a quantity of fundamental problems linked to the deter-
mined character of program’s functioning. The quantitative
evaluation of reliability of systems based on software can be
obtained only by a combination of actual data from several
sources; however, even then there will be a considerable
distrust to absolute digits for dependability parameters.
Now there are no commonly agreed methods and data about
failures for quantitative evaluation of reliability of digital
systems. Probably, problem’s solution lays in the field of
transition from classical universal Turing machine to its
modification in the form of probabilistic Turing machine or
to functional programming, which are free from the above
limitations, permitting formal verification of the program.
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«HAAEXHbBIE OTKA30OYCTON4YMBBIE
MHPOPMALUNOHHbLIE CUCTEMBbI»

IIpemmaraemast untaremnto kuura «HagexxHble 0TKa30ycTOHYMBEIEC HH(POPMAIIMOHHBIE CUCTE-
MBI. METOIBI CHHTE3a» SBISETCS TPEThEH 3aKITIOUNTEIBHON YacThio poekTa «HanesxxHocTh
MHPOPMALMOHHBIX CHCTEM.

OCHOBHBIE HJIEH MOCTPOCHUS HA/ICKHBIX U O€30MacCHBIX MHPOPMALMOHHBIX CHCTEM H3-
JIO’KEHBI B TTEepBOH m1aBe « OCHOBBI HAZIGKHOCTH M OTKAa30yCTONYNBOCTH MH(POPMAIIMOHHBIX
cucTeM». JTa IIaBa MpeHa3HauYeHa A JIUI] TPUHUMAIOIINX PEIICHHNs, KOTOPBIM JI0CTaTO4-
HO TIOHMMATh NPoOJIeMy Ha KOHLENTYaJIbHOM YpOBHE. B 3TOi IiaBe M3JI0KEHBI TOCTYIIATHI
obecrieueHnst HaJeKHOCTH NH(POPMALMOHHBIX CHCTEM, KITIOUEBbIC TOHTHS H30BITOYHOCTH,
OTKa30yCTOHYMBOCTH, OTKA300€30MACHOCTH U KHOEP3alUIICHHOCTH CHCTEM.

Bo BTOpoil m1aBe KHUTH Pa3BUTHI TPATUIMOHHBIE MOJEIN HAACKHOCTH KaK HEBOC-
CTAaHABIMBAEMBbIX, TAK ¥ BOCCTAaHABIMBAECMBIX OOBEKTOB C OOIIMM M pa3feibHBIM MO-
CTOSIHHBIM PE3EpPBUPOBAHUEM, a TAK)KE PE3EPBHPOBAHMEM 3aMELICHHEM B LESAX ydera
CKPBITBIX OTKa30B M yUeTa pealbHbIX BO3MOXKHOCTEH cpesicTB NX oOHapyxeHust. OcoObIi
HWHTEpPEC MPEACTABISNIOT MOJENIN HAJEKHOCTH O0BEKTOB C MA)KOPUTAPHBIM PE3EPBHUPO-
BAaHHMEM, B KOTOPBIX COBMEIICHBI MOJEIb CTPYKTYPHOW HAaJECKHOCTH Ma)KOPUTAPHOTO
00beKTa M (YHKIMOHAIBHON Ha/lEXKHOCTH €ro BOCCTAaHABJIMBAIONIETO OopraHa. B rmase
BBITIOJTHEHA TIPEACIbHAs OICHKAa HAJAC)KHOCTH PE3EPBUPOBAHHBIX 00BEKTOB ¢ OECKOHEU-
HBIM KOJINYECTBOM PE3EPBHBIX YCTPOICTB, HO OTpaHUYEHHOH 3P PEKTUBHOCTHIO CHCTEMBI
oOHapy>XeHHUsI OTKA30B, KOTOpasi yOeAUTEIbHO MOKa3bIBAET, YTO HE CIEAYET MUTATh WII-
JI03UN OTHOCHUTEIBHO JIOCTHXEHHS TPeOyeMOTro ypOBHS HaJIeKHOCTH CHCTEMBI 3a CUET
YBEJINYCHHS KOJIMYECTBA PE3EPBHBIX YCTPOICTB. CKPOMHBIE BOBMOKHOCTH CTPYKTYpPHOTO
pe3epBUPOBaHNs, KaK C BOCCTAHOBJICHHEM, TaK, U TeM Oojee, 03 BOCCTAHOBJICHHUS, BbI-
3BIBAIOT HEOOXOANMOCTH B Pa3pabOTKe HETPUBHAIBHBIX METO0B 00ECIIEUeHNs OTKa30y-
CTOWYMBOCTH MH()OPMAMOHHBIX CHCTEM. DTO TeM OoJyiee BaKHO, YTO PAaCCUMUTHIBATH Ha
3¢ (eKTHBHOE MPUMEHEHNUE BPEMEHHOTO H/WIN (YHKIMOHAIHHOTO PE3EpBUPOBAHUS B
MHGOPMAITMOHHO — YIIPABJISIFONINX CUCTEMaX, Pa0OTAIOIINX B pEabHOM BPEMEHH, HE ITPe/-
CTaBJIIETCS] BO3BMOXKHBIM. B Ti1aBe Takke ccTeMaTn3upOBaHbl METOABI HH(POPMALTMOHHOTO
pe3epBHUPOBAHNS, OCHOBAHHBIC HA PA3JIMYHBIX TPEOOBAHUAX K 3PPEKTUBHOCTH KOHTPOJIS
JIOCTOBEPHOCTH XpaHUMOH NHPOPMALIHH.

B Tpetbeii aBe npeacTaBieHbl OPUTHHAIBHBIE METO/IBI TOCTPOCHUS MOAYIBHBIX HH(POP-
MAaIlMOHHBIX CHUCTEM C aJalTHBHOH OTKa30yCTOWYMBOCTBIO. VI3MOXKEHBI M/IeH aJanTHBHOM
OTKa30yCTOHYNBOCTH (aKTUBHOM 3aIIUTHI), IPUBEICHBI CIIOCOOBI OPTaHU3alNN aKTHBHOW
3aIINTHI, CIOCOOB! aBTOMATHYECKOTO OOHAPYKEHHS X yCTPAHEHHSI HEHCIIPAaBHOCTEH, BpEeMEH-
HBIC MHTEPBAJIBI M AUCIMIUINHBI AKTUBHOM 3amuThl. OnieHena 3h(heKTHBHOCTh TPUMEHEHHS
METOJIOB aKTMBHOH 3aIIUThI. VI3710’KeH METOJ CHHTE3a aKTHBHOMN 3amunThl. [lokazaHbl Heco-
MHEHHBIE TIPEUMYIIECTBA AKTUBHOM 3aIIIUTHI TIEPE/T TPAIUIIHOHHBIMHA METOIAaMHU CTPYKTYPHOTO
pe3epBUPOBAHMS KaK B OTHOILIEHUH HAa/IC)KHOCTH, TAK U B OTHOIICHUH TEXHUKO — SKOHOMH-
YEeCKHX MoKa3zaTenel. [Ipu 3ToM akTHBHAS 3alIUTa 00CCIICYMBACT BO3ZMOKHOCTH AN TALNH
CHCTEMBI HE TOJIBKO K OTKa3aM, HO ¥ K COOMHBIM M IIPOrPaMMHBIM OITHOKaM.
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B uerBeproii mIaBe omMcaHbl METONBI TIOCTPOCHUS Ha-
JISKHBIX TIPOrPaMMHBIX CPEZICTB, B TOM YHCIIe 00CYKICHBI
MX XapaKTepHbIE HEJJOCTATKH, IPHBE/ICHBI PEKOMEH/IAIINH 110
pa3paboTke crienuuKanuy TpeOOBaHUH K TPOSKTUPYEMbIM
porpammam, J0CTAaTOYHO MOAPOOHO PACKPHITA TEXHO-
JIOTHSL Pa3pabOTKH apXUTEKTYPbl HA/IEKHOW MPOTrpaMMBI.
Bonbioe BHUMaHME yIEICHO BOIPOCAaM MPOEKTHPOBAHMS
HaJIeHOTO ITPOTrPaMMHOT0 00ECTICUEHUS U €T0 pean3aiinH,
B TOM 4HcJIe BepUPHUKALUY ITPOTPaMM U UX MHTETPALUH C
annapaTHBIMHU CPEICTBAMH, a TAK)KE UX aTTeCTAIMH, IKC-
IUTyaTaluH, COIIPOBOXK/ICHNIO M KOH(PUTYpaIHH.

[TaTas miaBa MocBslIeHa aKTyaJbHOM TeMaTHKE (yHK-
[IMOHAJIBHON 0€301acCHOCTH MH()OPMAIIMOHHO — YIIPABIISIIO-
MIAX CHCTEM KPUTHYECKH BaKHBIMH M OTBETCTBEHHBIMHU
o0bexTaMu. PaccMOTpeHBI KITIOUEBBIC TOHSATHSI COCTOSTHUS
6e3omacHOCTH, (DYHKIUM M MOJHOTHI Oe3omacHOCTH. 13-
JIO)KCHBI OCHOBHBIE TPUHIIMITHI (DYHKIIMOHAIBHOI Oe3orac-
HOCTH, B TOM 4YHCJI€ IIPUHLHUIIEI 0TKa300€30MacHOCTH,
N30BITOYHOCTH, PA3HOOOpA3Msl M JIOKAIN3ALNK Pa3BUTHS
HeOaronpusaTHEIX coObiThil. [IponsBenena oueHka momy-
CTHMOTO BPEMEHH 00HapYKEHHsI OAMHOYHOTO M JJBOIHOTO
OTIACHBIX 0TKa30B. ONMCaHbI ¥ TPOaHAIN3UPOBAHBI MOAEIN
(hyHKIIMOHAIEHOI 0€30MacCHOCTH By XKaHAIBHON CHCTEMBI
CO BCTPOEHHBIMHU CPEJICTBAMH AUATHOCTUKH U C BHEITHUM
KoHTpoJieM. PaccMoTrpeHa rpobiiema repesarycka KaHalloB.
[Ipeanoxxena 1 n3y4deHa MOAENb sl OLIEHKH BEPOSTHOCTH
BO3HHMKHOBEHHMS OIIACHBIX OTKA30B ITPH ITEPE3aIyCKe JABYX-
KaHAJIbHBIX cucTeM. COBMECTHOE NMPUMEHEHHE pPa3HBIX
MH()OPMALMOHHBIX TEXHOJIOTHII MOCTPOCHMST MH(OPMAIIH-
OHHBIX CHCTEM YIIPABJICHHUS OTBETCTBEHHBIMH M KPUTHYE-
CKH BO)KHBIMH OOBEKTAMH CO3/1a€T €CTECTBEHHBIE YCIIOBHS
JUISL TIOCTPOCHHMS JIByXyPOBHEBOH CHCTEMBI YIPABJICHUS
Oe3omacHoCThIO. B IByXypOoBHEBOW cHCTEME BO3MOXKHO
IpUMEHEHNEe HeOe30IacHbIX chcTeM. B TiiaBe mpuBeneHs
Ppe3yabTaThl MATEMaTHYECKOTO MOJEITMPOBAHUS Pa3IMIHBIX
CTpaTeruii IOCTPOCHUsI IByXyPOBHEBBIX HH(OPMAIIMOHHBIX
cucteM. [TokazaHo, 4To 3HaUNTENBHO 3 (PEeKTHBHEE 110 CpaB-
HEHUIO C JIPyTUMHU CTPATErHsIMHU SBIISICTCS Ta, KOTOPast IIpH
HAJIMYMU HEAOCTATOYHO OE30IacCHBIX COCTABHBIX CHCTEM
MO3BOJISIET PAIlMOHATIBHO HMCIIOJIB30BATh €CTECTBEHHYIO
JIOTIOTHUTENBHYI0 HH(OPMAIIHIO, UMEIOLIYIOCS MO PE3YIThb-
TaraM MpeAbIyIHUX IUKJIOB YIPABICHHS.

B mectyto mi1aBy BKJIFOUEHBI TPUHITUIIBI M METO/IbI MO~
TBEPXK/ICHNUS COOTBETCTBUS MH(POPMAIIMOHHBIX CHCTEM
TpeboBaHMAM TeXHMUECKUX PENIAMEHTOB M HOPMAaTUBHBIX
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JOKYMEHTOB. [I[prBeIcHBI METOIBI HCTIBITAHUN ITPOTPaMM-
HBIX CPEJICTB Ha COOTBETCTBUE TPeOOBAHMAM KadecTBa U
(YHKIIOHATHHON 0€30MMaCHOCTH, a TaK)Ke 0€30MaCHOCTH
nHpopManuu. PaccMOTpeHBI BOIIPOCHI MPAKTHUECKOTO
MIPUMEHEHHS METOJOB UCHBITaHUU mporpamm. Ocoboe
BHUMAaHUE YIEJeHO MpoliaeMe YCKOPCHUS HCITBITAHHH.
OnucaHbl OCHOBHBIE NIYTH YCKOPEHHUS MCIBITAHUI Ha
OCHOBE TIOHMKCHUS JUCIIEPCHUI TTOTYyYaeMbIX ITOKa3aTeIen
KauyecTBa, HAJAC)KHOCTH M OC30MaCHOCTH HCHBITYEMBIX
00bekTOB: MeToq MoHTe-Kapino u MeTon 3HaYMMOM BBI-
O0opku. M3noxeHa WHKCHEPHAS METOIMKA YCKOPEHHBIX
HATYPHBIX HCIIBITAHUHA Ha QYHKIIMOHAIBHYO HA/ICKHOCTh
1 QYHKIIMOHATHHYIO 0e30macHOCTh HH(POPMAIIMOHHBIX
CHUCTEM YIIPABJICHHUS OTBETCTBEHHBIMH WIIA KPUTHYCCKU
BaXHBIMH OOBEKTaMH, B TOM YHCIIe 0a30BBIC TCOPETHYEC-
CKHE TOJIOKCHHS 3TOH METOIUKH, MOPSIOK IPOBEACHUS
WCIIBITAHUN M OLEHKA WX MPOJOJDKUTEIIBHOCTH, OPSIOK
00pabOTKH pe3yIbTaToB 1 (POPMBI ITPEICTABICHUS JAHHBIX.
[IpuBeneH mpuMep NPaKTUICCKOTO IPUMEHEHHS YCKOPEH-
HBIX HATYPHBIX HCIBITAHUHA WH()OPMAIMOHHON CHCTEMBI
MUCTETYCPCKOTO YIIPABICHUS Ha JKEJIC3HOTOPOKHOM
TpaHcnopTe. [I[puBeeHBI OCHOBHBIE ITOJIOKEHUS METOIIK
HCIBITAHUN MTPOTPAMMHBIX CPENICTB 110 TPEOOBAHUSIM Ka-
4yecTBa U (PyHKIIMOHATBHOW 0€30MaCHOCTH M OTCYTCTBHS
HEJIeKJIApUPOBAHHBIX BO3MOKHOCTEH B MpOTpaMmax, a
TaK)ke MOPSIOK MOATBEPKICHIS KOMIUICKCHOW Oe3orac-
HOCTH IPOTPAMMHEIX CPEJICTB.

B KoHIIe Ka) 101 TIIaBBI KHUTH CONIEPIKATCS KOHTPOJIBHBIC
BOTIPOCEHI 10 HAHOOJIeE CIIOKHOMY U 3HAYMMOMY MaTepHaITy
rmaBel. KHura paccunraHa, B mepByr odepeib, Ha CIe-
[HAJICTOB, 3aHUMAIOIIUXCS MPAKTHIECKOH paboToit 1o
pa3paboTKe, IPOU3BOJICTBY, IKCILTYaTAIIH U MOAN(DUKAIINN
nHpOPMAINOHHBIX cucTeM. OHa MpeTHa3HaYCHa Hay YHBIM
paboTHHKAaM B OOJIACTH HAJIC)KHOCTH IPOTPAMMHO — aIl-
MapaTHBIX CUCTEM, IPO(ECCOPCKO — MPETOIaBATECIHCKOMY
COCTaBY, aCIHPAHTAM H CTYICHTaM, CIICIIHATA3APYIOIIUMCS
B 001acTé MH(POPMAIIMOHHBIX TEXHOJIOTHIA, B OOJIACTH WH-
(hOpMALIMOHHBIX CHUCTEM, a TaKXKe B 00IACTH aBTOMATH3H-
POBaHHBIX CUCTEM YIIPABIICHUS.

JlaHHas KHHUTA 3aBepIIacT MPOCKT U3 TPeX KHUT, MPe-
Ha3HAYCHHBIN IS MPEACTABICHUS IIHPOKOH ayIuTOPUU
CIEIIMAICTOB METO/IOB aHAJIM3a CTPYKTYPHOH U (PyHKIIHO-
HAJBHOHW HAJICKHOCTH WHPOPMAIMOHHBIX CHCTEM H, 0CO-
OCHHO, METOIOB CHHTE3a HA/IC)KHOCTH, OTKa30yCTOHYUBOCTH
7 QYHKIIMOHATBHOW 0€30MTaCHOCTH TAaKUX CUCTEM.
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“DEPENDABLE FAIL-SAFE SYSTEMS”

The book “Dependable fail-safe information systems. Synthesis methods” proposed to the
attention of the reader is the third and final part of the project “Dependable of information
systems”.

The first chapter “Basic concepts of dependability and fault tolerance of information sys-
tems” offers main ideas for construction of reliable and safe information systems. This chapter
is for decision-makers who only need to understand the problem conceptually. This chapter
contains the postulates of dependability of information systems, key concepts of redundancy,
fault tolerance, fail safety and cyber security of systems.

The second chapter of the book represents traditional models of reliability of both
non-restorable and restorable objects with common and separate constant redundancy as
well as with standby redundancy for the purpose of considering latent failures and tak-
ing into account real capabilities for their detection. Of special interest are the models of
dependability of objects with majority architectures combining a model of the structural
reliability of a majority object and the functional reliability of its restoring element. This
chapter gives limits of the reliability of redundant objects with an endless number of
standby facilities, but with the limited efficiency of a failure detection system strongly
indicating that we should not cherish illusions concerning the achievement of the re-
quired level of system reliability by means of increasing the number of standby facilities.
Limited capabilities of structural redundancy with restoration and even more so without
restoration generate needs for the development of nontrivial methods to ensure fault tol-
erance of information systems. This is all the more important because it does not appear
feasible to rely on the efficient use of time and/or functional redundancy in information
and control systems operating in real time. Information redundancy methods based on
various requirements for the efficiency of control of stored information authenticity are
also classified in the chapter.

The third chapter introduces original methods for construction of modular information
systems with adaptive fault tolerance. It presents the ideas of adaptive fault tolerance (active
protection), the ways of implementation of active protection, methods of automatic detection
and elimination of failures, time intervals and active protection disciplines. The application of
active protection methods is assessed. The method of active protection synthesis is described.
The analysis shows obvious advantages of active protection compared to traditional methods
of structural redundancy in relation to reliability as well technical and economic characteris-
tics. In addition, active protection enables a system’s adaptation not only to failures but also
to glitches and software errors.

The fourth chapter is devoted to the methods of construction of reliable software tools, with
discussion of their inherent disadvantages. This section contains some recommendations for
the development of requirements specifications for software programs to be designed, as well
as the technology of the development of a reliable software program architecture is sufficiently
detailed. A lot of attention is paid to the design of reliable software and its implementation,
including the verification of programs and their integration with hardware, as well as certifica-
tion, operation, maintenance and configuration.
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The fifth chapter covers the topical issues of the func-
tional safety of information and control systems of criti-
cal objects. It describes the key concepts of safety state,
safety function and integrity, main principles of functional
safety, including the principles of fail safety, redundancy,
diversity and localization of undesired events. The as-
sessment of allowed time for detection of single and
double hazardous failures is provided. The chapter also
describes and studies the models of functional safety of
a two-channel system with built-in diagnostics tools and
with an external control. The problem of channel restart
is also defined. It offers the model for the assessment
of the probability of hazardous failures under restart
of two-channel systems. The combined application of
different information technologies for construction of
information systems to control critical objects provides
natural conditions for construction of a two-level safety
ensuring system. It is possible to use non-vital systems
in a two-level system. This chapter contains the results
of the mathematical simulation of various strategies for
construction of two-level information systems. It is shown
that if there are insufficiently safe constituent systems, a
more effective strategy in comparison to other strategies is
the strategy, which provides an efficient use of additional
information occurred after previous control cycles.

The sixth chapter includes the principles and methods for
demonstrating the conformance of information systems to
the requirements of Technical Regulations and normative
documents. It describes the methods of testing software tools
to prove the conformance to the requirements of quality
assurance and functional safety, as well as of information
security. The issues of the practical application of software
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test methods are studied. Principal attention is paid to the
problem of testing acceleration. This section also describes
the main ways of testing acceleration based on the reduction
of variance of the obtained indicators of quality, reliability
and safety for objects under testing: a Monte-Carlo method
and a method of relevant retrieval. It defines engineering
practice of accelerated field tests of functional reliability
and functional safety of information systems for control of
critical objects, including the basic theory of such practice,
test procedures and estimation of its duration, procedures of
results processing and data representation form. The chapter
gives an example of the practical application of accelerated
field testing of an information system of railway dispatch
control. It also defines basic stipulations of software test
procedures according to the quality requirements and re-
quirements of functional safety and absence of undeclared
program capabilities, as well as the procedure of confirma-
tion of software integrated safety and security.

In the end of each chapter there are test questions for
the most difficult and relevant material. The book is de-
signed primarily for specialists engaged in practical work
on development, production, operation and modification of
information systems. It is intended for researchers worked
in the field of reliability of software and hardware systems,
academic teaching stuff, postgraduates and students special-
ized in information technologies, information systems and
automated control systems.

The book completes the project of three books created
to provide a wide audience of specialists with methods of
analysis of structural and functional reliability of information
systems and particularly, methods of synthesis of reliability,
fault tolerance and functional safety of such systems.
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Ot peakoJierun

Penkonnerueit ;xypHaiia npou3BeeH COMOCTABUTENbHBIN aHaN3 cTaTbu «MeToauKa onpe-
JIETICHISI O’KUAAEMON CTOMMOCTH TapaHTUIHBIX 0053aTeIbCTB MPEANPHUATHUSA-U3TOTOBUTEIISD
(aBropsr: AxpamoBuu W.JI., Koryt C.A., Tepemenko ®.B.) (xypuan «HamexHocTb», Ne 3,
2013) u cratbu «MeTojIMKa pacdeTa CTOMMOCTH FapaHTUHHBIX 0053aTENbCTBY (aBTOPHI 3aiKO
10T, Uckangaposa JI.H., Mummu B.®.) (xypHan «HanexuocTb», Ne 3, 2015). Ananus mo-
Kazall clexyronee.

Obe ctatsu «MeToArKa OTIPEeTICHNS 0XKUIAeMOM CTOMMOCTH TapaHTUHHBIX 0053aTEIHCTB
MIPEANPHUATUSA-U3TOTOBUTEI U «METoHKa pacueTa CTONMOCTH FapaHTUIHBIX 0053aTEIIECTBY
MMEIOT 00IIHiA peaAMET B 00BEKT UCCISNOBAHUS, U IPAKTUIECKH OJJMHAKOBBIC HAy4HBIE Pe-
3yJBTaThI, IPUOPUTET pa3pabOTKe KOTOPBIX NMpHUHaIeKUT AxpamoBuyy V.J1. u ero coaBropam.
B crarbe 3aiiko FO.I'. ¢ coaBTOpaMu pe3ynbTaTsl BTOPUIHBI U JETATH3HPOBAHBI TOJIBKO B YACTH
BHJIOB TapaHTUHHBIX 00s13aTenbcTB. OHU HE UMEIOT CaMOCTOATENBHOTO HAYYHOTO 3HAYCHUS.

C ysaoicenuem, [asnoiii pedaxmop scyprana «Haoéxcnocmo» 0.m.u., npogeccop
L Iybunckuii 1.5.

From Editorial Board

Editorial board of the journal carried out a comparative analysis of the articles “Methods
for defining of a manufacturer’s warranty expected costs” (by Akhramovich I.L., Kogut S.A.,
Tereschenko F.V.) (Dependability, Ne 3, 2013) and “Methodology for calculating the cost of
warranty obligations” (by Zayko Y.G., Iskandarova L.N., Mishin V.F.) (Dependability, Ne3,
2015). The analysis showed the following.

Both articles “Methods for defining of a manufacturer’s warranty expected costs” and
“Methodology for calculating the cost of warranty obligations” have common subject and object
of the research, and almost common scientific results, developed with the priority of Akhramovich
I.L. and his co-authors. The results represented in the article of Zayko Y.G. and his contributors,
are secondary, and are extended only in the part related to the types of warranty obligations.
They do not possess a self-contained scientific value.

Sincerely yours, Editor-in-Chief Journal “Dependability” Dr.Sci., professor Shubinsky I.B.
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B KHUre NpuBefeHbl OCHOBHbIE MOHATHA 1 NOKa3aTenu
CTPYKTYPHOMN HafIEXHOCTN MHPOPMALIMOHHBIX CUCTEM, NOKa3aHa

o 0BWHOCTb 1 CreumdUIecKme OTaMYmaA NoKasaTteneil HaaexxHoOCTH,
probpectn nspanne
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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,
LLlyGwHckwi Uropb Bopucosiy a TaKKe B 06/1aCTIN aBTOMATU3MPOBAHHBIX CUCTEM YPABAEHNS.
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EXXHOCT

Igor B. Shubinsky

STRUCTURAL DEPENDABILITY H

OF INFORMATION SYSTEMS

2012 DEPENDABILITY SCIENTIFIC AND TECHNICAL JOURNAL

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 Structural (Patrikeeva Evgenia)
paid to the engineering methods of calculation and the i

approximate prediction of structural dependability and error Depen-dablllty of E Patrikeeva@gismps.ru,
estimation of information systems as well as to the statistical Information Systems RS EE T IT
assessment of dependability parameters. At the end of each
chapter there are checklists of the most complex and
significant subjects of the chapter.

Publication can be purchased
Igor B. Shubinsky through the editorial board
of Journal Dependability Ltd.

8 (495) 967-77-05, ext.186;
8-916-105-81-31

The book is intended primarily for professionals involved in Methods of analysis
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.

Igor B. Shubinsky

STRUCTURAL DEPENDABILITY OF INFORMATION SYSTEMS
Methods of analysis
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LLly6uHckuit Uropb Bopucosiy

OYHKLMOHANbHAA HAIEXXHOCTb MIHOOPMALIMOHHbIX CUCTEM
MeTogbl aHanmsa

PepakTop: Matpukeesa EBreHns BnagummnposHa

.B.lWLy6uHcKkunn
«PYHKUMOHaNbHaA HAQEXHOCTb
MNHPOPMALNIOHHbIX CCTEeM»
2012r.

B KHWre Bnepsble NpeacTasneHa Teopusa GyHKUVOHaNbHOM
HaLeXHOCT MHOOPMALIMOHHBIX CUCTEM Kak COCTaBHas YacTb obLei
TEOPUN HaleXXHOCTU. OHa BKIIOYAeT NOHATHA 1 OnpefieneHus;
OCHOBHbIE Yrpo3bl HapyLWeHUs GpyHKUMOHANBHOM HALeXHOCTH
NHHOPMALIMOHHBIX CUCTEM; CUCTEMY MOKa3aTenel; METOAbl OLIEHKM
dYHKLMOHANBHON HAAEKHOCTN LUMGPOBBIX YCTPOWCTB; METOABI 1
MOZEM OLEHKM GYHKLMOHANBbHOM HAfEXHOCTU NPOrPaMMHOTO
obecneueHus. B otaenbHOM r1ase paccMoTpeHa dyHKLMOHanbHas
HaLIEXHOCTb KPUTUUECKM BaXKHBIX MHDOPMALIMOHHBIX CUCTEM,

B TOM UNCIIEe MOHATHE KPUTUYECKI BAXHOM CUCTEMBI, OCOGEHHOCTY
OLEHKM COOMHbIX OLUMOOK, OLIEHKM GYHKLMOHANBHOM HAAEXHOCTY
0OnNepaTopoB, OLIEHKI OMACHBIX OTKA30B 1 PUCKOB, TPeboBaHMA
K GYHKLMOHANBbHOM HAAEXKHOCTI U K apXUTEKTYPE NMPOrpaMMHOTO
0becneyeHmn KpUTUUYECKH BaXKHbIX MHGOPMALIMOHHbBIX CUCTEM.

B KOHLIE Kaxk/J0M raBbl COAEPKATCA KOHTPOSbHbBIE BOMPOCH
o Havbonee CIOXHOMY 1 3HAUMMOMY MaTepuay rasbl.

KHura paccumtaHa, B nepsyio ovepesb, Ha CNeumanmcTos,
3aHUMAIOLLIMXCA MPAKTUYECKOMN paboTol Mo pa3paboTke,
MPOW3BOACTBY, SKCMYyaTaLUMmn ¥ MOANGUKALMN MHGOPMALIMOHHBIX
TEXHOMOTWI 1 MHPOPMALIMOHHBIX cUcTeM. OHa NpeaHa3HayeHa
Hay4HbIM PabOTHMKaM B 0611aCTN HAAEXKHOCTV NPOrPaMMHO —
annapaTtHbIX CPeACTB MHOOPMALIMOHHBIX CUCTEM,
NpenoAaBaTebCkoMy COCTaBY, aCnMpPaHTam U CTyAEHTaM,
cneunanu3npyowmnmca B 061acT MHGOPMALIMOHHbIX TEXHOMOTUIA,
a TakKe B 06/1aCTV aBTOMATV3MPOBAHHbIX CUCTEM YNPaBeHWs.

KomnbiotepHaa BepcTka: Kyptui Bopuc Cepreesuy
E
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FUNCTIONAL DEPENDABILITY
OF INFORMATION SYSTEMS
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SCIENTIFIC AND TECHNICAL JOURNAL

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
functional dependability. A separated chapter considers the
functional reliability of critical information systems, including
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
Igor B. Shubinsky through the editorial board
of Journal Dependability Ltd.
8 (495) 967-77-05, ext.186;
8-916-105-81-31
Functional (Patrikeeva Evgenia)
Dependability of

Information Systems

E.Patrikeeva@gismps.ru,
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.

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
Tel./ Fax: +7 499 262 53 20

E-mail: E.Patrikeeva@gismps.ru

Copy deadline 12.07.2012. Format of the edition 70x100/16.
Offset printing. Offset paper. Conv. Sheet |. 24,05.

Publication can be purchased through the editorial board of Journal Dependability Ltd.
Circulation of 700 copies. Order number 1452.

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



HAOEXHOCTb Ne4 (55) 2015

KYPHAA HSOAETCS IIPH YYACTHH U ITIOOOAEPKKE

OTKPBITOI'O AKILIMOHEPHOT'O OBIIECTBA (HAYYHO-UCCAEOOBATEABCKUM U ITPOEKTHO-
KOHCTPYKTOPCKUM MHCTUTYT UHOGOPMATUSAIIMN, ABTOMATU3AILIUU U CBA3U HA
KEAEBHOAOPO2KHOM TPAHCIIOPTE»

(OAO <HMHAC»)

OAO «<HHHAC» — Benyuiee npearpuarre OAO «P2K/I»

B 00AaCTH CO3AaHHS KOMIIAEKCOB M CHCTEM ObOecIlleYeHNs
0€e30IIaCHOCTH [BUIKEHUs, VIIPABAEHUS [IBUKEHHEM,
reonH(OPMAIIIOHHOTO  O0eCHedYeHus, MOHUTOPHHTA
COCTOSIHUS IIOABHKHOIO COCTaBa U HHQPPACTPYKTYPHI
3KEeAE€3HBIX I0POT

IIean:

U s¢dppexkTuBHOCTD,
U Ge3ommacHOCTDb

U HamexXHOCTH
IIepPEeBO30K

OcHOBHEIE HaIIpaBAC€HHS OECATEABHOCTH

ellHTEeAAEKTYaABHBIE CHUCTEMbI YIIPABACHUS !
*TeXHOAOTHH YIIpaBAEHUS II€PEBO3KaAMU T NWAVANT ST
U TPAHCIIOPTHOTO O0CAYKUBAHUSI d ——
*CucTeMbl aBTOMATHKH U TEAEMEXaHUKU '

*[leHTpPBI aBTOMATH3UPOBAHHOIO VIIPABACHUS

s HOpMAaITOHHBIE CUCTEMbI
*l'eouH(pOPMAIIOHHbIE CUCTEMBI U CIIyTHHUKOBBIE
TE€XHOAOTHH

*CucTeMbl TPAHCIIOPTHOMH 6€30I1aCHOCTH
*CucTeMbl yIIpaBA€HUS HHPPACTPYKTYPOH
*CucTeMbl yIIPABACHUS TOIIANBHO-
SHEPreTHYEeCKUMH pecypcaMu

elcnbITaHus, cepTU(UKAIIN U 9KCIIePTH3a
*MudopmariionHast 6e3011acCHOCTD
*HopmaTuBHO-1IpaBOBOe obecriedeHe

www.vniias.ru

111



