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CTPYKTYPHASAA HAOEXKHOCTb. TEOPUSA U MPAKTUKA

. ;
Yymakos U.A., Yenypko B.A., AHToHOB A.B.

HEKOTOPbIE CBOMNCTBA MOJEJIEA HEMOJIHOIO
BOCCTAHOBJIEHNA KWOXKUMA

Crtartbsi paccmatpuBaeT psifi CBOVICTB MOZeJieli HeroJIHoro BoccTtaHoBieHns Kuxunma C vcrosib30BaHNeM
pacnpeneneHus Beiibynna ana HapaboTky A0 nepBoro otka3a. Metoa makcumasibHOro rnpasaornonobus
MCrosb3yeTcs A1 OLEHKU rnapaMeTpoB pacrpenesieHns u KoagdouumeHTa BOCCTaHOBAeHWS. [JoBepuTesib-
Hbl€@ rPaHULbl MOJIY4EHbl C MOMOLLbIO MHGPOPMAaLMOHHOVW MaTpulbl Puiuepa. ObcyxaaeTtcs cayqar obpa-
60TKM AaHHbIX OT HECKOJIbKMX OAMHAKOBbIX 3/IeMEHTOB U Joka3aHa obpaTtHas 3aBUCUMOCTb BEJINYUHBI AMC-
repcun OT KOJIMYEeCTBa 3JIEMEHTOB. PaccmarpuBaloTcs asa criocoba OLeHkU Beayluein (QyHKUMM rnoToka
cTaperouiero anemeHTa. [1pou3BoanTcs cpaBHeHWEe HOBOIMo MoaxoAa, NMpeacTaB/siowero BeayLyo GyHk-
LMIO 1OTOKa B BUAE KOHEYHOV CYMMbI M 110AxoAa C UCIMOJIb30BaHNEeM MeToAa CTaTUuCTUHECKUX UCTIbITaAHWIA.
lMpennoxeH crocob BbIYUCIEHWS CPEAHEro rnpsiMoro n ob6paTtHoro 0CTato4YHOro BPeMeHM, OCHOBAHHbIA Ha
mMeToAe CTatTuCTUYeCKUX UCTIbITaHuI. PaccMmaTtpruBaeTcss HECKOJIbKO AE€MOHCTPALMOHHBIX MPUMEPOB.

KnoyeBble cnoBa: HerlosHoe BOCCTaHOBAeHue, moaenn Kuwxuma, pacnpeneneHve Bernbynna, Benyiyas
QYHKUMS NOTOKa, CPEAHEE MPSIMOE OCTaTO4YHOE BPEMSI.

BeBepeHue

Haunbosee ynorpeOUTeIbHBIME TSI pacyeTa HaS)KHOCTH BOCCTAHABIMBACMBIX CUCTEM
SIBJISIFOTCSI MOJICJIM, TPEANOJIAraIlue MoJHoe, JH00 MUHMMAIbHOE BOCCTAHOBIICHHE.
OYHKIIMOHUPOBAHUE TEXHUYCCKUX CHCTEM, KaK IPABUIIO, MPEACTABIAET CO00# Oosee
CJIOXKHBIH MpoIIece, AIst KOTOPOTO XapaKTePHO HEMOAHOE (YaCTUYHOE) BOCCTAHOBIICHHE.
CtaHoBsTCSl Bce Oojiee BOCTPEOOBAHHBIMU MOJIENIH, YUUTHIBAIONINE HETOJIHOE BOC-
CTAaHOBJICHUEC, B TOM YHUCJIC MOACIIHU KI/I)KI/IMa, SBJISIFOLIUECCA HpeI[MeTOM HUCCIICOOBAaHUA
JTaHHOM CTaThH.

1. O600LLEeHHbIN Npouecc BOCCTaHOBNEeHns, mogenu Kuxunma

B CJlyqya€ MI'HOBCHHOT'O BOCCTAaHOBJICHUSA peaJ'ILHHﬁ BO3pacCT 3JICMCHTA HAa MOMCHT #-TO
BOCCTAHOBJICHHS MOXHO IPEACTAaBUTh B BUAC CYMMBI BCEX €TO Hapa60TOK J10 OTKa3sa:

S, :iX,., S, =0;
i=1

rae X; —HapaboTKa J10 i-ro 0TKa3a.

BBezseM HEKOTOPYIO ITOCTOSHHYIO BEIMYHHY ¢, Ha3bIBAEMYIO KOO (PUIIMEHTOM (CTEIIEHBIO)
BOCCTAHOBIICHHUS. BUPTyallbHBIH BO3pACT dJIeMEHTa ONpEIeNIUM KaK HEKOTOPYI0 (DYHKIHIO v,
TaKylo, 4to v = v({X}, ¢). BUpTyasibHbIi BO3pacT u paciipe/ieieHie HapaOOTKU CBSI3aHBbI Clie-
JYIOIINM COOTHOILICHUEM: TYCTh V;.| — BUPTYaJIbHBIA BO3pACT dJIeMeHTa Ha MOMEHT (7 — 1)-To
BoccTaHoBIIeHMs. Toria ciydaiiHasi BelnunHa X; UIMEET CIIeTYIONIYI0 YCIOBHYIO (DYHKIIHIO
pacnpenenenus [1, 2]:




HEKOTOPbIE CBOVMCTBA MOAEJIEA HEMOJIHOIO BOCCTAHOBJIEHUA KWXKUMA

F(x-;—vi;w)—F(vifl); )
- (vi—l)

rae F(x) — dyHKIus pacmupeseseHns HapaOOTKH 10
nepBoro otkasa (HI1O) mis abcomoTHO HOBOTO 2IEMEHTA.

Mopens Kuxuma-1 npenmonaraer, 4To n-€ BOCCTa-
HOBJICHHE BJIMSCT TOJIFKO Ha TOBPEXKICHUS, ITOTYyUCHHEIC
AIIEMEHTOM MEXAay (n — 1)-M u n-M OTKa30M, yMEHBIIIas
MPHUPOCT BUPTYAIBHOTO BO3pacTa JIeMeHTa ¢ X; 10 ¢X;.
BupTyansHBIil BO3pacT 3JEMEHTA MOCIE /1-TO BOCCTAHOB-
JICHUST MOXKHO 3aITiCcaTh B BHJIC:

F(x|v,_ )=

v, =V, +qX,=qY, X, =qS,; v, =0; )
i=1

Mopens Kixuma-2 npeanosnaraet, 4To KakJ0e BOCCcTa-
HOBJICHUE BJIUSIET HA CYMMapHbIE MTOBPEKICHHSI, COOTBET-
CTBEHHO yMEHbILIasi CyMMapHbI BUPTYaJIbHbIN BO3pacT:

Vv,=qv, +qX,=q(q"" X+ ¢ X+ .. +X,); v,=0; (3)

Taknm o6pazom, pacnpeneneane HITO n koappunment
¢ TIOJIHOCTBIO OINPEAENSIOT MPOLECChl BOCCTAHOBIIEHHUS
mozneneit Kikuma. B Tom uncne, no [2, 3, 4] ciyyaii g =0
OIMHKCHIBAET MOJIHOE BOCCTAHOBIIEHUE, Cilydall ¢ = 1 omnu-
ChIBa€T MMHUMAJIEHOE BOCCTaHOBIIEHHE, cinydail 0 < g < 1
OIIMCHIBAET HETIOJIHOE BOCCTAHOBICHHUE «XYXKE, YeEM HOBOE,
HO JTydIlie, 4eM ObIJI0 TIepest oTKkazom». O1eHKa mapaMeTpoB
MOJIENN BO3MOXKHA PA3IIMYHBIMU CITOCOOAMH.

2. MNapameTpuyeckas oLeHkKa
napameTpos MoAaenun

2.1. MeTOoa MakCcuUManbHOIro
npasgonopnoousa

PaccMOoTprM NOXO C HCIIONB30BAHUEM METOA MAKCH-
MainrpHOTO nipasaonoxodus (MMII) [ 1, 5]. B kagectse momy-
IIEHUs 371eCh U Aajee Oynem npeamonarats, uto HI1O mveet
pacmpenenenne BeiiOymra. @yHKIHS 3TOTO pacipeaeIeHus
nMeeT pa3nuaHbie popMmel 3amucu. B pabote ncnonb3oBana
cienyromnias popMa, yrpouamonas AalbHeHIINe pacyeTsl:

F(x)=1-exp(—Ax"); B =>1. 4)

Jms (1) ¢ yaerom (4) morapudmudeckas QpyHKIHUS IpaB-
noniopoowust (JIDIT) uzsectHa [4]:

In L(LB, ¢)=n(In %+ Inp)+ xﬁ v, P= (X, +v_ )1+

HB-DS (X, +v,): 5)

7€ v; 3aBUCST OT ¢ B Buze (2) umm (3).

OreHkd A, B, ¢ MOTYT OBITh TTOTyYEHBI C TPUMEHEHHEM
YUCIIEHHBIX MeTOOB [ 1, 5].

Jlanee npernoaoKuM, 4To 1Mol HaOJTIOICHUEM HaXOAUTCs

4

OTHOBPEMEHHO k a0COITFOTHO OTMHAKOBBIX BOCCTaHABIIMBAC-
MBIX BJIEMEHTOB. B TakoM cirydae ronaraem, 4ro i-e BpeMeHa
OTKa3a UMEIOT OJMHAKOBBIE PACTIPEICNICHUS JUIsl KaXK/I0TO
anemenTa. 3anuiem JIOIT ananoruyano (5), HO ¢ OHOBpeE-
MEHHBIM Y4eTOM k BEIOOPOK BpEMEH 10 oTKa3a [3]:

InL(MLB,q)= i n; (InA+ InP)+

Jj=1

[Vj,i—lﬁ _(Xj.i +vj,i—1 )B ] +(B _1)2 2’1, hl(X/,i'l' Vii-l ) (6)

k n
= j=1 i=1

1Y,

j=1 i=

OyukIus (6) 1aeT BO3MOXKHOCT HAMTH OLIEHKH TTapame-
TPOB aHAJIOTHYHO (5).

2.2. OueHka NorpewHoCcT MeToaa
MaKCUMaJibHOIro npaegonoanoousa

Uro0b! HaliTu aucniepcuu oreHok MMII, HeoOxoanmo
MOCTPOUTH MH(pOpManMOHHYyI0 MaTpully ®umepa [6, cTp.
201]. 3anmmem Bektop mapametpoB (A, B, ¢) B Buzae (04,
0,, 03). DnemeHnTH HHDOPMAIMOHHON MaTpuilel Dumrepa
BBIUHCIISIIOTCS CIIEAYIONIMM 00pa3oM:

d’InL
00,00,

Jucriepcru OLIEHOK OTPEICISIFOTCS U3 KOBAPHAITMOHHON
marpuupl V= !, nmpu stom D(0,)=V(i,i). dns JIOII (6) k
HAOTIOACMBIX UICHTHYHBIX YIIEMCHTOB BO3MOYKHO aHAJIO-
THYHBIM 00pa3oM paccuuTarh dMeMEHTHI /(i,j) MaTpHIbl
Owumepa [, manee HAUTH COOTBETCTBYIOIIYIO JHCIICPCUIO
Dy(6,).

Y 1106010 j-TO M3 HAOMIOMACMBIX A DJIEMEHTOB KOJTHYE-
CTBO MPOM3OUIEIIMX OTKA30B /1; HMEET OJMHAKOBOE pac-
TpeieNicHne U MaTeMaTndeckoe oxxkumganne (MO):

Mn, = Mn;j=1. k.

Jnst i-f HapaOOTKM j-TO 2JIEMEHTa X ; B COOTBETCTBYIO-

IIETO BUPTYAJIBHOTO BO3PACTA V; ;.| TOTYIHM:

MX, =MX,; j=l.k

Li»
My, =My, ,; j=l.k
OtMmeruM TaxxkKe, 4To HapaboOTKu 1-ro anemeHra X ; He
3aBHCAT OT HAPAOOTOK 2-ro d7eMeHTa X, ; , TPETHETO H T.I.
Ut moOoro i. McenemyeM 3meMeHTh MaTpHIIBI 1, TIOCTPO-
SHHOH 11 (6) U CPaBHUM HX C 3JICMEHTaMH MaTPHIIEI [},

MTOCTPOCHHOM ISl OTHOTO DJIEMEHTA C TTOMOIIBIO (5):

k
o*InL 2 j=1 n;
|=-M[—75—
oA’ A\

- —kM[%] = kI, (1,1) = KI(1,1).

1, j)=—-M[

I

1L = —M[ 1=

AHAJOTUYHO JIJTS OCTANBHBIX 3JIeMeHTOB [(i,7) = kI(i ),
OTKY/Ia MOJTY4UM JTUCIICPCHU: |

D(0)=V, @)=, (D)= 1" @)=

1 1
- ;Dl (ei) = ;D(ei)'
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[NonyueHHbIE pe3yNIbTaThl 03HAYAIOT, YTO B CTATHCTHYC-
CKOM CMBICJIC TUCHEPCHSI OL[EHOK 0GPATHO NMPOMOPIHUO-
HAJIbHA KOJMYECTBY HAOIIOAAEMbIX HICHTUUHBIX dIICMEH-
ToB. MHa"ge TOBOPS, AUCIIEPCHS OIEHOK 1O k BBIOOpPKaM
OHOTO 00BeMa OYIeT B k pa3 MEHBIIIE AUCTICPCHH OIICHKH
[0 TOJILKO JIMIIIb OJIHOW M3 MPEACTABICHHBIX BBHIOOPOK.
3mech HEOOXOMUMO OTMETHUTB, UTO TMporiecchl Kmkuma He
SIBJSIFOTCST OJIHOPOJIHBIMH, MMOITOMY JaHHOE CBOMCTBO HE
CJIE/IyeT U3 OIPEICIICHHS CAMUX MPOLIECCOB.

3. OueHku Beagyuiein GyHKUMN NOTOKA
MEeTOA0M KOHEYHbIX CYMM

MO cpennero uncia 0Tka3oB Ha uHTepBasie (0; ¢] Takxe
M3BECTHO, KaK «(QYHKIUS BOCCTAHOBIICHUS, «BEAYyILas
¢byukuus norokay (BOIT). /s citydas HENOJIHOTO BOCCTa-
HOBJICHUSI JAaHHAsI BEJIMYMHA ONPEIENIIETCS] MHTErPAIbHBIM
ypaBHEHHEM, pellieHHEe KOTOPOro HEBO3MOYKHO aHaIUTHYE-
CKHUM ITyTEM, U JIa)Ke YUCIICHHOE PEIICHUE 3aTPYJIHUTEIBEHO
[2]. ITo onpenenennto, BOIT MmoxkeT OBITH MpeCTaBICHA B
BHJe OECKOHEYHOI cyMMEI [7, cTp.88]:

H(x)=Y.G,(x) ™

rae G;(x) — GyHKIuS pacipeneaeHuss MOMEHTa BpEMEHN
i-To oTKa3a S;.

B ommume ot pacnpenenenns (1), Gy(x) — 6e3ycnoBHOe
pacnpenenenue. Halinem G,(x), A1 3TOTO paccMOTpuUM S;
KaK CyMMY CIy9alHBIX BeNW4HH S, U X;, Tae X; — i-s Hapa-
00TKa J10 0TKa3a; jajee HaiieM QyHKIHUIO pacipeiesieH s
3TOH CYMMBI:

G(x)=P(S_+X,<x)=

T CSrqy)
= '([gi—l (y) _([ —I—F(qy) dzdy =
t e o
=y G =) = Flank ®)

[Ipeobpasyem (8) k BUIY, yT0OHOMY [UIS PacUETOB:

G.(x)=[ G, (")RCx. ). ©)
_ (g-Dfx+y(g-1)
R == )
qaf (9y)
- [F ~1)-1].
(= F(q)) [F(x+y(g=1))~1]

B cnydae pacnpenenenus BeiiOymia mocieqnee BeIpa-
KCHUE TIPUHUMAET BUJI;

Ry (x,9)=MB(q(q»)" ' ~(g=Dd" ) exp(r(qy)~d")),

rmed=x+y(g—1).

Bripaxkenune (9) omnpenenser peKyppeHTHYIO 3aBHCH-
MOCTb MEXIY QYHKUHSIMH paclpeleiecHHs MOMEHTOB
BpEeMEHH OTKa3oB. 3Has pacmupenenenue HIIO (4), mbr
MOKEM BBIYUCIIUTD HEKOTOPYIO KOHEUHYO CyMMY (DYHKIIHI
pacnpezieieHHs. AHAIOTHYHOE PEKYPPEHTHOE COOTHOIIIE-
HHE OBLIO IOJYYeHO Ul TUIOTHOCTH PaclpeneseHus i-i
HapaOOTKH 10 0TKa3a:

aE(x) [ gi—l(y)
& (x)=— =£1_F(qy)f(X+y(q—l))dy=

= g, ()00, y)y.

B ciyuae pacnpenenenus BeitOymna Beipaskerne O(x,))
MIPUHUAMAET BHI:

0y (x,y)=d"" exp(M(g»)" —d").

W3 (7) M1 moxkeMm Haiitn 3HadeHne BOII ¢ HexoTopoii
yOBIBAOIIEH C POCTOM I MMOTPEITHOCTHIO.

4. OueHK MeToA0M CTaTUCTUYEeCKUX
ucnbiTaHUA

4.1. MopgenupoBaHue HapaboTOK
[0 OTKa3a

Cuuntas U3BECTHBIMHU 3HAUCHHS MMapaMeTPOB pacipe-
neneHusT ¥ Kod(hpUIMeHTa BOCCTAHOBICHHUS MO
KI/I}KI/IMa, CTAaHOBUTCA BO3MOXHBIM MOJCIHNPOBATL IIPO-
neccol Kmxuma (2) u (3). @ynkuus pacupenenenus HITO
onpeneinsiercs (1). U3 [4] nonyunm dopmyny juis i-it Ha-
paboTKH 10 OTKa3a:

X =((v_ ) -2"In0)" _v_, (10)
Jns mopenupoBanust Heobxoaumo paseirpath U~U[0;1].

4.2. OueHka Beaywiein pyHKUNN
noTtoka

[TonynsipubiM criocobom Beruucienust BOII B ciayuae
HEIIOJIHOIO BOCCTAHOBIICHUS SBJISETCS METOJ CTATUCTHU-
YECKUX HUCHBITAaHUM, MPUTOAHBIA B T.4. JUIS MPOTHO3UPO-
BaHMs OleHKH B Oymymem. [lnst onenkn BOII B Touke ¢,
HEO0OXO0AMMO pa3bIrpaTh MOCIE0BATEILHOCTD CIIyYaiHbIX
BEJINYUH — HAPAOOTOK JI0 OTKa3a. N; — KOIIMYECTBO OTKA30B,
MPOU30LIEIIINX 10 BpEMEHH £, ecTb 3HaueHue BOII, nanee
MOJIEJIIPOBAHYE MTOBTOPSIETCA HEOOXOIUMOE YHCIIO pa3 S.
HWrorosas onenxa BOII H,(f) Berunucisiercss Kak cpeiHee
13 CMOJICIIMPOBAHHBIX 3HAYCHHH [S5]:

HM(t)%iN,. (1)
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4.3. OueHka cpegHero nNnpsMoro
M 00paTHOro 0OCTaTO4YHOro BPEMEHM

Cpennee npsimoe ocraroanoe Bpems (CITIOB) [7] — ato
MO ocrasuierocst BpeMeHH padOoThl 00BEKTA JI0 0YEPETHOTO
OTKa3a OT MOMEHTAa BPEMEHH #, B KOTOPBII cucTeMa Obuia
pabdotocmocoOHa.

Cpennee obpataoe ocrartounoe Bpems (COOB) — 3to
MO Bpemenu paboThl 00BEKTa OT Havaja SKCILTyaTaluu
100 MOCIIeTHEr0 BOCCTAHOBIICHUS 0 MOMEHTA BPEMEHU
¢, B KOTOPBII cucTeMa paboTocrocooHa.

JlaHHBIC pecypCHbIE XapaKTEePUCTHKH PACCUMTHIBAIOTCS
TOJIBKO JUTSI BOCCTAHABIMBAEMBbIX JJIEMEHTOB. AHAJIOTUYHO
B®II, npsamoe Beruncaenune CIIOB u COOB nns moneneit
Kwknma sBiisieTcsi HeTpUBHAIBHOM 3a/1adyeid, 03TOMY
aBTOpaMU IpeAJIaraeTcsi MOIX0, OCHOBAaHHBIN Ha METO/IE
craructndyeckux ucnbiTanuit. {ns ouenku CIIOB u COOB
B TOYKE #, HEOOXOJMMO Pa3bIrpaTh MOCIJIEA0BATEILHOCTh
CITy4alfHBIX BEJIMYMH — HAPaOOTOK 110 0TKa3a {X, }, COOTBET-
CTBYIOIIYIO ITOCJIE0BATEILHOCTH MOMEHTOB OTKa3a {7},
Takyo, uto 7, ; <t < T,, Kak IOKa3aHO Ha puc. 1:

Bpewms
"R t V(@) "
Puc. 1. MOI[eJ'II/IpOBaHI/Ie MOMCHTOB OTKa3a JJIs1 BbIYUCIIC-
HUA OCTATOYHOTO BPEMCHU

Onenkn CIIOB V(f) n COOB R(f) BbIUHCISIOTCS KaK
CpelHee U3 CMOJICTMPOBAHHBIX 3HAYCHHUIL:

PO =<7, -0y (12

RO=<X-T,.) (13)

Hwoke B 11.6 Oy/tyT IpUBEACHBI pE3yIIbTaThl PACYETOB MO
JIAaHHBIM (hopMyIIam.

4.4. OueHka NorpeLHocTn

BbIYUCJIEHUA MeTOA4A0M

CTaTUCTUYECKUX UCNbITAHUN

Kak H3BCECTHO, IPU UCTIOJIb30BAHUHN METOJa CTaTUCTUYC-
CKHUx I/ICHI)ITaHI/Iﬁ MOHO IMOJYYUTH OLUCHKY IMOTPEITHOCTU
HE rapaHTUPOBAHHO, a JIHIIb C HCKOTOpOﬁ CTCIICHBIO 10-

croBepHocTH. CornacHo [8, ctp. 234] u LIIT, nonyuaem
BEpXHIOW rpanuiyy omuoku jist (11) ¢ xoaddunmenTom

JoBepust [3:
D(H,,)
SSZB"—SM ; (14)

re: f3 — 3HaueHue aprymenta ¢pynkuun Jlamnaca @(7),
nipu kotopom D(7) = /2.

s 2
Zi:l(HM _Ni )
S-1
— HECMeEIIEHHast OLIEHKA JUCIIEPCUH OLEHKH H ;.

D(H, )=

5. UccnepoBaHue cyuiecCTBOBaHUSA
npeaenbHOM TOYKU npouecca Kmxuma

5.1. PacxogpumocTb
nocnepoBaTesibHOCTU MOMEHTOB
OTKa30B AJ11 MUHUMAJIbHOI O
BOCCTaHOBJIeHUS

JIJ11 HEeKOTOPBIX MOJIeNIel HEMOJIHOTO BOCCTAHOBIICHMUS,
10CJIEI0BATEILHOCTh MaTeMaTHYecKuX oxkuaanuii (MO)
MOMEHTOB BpEMEHH i-r0 oTkaza M(S,), MOXKET CXOAUTHCS,
T.€. UMETh Ipefen npu i — . B yacTHOCTH, /U1 TeoMe-
TPUUECKOTO INpolecca — MOCIeA0BaTeIbHOCTH HEOTPUILIa-
TEJILHBIX HE3aBUCHMBIX CIIyYaiHbIX BeIM4YHH {A,; n = 1,
2...}, TaKMX, YTO BBIIOJIHAETCS CIIE/YIOIIEe PABEHCTBO MO
pacnpenenenuto [9, c. 81]:

d
Anﬂ = YAn >
CIIPaBEJIJINBO:

M(S.) = M( limSn) _MA,
n—eo 1-— v
rae: MA — MO 1-it HapaOOTKH 10 OTKa3a;

vy > 0 — 3HaMeHarenb (mapaMmeTp) reoMeTPUIECKOTO
nporecca.

Jloka)keM OTCYTCTBHE CXOIUMOCTH NOCIEA0BATEIbHOCTH
MO momeHTOB 0TKa30B i Moaeneit Kmkuma ams pacnpe-
nenenust BeitOymia. Paccmotpum yacTHbIN ciyyait g = 1.
®opmyna (9) npuHUMaeT BUI:

G, (x)=[ G, ()M exp(A(y" —x" )y =

X

e J.e”Ls G, (»dn') =
0
1

A
=e je’ G, (U)d;

0

Hpexcz[e BCCro, 3aMCTHUM:
1
t\p

G(x)=1-¢";GU)=F (X) =1l-¢7;

G,(x)=G,(x)-4e";urn
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OTciona noiry4aeM HepeKyppEeHTHOE BEIPAKEHHE B SIBHOM
Buze s (9):

2 3 i-1
G (x)=1-¢" A |
21 31 (i—1)!

Haiinem MO i-ro MOMeHTa OTKa3a:

M, = ]:(l—G,. (x)dx =

oo A2 A3 Ai*l
=Je”’ I+ A+—+—+..+— d;
) 21 31 (i—1)!

nckomoe MO npesncTaBiaeHo B BUJE:

M., = C(F(%)-f- F(é+1)+...+%l‘(%+i)) =

- C{r(éwjﬁl%r(%w)]; (15)

rae C = const; [ — ramma-QyHKuus.
Hust j > 3 cornacHO CBOMCTBaM ramMMa-(QyHKINH CIpa-
BEJIUBO:

Irdijystroy=L
j B J J

i%l‘(é+ j)> 21—> 00; [ —> oo,
J

j=1J" Jj=1

CrnemoBaTenbHO, ITOCIEAOBATEbHOCTE (15) pacxoaures,
WHaYe TOBOPS:

lim M, = lim M(S, | q = )=lim ¥, M(X |g=1)===. (16)
i—oo i—oo i—oo =t

T.e. anist vacTHOrO cityyasi ¢ = 1 mocienosareabHOCTE MO
MOMEHTOB OTKa30B PACXOAUTCS MpH pacnpeneneHun Beii-
oymna st HITO u mogenu Kwkuma-1 nn Knxmma-2.

5.2. PacxoaMMOCTb MOMEHTOB

OTKa30B AJi1 HernoJ#iHoro

BOCCTaHOBJ1IeHUdA

C yuerom (2) u (3) s moneneit Knkrva BepHO: BUPTY-
QJIBHBIA BO3PACT MOHOTOHHO BO3PACTALT IIPU BO3PACTAHHU

mapamMeTpa ¢ TIpu IPOYNX PaBHBIX YCIOBHAX, ISl MOJICITH
Kmxuma-1 nmeem:

My, = qi]\/LX,..

i=1

B 000011eHHOM BUjie — €Cli ¢ < ¢, TO:

v, (4) <v,(4,)s (17

M@, (4,) <M®©,(q,)).

[anee, nccienyeM yciaoBHYI0 (pyHKIHIO pacrpenese-
Hus (1):
Fx+v,_)-F(,_)

Rv)==—="%0"3

[Ipu pacnipenenennn Beiibymna (4) s HI1O, dynxums
MIPUHUMAET BHI:

F(x|v_)=1- exp(k(vl._lB —(x+ vl._l)B).

Ipu pukCUpOBaHHOM X, JaHHAS (YHKIUS MOHOTOH-

HO BO3PACTACT MPU BO3PACTAHUHU V, HHAYE TOBOPS, €CIU
s sk .
Vi1 <V i, TO:

F(x| V*H) < F(x] V**Hl

C yuerom (17), ecin g1 < g,, TO BEpPHO Clieytoliee He-
PaBEHCTBO:

F(x|vi, () < F(x|v_(¢,))

ITockonbky:

M(Xi Vi (q))= T{l - F [x v,y (‘])]}dX,

TO OTCHOJA CJICAYCT:

M(Xi Vi (QI ))> M(Xf Vi (qz ))’

MM (Xi Vi (% ))> MM (Xi 1viy (q2 ))’

oTKyna 1o cBoiictBy MO mnomydaeM HEpaBEHCTBO AJIs
0€3yCI0OBHOTO CPETHETO:

M (X, (q,))> M (X, (z,))- (18)

C yuerom (16) n (18) mpuxoamum K ciieyIomemMy BbIBO-
Jly: €CIIM JaHHBIM PsJl pacXoauTcCs Ipu ¢ = 1, TO TaHHBII
pan sBisieTcs pacxoadamumMces u npu g<[0; 1] npu npounx
paBHbIX ycnoBusix. CneaoBaTrenabHO, NOCIEI0BATENILHOCTD
MO MOMEHTOB BpeMEHHU i-ro oTkaza Mmojenell Kmxuma-1
n Kmxuma-2 u pactpenenenus BeitOynna ainst HITO pac-
xonuTest Ha g<[0; 1].

6. NMpumep pacyeTa

AnpoOupyeM H3yUCHHBIE MOJEIIN Ha PeajbHBIX JaH-
HbIX. J[j1s1 3TOTO BOCTIONB3YEeMCsT HH(pOpMAIHel 00 oTKazax
YCTPOICTB HAKOIUICHHUS M 00paboTKu WHGpOpMAIIH, pa-
0O0TalOIMX B COCTAaBE INTATHOTO OOOPYIOBAHMS aTOMHBIX
aneKTpocTaHnyil. s 2 BRIOPAHHBIX YCTPOMCTB 32 BpeMs

7
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T=8x10* 1 6611 3adurcupoBan 121 orkas. 3nauenus JIOII (6),
OLICHKH MTapaMeTPOB M JOBEPUTEIbHBIC HHTEPBAIIBI AT 10-
BepUTENbHON BeposiTHOCTH 0,95 mprBeneHs! B Tabmure 1:
Taoauna 1. OueHKH MapaMeTpoB MoOJeIH
AL
0,186
0,192

AB
0,196
0,172

Ag
0,574
0,043

WL | 2 | B | ¢
-135,353[0,264|1,345(0,384
-135,707[0,244|1,293| 1,000

Monenn
Kwxnma-1
Kwxnuma-2

Wcxons u3 3nauennit JIDII, nenecoobpazHee BHIOpaTh
Mozens Kmxnma-1 ans nanpHeiimero mcclieloBaHus,
Kak obnanarontryto Makcumymom JIDIT u3 cpaBHMBaeMbIX

Beaymas ¢pyHKIHS HOTOKa, y.e.

Mozeneid. bonpmme gOBepUTENbHBIE HHTEPBAIBI OIEHOK
OOBSACHSIOTCS HEAOCTATOYHBIM KOJIHMYECTBOM HCXOTHBIX
naHHbIX. ToueuHble oneHKU 3HaueHui BOII npuBeneHs! Ha

puc. 2 ¢ 0003HaYCHUSIMH:
H(t) — crynengaras smnupudaeckas BOIL:

H.(t)=1,i:T,<t<T,;

H,(f) — BOIT ans mogenn Kmxuma-1 MeTomoM cTatu-

CTHYECKUX UCTBITaHUH 10 popmyre (11);

H(t) — BOII quis mogenu Krknmva- 1 MeTo1oM KOHEUHBIX
cymm 1o popmymnam (7) u (9);

Puc. 2 nemMOHCTpPHUpYET, YTO CpAaBHHBAEMBIE METOJBI
Jar0T MPaKTHYeCKU WACHTUYHBIC pe3ynbTaTbl. OUeHKH

Bexymas ¢pyHKIHI MOTOKa, y.€.

60 60
50 / 50
Hyy(1) ' Hy (1) >
40 \ - 40 \ -
30 V 30 V
20 A 20 \
/ ) \HC (t) / ) \Hc (t)
10 / 10 /
0+ 0+
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
t, THIC. Y. t, THIC. Y.
a) 0)
Puc. 2. Ouenka BOIT meTonom a) cTaTUCTUYECKUX HCIBITAHUI U 0) METOJIOM KOHEYHBIX CYyMM
CpenHee npsMOe OCTATOYHOE BPEMS, ThIC.U. Cpexnsee o6paTHOE OCTATOYHOE BPEMs, THIC.U.
3 2
v 1.8 443
2,5 ZANY R)
= / 16 34
\ [ N
) ! AN
2 13 M AN
! ~ ~
N 1.2 1+ >3
3 : e
L3 R e SEEE .
~~ U ~ =
SS{=s_ 0.8 :
1 \::-‘\=--_-\ '
T=E===: 0,6 )
|
|
0.4
0.5 A
0,2
0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
t, THIC. Y. f, TBIC. Y.
6)

a)

Puc. 3. OneHku cpeaHero a) mpsMoro u 0) 0OpaTHOTO OCTATOYHBIX BPEMEH
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BO®II H,(f) n Hi{(f) XOpomIo COOTHOCATCSI C 3KCIEPHMEH-
TAIBbHBIMH JTAHHBIMHU — (DyHKIMEH H(f), 1 IPUTOIHBI JUIs
MIPOTHO3UPOBAHMS.

WHTepBasbHBIE OIIEHKH OCTaTOYHOTO BPEMEHH ITpHBEIe-
HBI Ha puC. 3 ¢ 0003HAYCHUSIMHU:

V(t) — onenka CIIOB mis momenn Kmxuma-1 mo dop-
mymnam (12) u (14);

R(#) — ouenka COOB mist momenu Kmxuma-1 mo dop-
mynam (13) u (14).

Kax Buyno Ha rpaduke, onenku CITOB n COOB nocro-
SIHHO YOBIBAIOT M Ha HAOJIIOaeMOM IIPOMEXKYTKE BPEMEHN
HE IMEIOT aCHMITOTHYECKOTO IPEJIeIbHOTO 3HAYCHUS], UTO,
B TOM YHCIIE, CBUJICTEILCTBYET 00 OTCYTCTBUH CTAI[IOHAP-
HOTO peXHMMa Ha MHTEpBaJie HAOIIOICHNUS, TIOCTEICHHOM
YXYALICHUN €r0 XapaKTepUCTHK W HAJIWYHH HETOJHOTO
BOCCTaHOBIICHUSI.

3aknyeHue

Mogenn Kuxnma nmo3BOJISIIOT yYUTBIBAaTh Cllydail He-
MTOJTHOTO BOCCTAHOBIICHUS «XyX€, YeM HOBOE, HO JIy4IIe,
4geM OBITO Tepe]] OTKa30M». B craThe ocBemaeTcs crocod
MTOJYYCHUST MHTEPBAJIBHBIX OIICHOK ITapaMeTpPOB MOIETICH
Kmxiva B mpennonokeHun pactpeneneHus BeitOyma mis
HapaOOTKH JI0 TIepBOTO OTKa3a. JlokazaHa 0OpaTHO poIop-
IIHOHAJbHAS 3aBICHUMOCTD BEJTMINHBI TUCTICPCHH OT YHCIIa
HAOTIOMAeMBIX 3JIEMEHTOB. J[0Ka3aHa PacXOqUMOCTh IIO-
CJIe[I0BATEILHOCTH MATEMATHUYCCKUX OKUJaHUI MOMEHTOB
BPEMEHH i-TO OTKa3a 1 Mozaeneit Krmxrma.

[pemmoskeH METOI TOYCIHON OIICHKH BEAYIICH (QYHKITHN
MMOTOKA, OCHOBAHHBIM Ha BBIUYMCICHUH KOHEYHBIX CYMM.
Taxoke, aBTOpaMHu TPEIIIOKEHO UCTIONB30BaTh METOH CTa-
TUCTHYCCKUX UCTIBITAHUHN UIS OLEHKH CPETHETO MPSMOTO
1 00paTHOTO OCTAaTOYHOTO BPEMEHH JUTs Mojieneit Kinknma.
[IpuBeneHBI OICHKH XapaKTEPUCTHK HaIE&KHOCTH IO JTaH-

HBIM 9KCIUTyaTalluyl yCTPOMCTB HAKOIICHUSI M 00paboTKN
nHpOpMaLNH, padOTAIOMINX B COCTABE IITATHOTO 000PyI0-
BaHMS aTOMHBIX JICKTPOCTAHIUH.
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Chumakov I.A., Chepurko V.A., Antonov A.V.

ON SOME PROPERTIES OF KIJIMA INCOMPLETE
RECOVERY MODELS

The article analyses some properties of Kijima incomplete recovery models using a Weibull distribution for
time to first failure. The maximum likelihood method is used for assessment of distribution parameters and
recovery coefficient. Confidence limits have been identified using a Fisher information matrix. The authors
consider cases of processing data from several identical elements and prove the inverse relationship
between the deviation value and the number of elements. The paper examines two ways of assessing the
leading function of the deteriorating component flow. A comparison is made between the new approach that
represents the leading function of the flow as the ultimate sum and the approach that uses the statistical
testing method. The paper suggests the method of calculation of the average direct time and reverse
residual time based on the statistical testing method. Several demonstration examples are given.

Keywords: incomplete recovery, Kijima models, Weibull distribution, leading function of flow, average
direct residual time.

Introduction

Models that involve complete or minimal recovery are the most commonly used in depend-
ability calculation of recoverable systems. Technical systems, as a rule, normally function in a
more complex manner with incomplete (partial) recovery. Models that take into consideration
incomplete recovery are becoming more and more popular. That includes the Kijima models
that are covered in this paper.

1. Extended recovery process, Kijima models

In case of immediate recovery the real age of an element at the moment of the n-th recovery
can be represented as the sum of all of its times to failure:

S, = zn:X,., S, =0;
i=1

where X is the time to the i-th failure.

Let us introduce a certain constant value ¢ that is called a recovery coefficient (factor). We
will define the virtual age of an element as a certain function v such that v = v({X}, ¢g). The
virtual age and distribution of time to failure are related by the following formula: let v, ; be
the virtual age of the element at the moment of the (i — 1)-th recovery. Then, random value X;
has the following conventional distribution function [1, 2]:

F(X+Vi,1)_F(vifl) .
1_F(Vf—1)

where F(x) is the function of distribution of time to first failure (TFF) for an absolutely
new element.

F(x|v,_ )=

(1

10
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The Kijima-1 model implies that the n-th recovery af-
fects only the damage received by an element between the
(n—1)-th and the n-th failures reducing the element’s virtual
age increment from X; to ¢X;. An element’s virtual age after
the n-th recovery can be written as follows:

v, =V, +qX,=qY,X,=qS,; v, =0; ©)
i=1

The Kijima-2 model implies that each recovery affects
the total damage, thus reducing the total virtual age:

v.=qv, + anzq(q"_1X1+ q”'2X2+ .t X)); vy=0; (3)

Therefore, the TFF distribution and coefficient ¢ com-
pletely define the Kijima models recovery processes. Among
others, according to [2, 3, 4] the case of ¢ = 0 describes a
complete recovery, the case of ¢ = 1 describes a minimal
recovery, the case of 0 < ¢ < I describes incomplete recovery
“worse than new but better than before the failure”. Model
parameters can be evaluated in a number of ways.

2. Parametric evaluation of model
parameters

2.1 Method of maximum likelihood

Let us consider the approach based on the method of maxi-
mum likelihood (MML)[1, 5]. Here and further the assumption
is that the TFF has a Weibull distribution. The function of this
distribution has various notations. In this paper, the following
form is used in order to simplify further calculations:

F(x)=1-exp(-Ax"); B >1. (4)

For (1) subject to (4) the log-likelihood function (LLF)
is known [4]:

In LB, q)=n(Ink + Inp)+ xi v P (X, +v,_ )1+

FB-DY (X, +v,, ) 5)

where v; depend on ¢ as (2) or (3).

Estimation 1, B, ¢ can be derived by means of numerical
techniques [1, 5].

Then let us assume that under observation are simultane-
ously & absolutely identical recoverable elements. In this
case we assume that the i-th failure times have identical
distributions for each element. Let us write LLT as in (5), yet
taking into consideration k samples of failure times [3]:

lnL(X,B,q):inj (InA+ InB)+
+7“i ” [Vj,i-lﬁ_(X/:i+V;,i—1)ﬁ]+(B_1)iiln(x.fﬁiﬁ_v.f»f“)‘(@

j= j=1i=1

i

Function (6) allows finding parameter estimations as in (5).

2.2 Error estimation of the method
of maximum likelihood

In order to find the MML estimation variance, we must
use a Fisher information matrix [6, page 201]. Let us write
the parameter vector (11, B, q) as (4, 4, 13). The elements of
a Fisher information matrix are calculated as follows:

’InL
00,00,

Estimate valiances are calculated by covariance matrix
V=, while D(u;)=V(i,i). For LLT (6) of k observed iden-
tical elements it is possible to similarly calculate elements
I,(ij) of the Fisher matrix /;, then to find the respective
variance Dy(1;).

Any j-th of the observed k elements has the number of
failures n; with identical distribution and mathematical

j
expectation (ME):

1G, j)=-M[

!

Mn; = Mn,;j=1..k.

For the i-th time to failure of the j-th element X;; and
respective virtual age of v; ;.| we deduce:

MX,, =MX,; j=1l.k

1Li?
Mvj’ii1 =My Jj=1.k

Li-1°

Also note that the times before failure of the first ele-
ment X; ; do not depend on the times before failure of the
second element X, , third, etc. for any i. Let us examine the
elements of the matrix [, constructed for (6) and compare
them with the elements of the matrix /; constructed for one
element using (5):

k
azlnL _ Mz;lenj
oz 1M

= —kM[%] = kI,(1,1) = kI(1,1).

Ik(l’l): _M[

1=

Similarly, for all the other elements /;(i,j) = k/,(ij), from
where we deduce the variance:

DLO) =V, )= 17 ()= 1) )=

1 1
= D0)=-D6)).

The results indicate that in statistical terms the estimate
variance is negatively related to the number of observed
identical elements. In other words, estimate variance per k
samples of the same size will be & times smaller than the
estimate variance per a single sample. It should be noted
that Kijima processes are not homogenous, therefore this
property does not follow from the definition of the proc-
esses themselves.

11



ON SOME PROPERTIES OF KIJIMA INCOMPLETE RECOVERY MODELS

3. Estimation of the leading function
of the stream based on sum total
calculation

The ME of the mean failures per interval (0; 7] is also
known as the recovery function, leading function of the
flow (LFF). For the case of incomplete recovery this value
is defined with an integral equation that is impossible to
solve analytically, while even the computational solution
is complicated [2]. By definition, LFF can be represented
as an infinite sum [7, ctp.88]:

H(x)= ZG (x), @)

i=1

where Gj(x) is the distribution function of the time point
of the i-th failure of S,.

Unlike distribution (1), G{(x) is an unconditional distribution.
Let us find Gy(x). In order to do that let us consider S; as a sum
of random values S;_; and X;, where .X; is the i-th time to failure.
Next, let us find the distribution function of this sum:

G.(x)=P(S,_ 1+X. <x)=

_jg, ()_[ qy) bdy =

1F()

8 (y)

F -1)-F : 8
~ F(qy)[ (x+y(g=1) = F(gy)dy ®)

Il
S S—
—_—

Let us transform (8) in order to make it suitable for
calculations:

G, (x)= [ G, (v)R(x. ). ©)

(¢g-Df(x+y(g-1)
1-F(qy)

[F(x+y(g=1)~1].

R(xzy): -

_4f ()
(1-F(qy))*

In case of a Weibull distribution the last equation changes to:
Ry (x,9)=MB(q(q»)" "' ~(g=Dd" ) exp(M(g)' = d")),

where d = x + y(qg — 1).

Equation (9) defines the recurrent dependence between
the distribution functions of failure time points. Knowing the
TFF distribution (4) we can calculate a certain sum total of
the distribution function. A similar recurrence equation was
deduced for distribution density of the i-th time to failure:

g (x)= aFé’)Ex)=J' & 1()’)

- F(q ) +y(qg—1D)dy =

=g, (¥)O(x, y)dy.
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In case of a Weibull distribution the equation Q(x,y)
changes to:

0, (x,y)=d"" exp(M(g)" —d")).

Out of (7) we can find the value of LFF with a certain
error that decreases as i increases.

4. Evaluation by means of statistical tests

4.1 Modeling of times to failure

Assuming that the distribution parameters and recovery
coefficients of the Kijima models known, it becomes pos-
sible to model Kijima processes (2) and (3). The TFF dis-
tribution function is found as (1). Out of [4] we will deduce
the formula for the i-th time to failure:

X =((v.) -2 v, (10)

For modelling, U~U[0;1] must be played.

4.2 Estimation of the leading function
of the flow

In case of incomplete recovery, a popular way of calculat-
ing LFF is the method of statistical tests that, among others,
is suitable for evaluation prediction in the future. In order to
evaluate LFF in point ¢, it is required to play a sequence of
random values, times to failure. N is the number of failures
that occurred within time ¢, i.e. the value of LFF. Then,
modeling is repeated the required number of times S. The
final estimate of LFF H,,(¢) is calculated as the mean of the
modeled values [5]:

HM(t)=éZS:N,.. (11)

4.3 Estimation of the average direct time
and reverse residual time

The average direct residual time (ADRT) [7] is the ME of
the remaining time of facility operation till the next failure
from the time point # when the system was operable.

The average reverse residual time (ARRT) is the ME of
facility operation time from the beginning of operation or last
recovery till the time point # when the system is operable.

Those life characteristics are calculated only for recover-
able elements. Similarly to LFF, a direct calculation of ARRT
and ARRT for Kijima models is not a trivial task, therefore
the authors propose an approach based on statistical testing.
In order to evaluate ADRT and ARRT in point ¢, it is required
to play a sequence of random values , times to failure {X,},
that corresponds to the sequence of failure points {7,} such
that 7,,.; <t < T, as shown in Figure 1.

Estimates of ADRT F(¢) and ARRT R(¢) are calculated as
the average of the modeled values:
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e,

RO t V(@) "
Fig. 1. Modeling of failure points for calculation
of residual time

V=31, -0 (12)

RO=5 X -1, (13)

Item 6 below will list the results of calculations using
those formulas.

4.4, Evaluation of calculation errors
by means of statistical tests

As it is known, the method of statistical testing enables
error evaluation that only has a certain degree of confidence.
According to [8, page 234] and CLT we deduce the upper
limit of error for (11) with confidence coefficient B:

A @; (14)

where ¢, is the value of argument of Laplace’s function
®O(#) wherein O(f) = B/2.

" (H,-N,)
D(HM)=—ZI:I o

is the unbiased estimator of variance of estimate H),.

5. Investigation of the existence of the
accumulation point of the Kijima
process

5.1 Divergence of failure points sequence
for minimal recovery

For some incomplete recovery models the sequence of
mathematical expectations (ME) of time points of the i-th
failure M(S,) can converge, i.e. have a limit under i — oo.
In particular, for a geometrical process, a sequence of non-
negative independent random values {JI,; n =1, 2...} such
that the following equation for distribution [9, page 81] is
correct:

d
An+1 = YAW ;

the following is correct:
MA
-1
where M]] is the ME of the first time to failure;r > 0 is
the denominator (parameter) of the geometrical process.

M(S.) = M( lims,

n—eo

Let us prove the absence of convergence of the ME of
the sequence failure points for Kijima models for a Weibull
distribution. Let us consider the special case ¢ = 1. Formula
(9) changes to:

G, (x)= [ G, (B exp(A(y* — X))y =

X

=e™ [ G, ()d0y") =
0
1

p

A
=e J-e’ G,_, (U)dr;

0
First, let us note:
1
a A .
G(x)=1-¢";GU)=F (x) =1l-e7;

G, (x)=G,(x)—4e";etc.

Out of there we deduce a non-recurrent explicit expres-
sion for (9):

2 3 i-1
G (x)=1-¢" A A A ,
20 31 (i—1)!

Let us find the ME of the i-th failure point:

M, = ]:(1 -G, (x)dx =

b AZ A3 Ai71
=_[e’A I+ A+—+—+..+— dx;
) 21 31 (i—1)!

the unknown ME is as follows:

M., = C(F(é)+1‘(é+ 1)+...+il!1"(é+ i)] =

- C(r<%)+jﬁ]%r(é+j)); (15)

where C = const; G is a gamma function.
Forj >3 according to the properties of the gamma func-
tion the following is correct:
.1 1 1
T+ )>=T()=—;
J B J J
S L]
—T(=+j)>) —— 00 i— oo
,21’ v B /21’ J

Therefore, the sequence (15) diverges, in other words:

13
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I—oo

lim M, = lim M(S, | ¢ = )=lim ¥’ M(X [g=1)=c. (16)
I—o0 [—00 j=1

L.e. for the specific case g = 1, the sequence of the MEs
of failure points diverges under Weibull distribution for TFF
and Kijima-1 and Kijima-2 models.

5.2 Divergence of failure points
for incomplete recovery

Taking into consideration (2) and (3), for Kijima models
the following is correct: the virtual age increases monoto-
nously as the parameter ¢ increases, other things equal for
model Kijima-1 we have:

My, =g MX,
i=1
In general, if ¢; < g,, then:

v,(q)<v,(q,), (17)

M®,(q) <M®,(q,))
Next, we examine the conditional distribution function (1):
Flx+v, )-F(,.)
I-FO)

Under Weibull distribution (4) for TFF, the function
changes to:

F(x[v_)=

F(x|v,_ )= l—exp(k(v[_lﬁ —(x+ v[—l)ﬁ)'

Under fixed x this function monotonously increases as v
increases, in other words, if v, ; <v**,, then:

F (x| v*i—]) < F(x| V**i—l ).

Under (17), if ¢, < g, then the following inequation is
correct:

Leading function of the flow, SU
60

50 H (t) = _//
p N e
4
2 / \

/ e H.(1)
10 ‘ /

0 10 20 30 40 50 60 70
t, thsh

a)

F(x|v,._(q)) < F(x|v,_(g,))
Whereas:

M(Xi [V, (q))= ]:{1 —F [x [V, (q):l}dxa

it follows whence:

M(Xi v (4 ))> M(Xf [vior (@ ))’

MM (X, v, (a))> MM (X, v, ().

out of which based on the ME property we get the inequa-
tion for the unconditional mean:

M (X, (q,))> M (X, (z,))- (18)

Subject to (16) and (18), we come to the following
conclusion: if this sequence diverges under ¢ = 1, then this
sequence is also diverging under g €[0; 1] other things equal.
Therefore, the sequence of the MEs of time points of the it?
failure of the Kijima-1 and Kijima-2 models and Weibull
distribution for TFF diverge at ¢g<[0; 1].

6. Example of calculation

Let us try out the above examined models with real data.
For that purpose let us use the information on the failures of
information collection and processing devices operating as part
of standard equipment of nuclear power plants. For two selected
devices over the time 7=8410* h, 121 failure was registered.
The value of LLT (6), parameter estimates and confidential
intervals for probability belief 0.95 are given in table 1:

Given the LLT values, the Kijima-1 model should be
chosen for further research, as it has the highest LLT out
of the compared models. Large confidential intervals of
estimates are explained by the insufficient amount of input
data. Point estimation of LLT values is given in Figure 2
with the following designations:

Leading function of the flow, SU
60

50 /

40 &(l) /
V4

20 A\
Car? He()
10 L
e
0 10 20 30 40 50 60 70

t, thsh
b)

Fig. 2. Estimation of LLT by means of a) statistical testing and b) sum total method
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Average direct residual time, ths h

3
V)
2,5
h
N
A /
2 4%
\‘
W
1,5 \:\‘Z\
1 ‘*:1:'.'-‘~::-_-_::1-.:~“‘
0,5
0
0 10 20 30 40 50 60 70

7, thsh
a)

Average reverse residual time, ths h
2

1,8 N
III \:\ R (f)
1,6

1.4
1.2

1
0,8
0,6
0,4
0,2

[
1

0
0 10 20 30 40 50 60 70

t, thsh
b)

Fig. 3. Estimation of the average a) direct and b) reverse residual times

Table 1. Model parameters evaluation

Model | InZL | » | B | g | AL ][ AB ] Aq
Kijima 1]-135.353]0.264|1.345]0.384/0.186/0.196/0.574
Kijima 2|-135.707/0.244/1.293]1.000/0.192]0.172[0.043

H(1) is the graduated empirical LLT:
H.(t)=i,i:T,<t<T,;

H,y(¢) is the LLT for Kijima-1 model by means of statisti-
cal testing using formula (11);

H(f) is the LLT for Kijima-1 model by means of the sum
total method using formulas (7) and (9);

Figure 2 shows that the compared methods yield practi-
cally identical results. LLT estimates H,(¢) and Hy(t) cor-
respond well with the experimental data, the function H(?),
and are suitable for forecasting.

Interval estimations of the residual time are given in
figure 3 with ehe following designation:

V(?) is the ADRT estimate for Kijima-1 model using
formulas (12) and (14);

R(?) is the ARRT estimate for Kijima-1 model using
formulas (13) and (14);

As the graph shows, the ADRT and ARRT estimates con-
stantly decrease and within the observed period of time do
not have an asymptotic limited value, which, among other
things, indicates the absence of steady mode within the ob-
served interval, progressive degradation of its characteristics
and presence of incomplete recovery.

Conclusion

Kijima models allow taking into consideration incomplete
recoveries “worse than new but better than before the failure”.
The article analyses the method of obtaining interval estima-
tions of Kijima models parameters using Weibull distribution
for time to first failure. The negative relation of the variance
value and the number of observed elements is proven. The
divergence of sequence of mathematical expectations of time
point of the i-th failure for Kijima models is proven.

A method of point estimation of the leading function
of the stream based on sum total calculation is suggested.
Also, the authors suggest using the statistical test method
for evaluation of the average direct time and reverse residual
time for Kijima models. The paper puts forward evaluations
of dependability characteristics based on operation data of
information collection and processing devices as part of
standard equipment of nuclear power plants.
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CTPYKTYPHAAA HAOEXKHOCTb. TEOPUA U MPAKTUKA

Moxab6os I0.T1.

O ®DUNJTOCODPUYECKOM ACNEKTE
HAAEXHOCTU HA NPUMEPAX YHUKAJIbHbIX
BbICOKOOTBETCTBEHHbIX CUCTEM

PaCCManl/lBaeTCFI (bl/lﬂOCOd)l/l'-leCKl/Iﬁ acriekKt Hage>kHoCTn Ha ripuMmepax yYHuKal/ilbHbIX BbICOKOOTBETCTBEH-
HbIX cUCTeM, [Ji1d KOTOPbIX HEBO3MOXXHO TPUMEHSTb BEePOATHOCTHO-CTaTUCTN4Yeckrne Metonbl Teopun Ha-

AEeXHOCTH.

KnioyeBbie cnoBa: yHUKaJIbHbIE BbICOKOOTBETCTBEHHbLIE CUCTEMbI, HaAEeXHOCTb, Ge30TKa3HOCTb, CBOV-
CTBO, CrIOCOBHOCTb, NnapameTp, rokasaresb.

16

BeepneHue

J1st ”H)KeHEepOB HE CYLIECTBYET, Oy, HUUero 0ojee HeoIpeaeIeHHOT0, YeM YHCIIO
JEBATOK B IOKa3aTelsix 0e30TKa3HOCTH. be3 peasbHON BOBMOXXHOCTH KaK-TO OLIYTHThH H
U3MEPUTB ITHU JICBITKH, BOSHUKAET COONa3H MaXHyTh PYyKOH, 1a M BIMCATh HYXXHYIO HHDPY
HaJEeKHOCTH B TEXHHYECKOE 3aJlaHUe HA Pa3paboTKYy, a JAJIbILE )KU3Hb PACCYIUT, yraaail WiH
HeT. Ha To oHa 1 BEepOSITHOCTB!

CoBepIICHHO HEAOMYCTHMOI, C TO3UIHUH KIACCHYECKON TEOPUH HaJISKHOCTH, BBIIVISAUT
BEPOSTHOCTH Oe30TKa3HO# paboThsl (BBP) paBHas enunmIle, 0TOMY, 1a0BI HE IPa3HUTH MIPH-
BEP)KCHLIEB OPTOOKCAIBHBIX B3ILIOB, TPEOOBAHMUS 10 OE30TKA3HOCTH 3a4a0T OJIU3KUMH K
equHALE. OHAKO CYTH 9T0 He MeHsteT. CyIIecTBYeT KIIacC TEXHUYSCKHUX CHCTEM — YHUKAJIbHBIC
BBICOKOOTBETCTBeHHBIE crucTeMbl (YBC), mis kotopsix TpeboBanust BEP ycTanapimBatorcs
Ha YPOBHE YETHIPEX U BBILIE JACBIATOK, IPH 3TOM B KQJKZIOM KOHKPETHOM CiTyyae IPUMEHECHUS
MOZIPa3yMEBACTCs M O)KUIACTCS FapaHTHPOBAHHOE BBIITOJIHCHUE UM (DyHKIIMOHATBHBIX 32124
[1]. K Takum cucTtemMaM B 9aCTHOCTH OTHOCSATCS KPYyITHOTAOApPHUTHBEIE TPaHC(HOPMHIpYEMBIE
Mexanmdeckne cucteMsl (KTMC) xocmrueckux anmaparos (KA) [2], Hampumep, pacKpsI-
Baromecs manenu conaedHsix 6arapeii (bC). JIro6oii 0TKa3 B TAKUX CHCTEMaX — 3TO HE TPO-
CTO HEBBINOJIHEHUE TPEOOBAHMIA 110 HA/IGKHOCTH, HO U OTPOMHBIC, a B HEKOTOPBIX CIIydasx
KOJIOCCAIIbHBIC, YOBITKH U TIOTEPH, CTABSIIHE 0] COMHEHHE [IeJecO00pa3sHOCTh UX CO3JaHus
0e3 rapaHTHil HaIS)KHOCTH.

Mesxny TeM BepuduKanus 0e30TKa3HOCTH Ha YPOBHE TPEX-YEThIPEX NEBSATOK [UIS U3ICIHM,
KOTOPBIC U3TOTABIMBAIOTCS BCETO JIMIIb B OAHOM 3K3EMILIIPE, SIBIACTCS BO MHOTOM HEpEILCH-
HOU Hay4dHOH 3anadeii [3]. [la, 1 BpAa nu HaliieTCs MHKEHep, CIIOCOOHBINA PeIIUTh, YTO TAKOTO
HY’KHO IIPaKTHYECKH H3MEHHUTh B KOHCTPYKIMH KOHKpeTHOH Y BC, 4T00bI TOBBICHTE ee 0e30T-
Ka3HOCTB, MTOJIOKUM, C TPEX JACBATOK 10 YeThIpeX AeBATOK. IIpuueM ynop HempeMeHHO Oyner
ClieJIaH Ha OTCYTCTBHE CTAaTUCTHKH, T.C., 10 CYTH, HCXOJHBIX JIAHHBIX (BEIb, PEYb-TO HACT O
CHCTEeMaXx, U3TOTOBJICHHBIX B eJMHCTBEHHOM 3K3eMIULipe). OJJHAKO €CIIM aHAJIOTHYHBII BOIIPOC
MIOCTABHUTH OTHOCHUTEIBEHO MOBBILEHHS TPOYHOCTH Y BC, TyT 5ke OyIyT epeurclieHbl KOHKPET-
HbIE, IPHYEM METOLOIOTHYECKHUE, BAPUAHTHI PELICHUS 3a1a4l (YHHKAJIBHOCTh OOBEKTa 31eCh He



O ®UJTOCODPUYECKOM ACMNEKTE HAAEXXHOCTU HA MPUMEPAX YHUKAJIbHbIX BbICOKOOTBETCTBEHHbLIX CUCTEM

TOMeXa, ¥ HIKOTO 3TO He cMyTIaeT). be3ycnoBHo, moka3aremnu
HAJIEKHOCTU TEXHUYECKHX CUCTEM MOXHO, & B HEKOTOPBIX
CIIy4asix HeMPEMEHHO HY>KHO, ONPEIENATh CTATUCTUYECKUMU
MeTonamu. Ho uTo fenare, eciy cTaTUCTUKY O PYKOM HET,
WU ¢ HEBO3MOYKHO MOTYYHUTh, WITH IIOBEICHUE 0OBEKTOB HE
MOCTYIUpYeTCs B (POpMe CTAaTUCTHICCKAX THTIOTE3?

BriepBrie ydeT peanbHBIX (aKTOPOB BHEIIHEH CPEIbl,
CBOMCTB CHCTEMBI, TEXHOJIOTHYECKHX, SKCILTYyaTal[MOHHBIX
U T.IL. TpeOOBAHUH TSI PEIICHUS 33729 HAIC)KHOCTH MeXa-
HUYECKUX CHCTEM BMECTO TIOHSTHI 1 METOIOB (DOpMAaIbHOM
TEOpUM HaAeKHOCTH npeanpunsi B.B. bonorun [4-6]. B
c(hopMyTHPOBAaHHON UM TCOPHUU HAJCKHOCTH MECXaHHYC-
CKHX CHCTEM, HaJIS)KHOCTb PACCMATPHUBAETCS KAK SBOJIOLUS
TPAEKTOPUH AIIEMEHTOB KaueCcTBa BO BPEMEHU B Mpeenax
00JTaCTH TOIYCTHMBIX COCTOSTHUH IIPOCTPAHCTBA KaueCTBa,
a 0TKa3 TPAKTYeTCsI KaK BRIOPOC TPACKTOPUHU KaKOTO-THOO
AIIEMEHTA 32 MPEIeNTbl 00TACTH JTOIMYCTHMBIX COCTOSHUIA.
HanesxHOCTB — 3TO 00BEKTUBHAS MEpa BOSMOYKHOCTH HACTY-
TUTCHUS COOBITHIA, KOTOpas 3aBUCUT HE OT MHOTOKPAaTHOCTH
BOCTIPOM3BEICHHS TEX WM WHBIX COOBITHIA, a OT BBIOOpA
KOHKPETHBIX MaTepUajioB, MPUHITBIX KOHCTPYKTOPCKUX
PEIICHHIA, HCITOB3YEMBIX TEXHOJIOTHI M CIIOCOOOB MPOU3-
BOJICTBA, YCJIOBHI B3aMMOAECHCTBUSI ¢ BHELIHEH cpeoil.

B Takom BocnpuATHM HAAEKHOCTH, AEBSATKH B MOKa-
3arene OezoTkasHocTH YBC HecyT He cTaTHCTHYECKOE, a
00BEKTUBHOE 3HAUCHIE, MICXOIS M3 YeT0 HHKECHEPY Tpeoy-
€TCsl HayUMThCS METOJ]aM aHaJIM3a U OLIEHKH HAJIeKHOCTH,
KOTOpBIC OBl OKHUBJSUTH IHQPHI B IMOKA3aTeIsIX 0C30TKa3-
HOCTH, BU3YaIH3UPYsl «TPAEKTOPUU DJIEMEHTOB KayecTBa
BO BpeMeHu». OKUBUTD JAEBITKU — 3HAYUT HAMOJIHUTH UX
CMBICIIAMH, a IIOTOMY 0e3 prtocoduu, Kak yHUBEPCATBHOTO
«CKaJbIENs» I IpernapupoBaHus CMBICIIOB, 3/1€Ch HUKaK
HE 000UTHCH.

Crnenyet OTMETHUTD, YTO B JAHHOU CTaThe NpeANpUHIMA-
€TCsI TAJICKO HE ITepBasi IOMBITKA POHUKHYTH BITYOb (hrIT0-
coum HamexxkHOCTH [ 7, 8], OMHAKO Ha Cel pas3 MpeiaracTcs
K pacCMOTPCHHIO (MIOCOGUICCKIA aCTIeKT HalIe)KHOCTH
Ha npumepax YBC, aist KOTOpEIX B OOJBIIMHCTBE CBOEM
HEBO3MO)XHO NMPUMEHATH BEPOSTHOCTHO-CTAaTUCTUUECKUE
METO/Ibl TEOPUU HAJIEKHOCTH.

Mopxopn kK punocodpunyeckomy
MOHMMAHUIO HAJEXXHOCTU

[TockonmbKy BCsiKast HayKa, KakoB OBI HU OBLI €€ IIPEIMET,
M3ydaeT BeIlH, X CBOICTBA M OTHOIICHUS, IPEIaracTcs
o0paTHuThCs K mMapagurMe 00 X TPUEAHHCTBE, IPEIIIO-
xkeraHol AWM. Yémoneim [9]. CormacHo 3TO# mapagurme
CBOWCTBA SBISAIOTCSA ONHOU M3 (PHIOCOPCKUX KaTETOPHiA,
TECHO CBSI3aHHBIX APYT C JAPYTOM U MEPEXOIAMINX IPYT B
JIpyra — BEIH, KaK OTHOIICHHE CBOWCTB, CBOMCTBA, Kak
OTHOUIEHHE BELIEH M OTHOLIEHMSI, KAaK CBOWCTBO BeLIEH.
CBoiicTBa OTHOCSTCS HCKITFOYMTEIBHO K BEI[aM, BEIPAKAIOT
TE WJTH HHBIE MX CTOPOHBI M HE CYIIECTBYIOT BHE OTHOIIICHU
BEIIH K APYTHM BEIIIaM.

UtoOb1 He BO3HHKAJIO COOTa3Ha «PIHOYHO-0apaXOIbHOT O
BOCTIPUSTHS CYTH BEIICH, YCIOBUMCS B NATbHEHIINX pac-

CYXXJIEHUSAX OTHOCUTH MOHATHUE «BEIb» K CUHOHUMHYE-
CKOMY psily, 0003HauaroIeMy IpeMeT: 00bEKT, U3ICITHE,
cucreMa u T.JA. T.e. yIOTpeOIsITh 3TO MOHATHE B TCXHHUYC-
CKOM 3HAUYCHUU.

JIroOpIc Bemy, Kak COBOKYITHOCTB DIICMEHTOB MaTepH-
aJbHOTO MHpa — aTOMOB, MOJIEKYJI, BEIECTB, MPEAMETOB
WM CUCTEM, HaXOASATCS B HEMPEPBIBHBIX OTHOIIEHHUSX
B3aUMOPACIIONIOKEHUS, B3aUMOCBSI3U U B3aUMOJIEUCTBHUS,
YTO TPOSBISICTCS B UX CBOWCTBaX. Bemu o0nmamaroT BHY-
TPEHHEH CTPYKTYpOil B BUJIE€ COBOKYITHOCTH 3JIEMEHTOB C
ONpE/ICICHHBIM MPOCTPAHCTBEHHBIM PACIIOIOKEHUEM U
B3aMMOCBS3SIMH: XUMHYECCKHUMHU, MEXaHUYCCKUMH, T'eoOMe-
TPUUECKUMU, KHHEMAaTHYECKUMHU, ’KECTKOCTHBIMH U TIP., UTO
JIaeT BO3MOXKHOCTB BElllaM He pacraaaThCs, UMETh 3aJaHHbIE
TCOMETPUICCKUE pa3Mepsl U (POPMEI, PYHKIIMOHUPOBATH
OIIpeNeICHHBIM 00pa3oM | TIp., T.€. IPOSBIATHCS B BHUJIC
TEX WJIM MHBIX CBOMCTB. B TO ke Bpems cBoiicTBa Belien
MPOSIBIISIIOTCS TIO-MHOMY, U3MEHSISICh WX JIOTIONHSISICh, €CIIN
YUUTBIBATh HE TOJILKO UX BHYTPEHHIOIO CTPYKTYPY, HO TaKKe
YCIIOBHSI M IPOLIECCHI B3AUMOJEHCTBHUS MEXTY JJIEMEHTAMU:
MEXAaHMKY, U3HOC, NEKTPOXUMUYECKYIO KOPPO3HIO, O3y~
YECTh, CMATHE, YCTAIOCTh U M., T.€. PEXUMbI COCYILIECTBO-
BaHUS U (YHKIIMOHUPOBAHUS BHYTPCHHUX JIIEMCHTOB.

Hcxonst n3 enuHCTBA MPUHLMIIOB OCTPOEHUS MaTepUallb-
HBIX CUCTEM, CBOMCTBA, MPOSBIEHHBIE BO B3aUMOPACIIONIO-
JKEHHUH, B3AUMOCBSI3U U B3aUMOACHCTBUH 2IIEMEHTOB BHYTPU
KaKOH-TT00 BEIIH, TIOMOOHBIM K& 00pa30M MPOSBISIOTCS BO
B3aUMOPACIIOJIOKEHUH, B3aUMOCBSI3H U B3aUMOJICHCTBUU C
JIpyrMMH Bellamu. B pesynbprare oTHOLIEHHs BeLed apyr
C IpyTrOM, CBOMCTBa Ka)KJJOW M3 HUX OOHAPYKUBAIOTCS KaK
HEKUI CyMMAapHBII UTOT, OTJIMYHBIN OT CBOMCTB BELIEH 110
OTJEJBHOCTH, T.€. MPOSBISIOTCS MO-UHOMY, YEM CaMHU I10
cebe. Takum 00pa3oM, CBOICTBA BCeT/Ia ABOSKO OOYCIIOBIIC-
HbI: BHYyTPEHHUM COJIEP’KAHUEM BEIIM, KAK COBOKYITHOCTH
B3aUMOPACIIOJIOKEHUSI, B3AUMOCBSI3€l U B3aUMOAECHCTBUN
COCTaBJISIIOILIMX €€ DIIEMEHTOB, U OTHOLIEHUSIMH C OKPY’Kalo-
mMH Berami. JIro0ast Belb BEICTYIIACT KaK COBOKYITHOCTb
CBOICTB, KaXK/10€ U3 KOTOPBIX BHIPAYKAET €€ KaK eAMHOE 11e-
JI0€ ¢ ompeieNieHHOM cTopoHbl. Hanpumep, cornacHo cBoum
CMBICIIOBBIM ITOHSATHSAM, KaK HEU3MEHHOCTD, IIOCTOSHCTBO,
JIOCTOBEPHOCTD, IOBEPUTEIBLHOCTb, — TO, UYTO HE MOJBEET,
Ha 4YTO JOJr0€ BPEMSI MOKHO TMOJOXKHUTHCS, HAAEKHOCTD
BBIPaKaeT BEIIb CO CTOPOHBI COXPAHCHUS CTaOMIFHOCTH.
[Ton cTaGMIBPHOCTBIO 37IECh MOHUMACTCS YCHOUYUBOEe CO-
cmosiHue, obnadarowee cnocoOHOCMbIO K ONUMENTbHOM)
CYUIecmBOBaHUIO, COXPAHEHUIO 80 8DEMEHU.

ITo cytu cBoel, HaJIEKHOCTh — 3TO OJHO M3 CBOWMCTB
BelleH, HO, KaKoBa CYLIHOCTb 3TOrO CBoMcTBa?

CornacHo paccMaTpuBaeMol mapajaurme, OTHOLIEHUS
CBOMCTB MPEICTABISAIOT COOOH BeIlh, KOTOPYIO MOXHO
paccMarpuBaTh KaKk CUCTEMY CBOMCTB, HAXOISLIUXCS B Ue-
papXuu OTHOIIEHUH MPOCTHIX U CYIIECTBEHHBIX CBOMCTB.
COBOKYIHOCTB NMPOCTBIX CBOKCTB IPYNIUPYETCS BOKPYT
YCTOWYMBOTO LIEIOCTHOIO €IUHCTBA BEIIM — CYIIECTBEH-
HOTO CBOWCTBA, OTOOPaKAMOIMIETO KaKyH0-THOO 3HAYUMYIO
cTOpoHy Bewu. Hanpumep, LIBET — 3T0 MPOCTOE CBOMCTBO.
CoueraHue IBETOB U OTTCHKOB, KOMIIO3UILIHS M CTHJIb Ha-
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HECEHHBIX PUCYHKOB M MIPH(TOB, MPONOPLIUH MPEAMETA,
KOHTYpBI 00BOZIA 1 TIP. — 3TO YK€ CYIIECTBEHHOE CBOIMCTBO,
0TOOpa’karoIee HICTETHIECKYIO0 CTOPOHY BEIIH.

COBOKYITHOCTB IIPOCTBIX U CYIIECTBEHHBIX CBOWCTB BEIIN
00pa3yloT TIIaBHOE CYIIECTBEHHOE CBOWCTBO — KadeCTBO,
KOTOpPOE OTIpE/IeNseT cnennu(yKy BEIIH, BBIISISIONIYIO €€
n3 Bcex JApyrux Bemiei. KagectBo, kak ¢umocodekas kxa-
TETOPHSI — 3TO CBOMCTBO, BHIPAXKAIOIIEE BEIIb CO CTOPOHBI
€€ 1IeJIOCTHOIO €IMHCTBA, OHO SIBJISIETCS TPaHULIed JaHHON
BEIIH, C ICIE3HOBEHHEM 3TOTO CBOWCTBA JaHHAsS BEIIb TTPE-
BpallaeTcs B APYTyIo Belllb. Paznnune MEXmTy KaueCTBOM
1 OCTaJILHBIMH CBOWCTBAMH B TOM, YTO 0€3 TEX MJIM MHBIX
CBOHMCTB BEIb CYIIECTBOBATh MOXET, & YHHUTOXKEHHE Ka-
YeCcTBa YHUUTOXKAET BEIllb, HO HE AaHHUTHIIMPYET €€, a TIpe-
BpAIIIaeT B IPYTYIO BEIIlb, C IPYTHM KadeCTBOM.

BaxxHo pasnnyate u 0000IIaTh Ka4yecTBO, Kak (uito-
co(hCKYIO KaTE€ropHio, U KaueCTBO IPOMYKINH, KAK «COGO-
KYRHOCHb CBOUCTE NPOOYKYUU, 0OYCIOBIUBAIOWUX ee NPU-
200HOCMb YO08I1emBopAmsb onpeoenentsvle NompeoHoCmu
6 coomeemcmsue ¢ ee nasnavenuemy [[OCT 15467-79,
crarbs 3]. Hanpumep, «Kurymu» u «Mepcenecy B ¢puto-
cO(hCKOM BOCTIPHUSITUH KadeCTBa SBIISIOTCS aBTOMOOMIISIMH,
U TIEPECTAalOT UMH OBITh, TOJIBKO TOTZA, KOTAA X PEMOHT
HEBO3MOKEH HWIIH HerenecooOpaseH. C mo3unuii kagecTa
MPOIYKIMH — 3TO Pa3HbIe aBTOMOOMIIM, HO TOIBKO JIUIIb B
MOTPEOUTENECKOM BOCIIPHUSATHH UYEIIOBEKA, MOCKOIBKY OT
ATOTO OHH HE MEPECTAIOT OBITh aBTOMOOIIISIMH C TTO3UIIHIHA
(unocodum, Kak CaMOABIIKYIIHECS MAILIMHBI, yIIPaBIIsIeMbIe
YEIIOBEKOM.

Ecnu xauecTBO — 3T0 CBOMCTBO, XapaKTEpU3yIOLLIEe 1ie-
JIOCTHOE EANHCTBO BEIIIN, 3HAYUT, JOIDKHO OBITh, CBOHCTBO,
XapaKTepHU3yIOlIee COXPAaHHOCTh IL[EIOCTHOTO €JMHCTBA
BelIM BO BpeMeHH. [0 onpenenennio, TaKuM CBOMCTBOM
SBJISIETCSI HAZIEKHOCTD, OCKOJIBKY HCIIPAaBHO padoTaromias
BEIIlb B CITy4Jae OTKa3a M0 HCTEUEHHIO KaKOTO-TH00 BPEMEHN
TEepsIeT Ka4ECTBO, a €€ PEMOHT BO3BPAIAET KaYECTBO BHOBB,
OJTHAKO, NIPH HEYCTPAHUMOM OTKa3€, KadeCTBO TepsieTcs
0e3BO3BpATHO.

Taxum 06pa3oM, HaIEKHOCTB — ATO CBOHCTBO COXPAHSTh
KadeCTBO BO BPEMEHH (JUIsi CPABHEHHS: HAOEHCHOCHb A6
emcst OOHUM U3 3ABUCAUUX O BPEMEHU ACNEeKNO8 Kauecmed
[UCO 8402:1994, crares 2.5, npumedanue 2], WM Hadedxc-
HOCMb — MO Kavecmso, pasgepHymoe 6o epemenu [10]).
YuuteiBas, 4To Ka4eCTBO —3TO COBOKYITHOCTh CBOMCTB BELLH,
TO HaZIE)KHOCTh MOYKHO TaKKe PacCMaTpPHBaTh, KAK CBOHCTBO
COXPaHATHh CTAOMIIEHOCTH CBOMCTB BEIICH (7151 CPABHEHHUS:
HAOEICHOCMb — MO COXPAHAEMOCb 00beKma @ meuenue
3a0AHHO20 NPOMENCYMKA BPEMEHU 8 NPeOelax, He0OX0OUMbIX
1 docmamouHwix 0Jis 0becneyetus e2o pabomocnocooHoCmu
8 pexcume IKCHIyamayuoHHuix Haepysok [11]).

[To amamorum, 0€30TKa3HOCTH — 3TO CBOWCTBO HEIpe-
PBIBHO COXPAHSTH Ka4eCTBO BO BPEMEHH, WJIM CBOWCTBO
HETIPEPBIBHO COXPAHATH CTA0MIBHOCTH CBOMCTB BEIICH.

Hcxons U3 CKka3aHHOTO, COBOKYITHOCTB BCEX CBOMCTB
BEIIH, BKJTIOYAst HAZIEKHOCTh, KaK HEOTHEMIIEMYIO €€ JacCTb,
CO3/IaeT Ka4eCTBO, JIENIasi ET0 YPOBEHb JOCTHKUMBIM, B TO
JKE BpeMs HaJIS)KHOCTH BBIPAXKAET JJOCTUTHYTOE KaueCTBO,
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KaK eJIMHOE LEJI0€, CO CTOPOHBI €T0 COXPAHEHHUS BO BpEMEHH.
Takum 006pazoM, Hcxost 3 GprrocopuIecKoro HOHNMAaHHS,
HaJICKHOCTD OTPAXKACT JOCTHKHUMOCTH ONPEACICHHOTO
YPOBHS Ka4eCTBa, ¥ OJHOBPEMEHHO XapaKTepPHU3yeT CoXpa-
HEHHUE Ka4ecTBa BO BPEMEHH.

NMepBoe cnepcrene punocodPmyeckoro
acnekTa HageXXHoOCTU

Hcxomst u3 peICTaBICHHOTO (PHIT0COPHIECKOro MOHMMA-
HUSI, CTAHOBHUTCS OYEBUIHBIM, YTO HaJICKHOCTb, KAK CBOMCTBO
MIPHUCYIIE UCKIIOYUTEIBHO MaTePUANbHBIM 00BEKTaM (110
A . YémMoBy, CBOICTBO — 3TO OTHOIIIEHHE Beteit). Ecim 00-
pPaTUTHCS K TEPMUHOJIOTHH, TO UMEHHO TaK 3TO B OTPKEHO
B COBPEMEHHOM TE€PMHUHE «HANEKHOCTHY. Haodexcrnocms —
CBOUCMBO 0OBEKMA COXPAHSND B0 BPEMEHU 8 YCIAHOGTIEHHbIX
npeoenax 3HaueHusi 6cex napamempos, XapaKmepusyouux
CNOCOOHOCMb BLINONHSAMb MpedyemMble YYHKYUU 8 3A0AHHbIX
DeAHCUMAX U YCTIOBUSAX NPUMEHEHUS, MEXHUUECKO20 0OCIYHCU-
sanust, xpanenus u mparcnopmuposanus [[OCT 27.002-89,
tabmuna 1, crares 1.1]. YuuteiBas TOT (hakT, 9T0, COrIACHO
T'OCT 25866-83 pexuMbl U yCIOBUS IPUMEHEHHS, TEXHU-
YECKOTO OOCTY)KUBAHUS, XPAaHSHHUS U TPAHCIIOPTUPOBAHUS
—9TO B COBOKYITHOCTH €CTh YCJIOBHUS SKCIUTyaTallH, TO IO/
HaJIeKHOCTBIO TIOHUMAETCSl COXPAaHEHHE B YCTAHOBICHHBIX
npenenax 3HaAYeHUH MapaMeTpoB TEXHUYECKUX OOBEKTOB
HCKITIOYUTEIHHO MPH SKCIUTyaTaInu.

Hcxons u3 onperenenns TepMUHA «HAJEKHOCTDY TOI-
pasymeBaeTcs, 4TO, B MEPUOJ] OT Havaja J0 3aBEPIICHUS
9KCIUTyaTallNH, TOMYCKaeTCI HEKOTOPOE CHIDKCHHUE YPOBHS
3HAUEHUN MapaMeTPOB, BIUAIONINX Ha HAJACKHOCTb. Takum
00pa3om, 9TOOBI 00ECTIeUnTh 3aJaHHBI YPOBEHb Ha/ICK-
HOCTH Ha KOHEI[ KCIUTyaTaluu, Mpeanojaraercs, 9ro K
Hayary 9KCIUTyaTaliy 00bEKT JOKEH IMETh MAaKCHMAaJIbHO
HEOOXOIMMBIH IS 3TOTO UCXOIHBIN YPOBEHb HAACKHOCTH.
[Ipryem HCXOIHBIN YPOBEHD HAZCKHOCTH SBIISCTCS allpHo-
pH BhIIIE TeKyniero. OTciona pUTOPHUECKUI BOIIPOC, KAKUM
JIOJDKHO OBITH 3HaueHue nokasareist BBP mis YBC Ha Ha-
4ayio HKCINTyaTallui, YTOOBI K KOHITY KCIUTyaTaliu OBITH
OJM3KUM K eIuHHIE?

Kak n3BecTHO, SKCIUTyaTays SBIsEeTCS YaCThIO JKU3HEH-
HOTO IMKJIA W3[ENHH, KOTOPOMY HPEIIIECTBYIOT CTAaIUHN
pa3paboTKH, TEXHOJIOTHUECKOU MOrOTOBKH MTPOM3BOICTBA
U TIPOU3BOJICTBEHHOTO IMKiIa. Ha cramusx paspaboTku u
TEXHOJIOTHUECKOW MOJATOTOBKH MPOU3BOACTBA MaTepUaITb-
HOTO 00BEKTA eI1Ie HE CYIIECTBYET, MOXKHO JIUIIb TOBOPUTH
0 CYUIECTBOBaHHUH PA3IMYHOTO poja MOjeneil 00beKTa,
a Ha CTaJMM TPOU3BOJICTBEHHOTO IHMKJIA MaTepHaIbHBIN
00BEKT TOJIBKO CO3/IAeTCA, U JI0 CIAYH B SKCILTyaTaIHIO €To
ne-(hakTo He CyIIECTBYET.

ITpumenurensHo k YBC Bo3HHKaeT napaokc. M3memnmus,
KaK MaTepuaJbHOTO 0OBEKTa, eIlle HET, HO €ro OXKHuaaeMast
0€30TKa3HOCTh MPH ATOM JIOJDKHA OBITh MpeneabHO OIu3-
KoM K enuHuue. Ha mpakTuke 3TO 03Ha4aeT, YTo K Hayaiy
aKcruTyaranuu cocrosiaue YBC ¢ mo3unmii HaJe:)KHOCTH
JIOJDKHO OBITH UI€ATBHBIM, TIPH KOTOPOM OTCYTCTBOBAJIH OBI
KOHCTPYKTOPCKHE, TPOU3BOJCTBEHHBIC W IKCIUTyaTaI[OH-
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HBIE TIPEATIOCHUIKM K OTKa3aM, T.€. [0 MEpPE MPOIBIKEHHS
M0 CTaAWsIM JKU3HEHHOTO IMKJA, €ro 0E30TKa3HOCTh HE
JIOJDKHA YXY/IIAThCS 3a CUET:

— HECOBEPIICHCTB METOJIOB NMPOCKTHPOBAHNS U KOH-
CTPYHPOBAHNUS, KOHCTPYKTOPCKHUX OIIMOOK, HapyIIeHUH
TpeOOBaHMUI HOPMATHBHO-TEXHUYECKON JTOKYMEHTAIINH,
HapyIICHUH HOPM U TIPaBUJI KOHCTPYHPOBAHNS;

— HECOBEPIICHCTB W OMMOOK MPUMEHIEMBIX TEXHO-
JIOTHH;

— 1e(eKToB M OMMOOK W3TOTOBICHUS, COOPKH M MOH-
Taka, HAPYIICHNI TEXHOJIOTHYECKHIX MPOIECCOB U3TOTOB-
JIeHUs], TpUPaOOTKH y3JI0B TPEHUS U COOPKH, YXY/IIICHHS
MapaMeTPOB B PE3yIbTaTe NCIIBITAHHUMN, TPETyCMOTPEHHBIX
MIPOU3BOJICTBEHHBIM ITUKIIOM.

OTcioa cienyeT BBIBOA, YXKE IPO3BYUYaBIINHN paHee
B HECKOJBKO MHOH (popMme: Ha/IeKHOCTh — 3TO HE TOIBKO
CBOHCTBO, HO 1 CITOCOOHOCTH — TO, YTO AAET BO3MOXHOCTh
3TO CBOMCTBO MPOSIBUTH (TEPMUHOIOTHUECKH, CHOCOOHOCHIb
— 9Mo CBOUCMBO, NO360AAIOUEE KOMY-O UIU YeMy-MO
ocyujecmsume Kakoe-1ubo oeticmaue).

Taxol acieKT 1aeT BO3MOXHOCTB YK€ Ha paHHUX 3Tanax
JKU3HEHHOTO IHKJIA, MPEIIECTBYIOMNX dKCILTyaTaIuH,
YUNTHIBATh €II¢ OJWH BHEIIHUH (akTop B obecriedeHHH
HaJIS)KHOCTH. DTO HE YTO HHOE, KaK HETOYHOCTH ¥ OIIHOKH
TIPU CO3TaHUM MOJIETIEH B Mpomecce pa3paboTKN U TEXHO-
JIOTHUYIECKOH MOATOTOBKH, a TAK)KE HECAaHKIIMOHUPOBAHHBIE
BO3JICHCTBUA HAa (PUIMYECCKHH OOBEKT MPU cOOPOUHBIX
paboTax W TEXHHIECKOM OOCITY)KUBAHWH, B BHIIC BEPOAT-
HOCTH 0€30IMOOYHBIX JEHCTBUH JIFoNeH, yIacTBYIONINX B
pa3pabotke u cozmannn YBC.

Bo3MoxHOCTB paccMaTpuBaTh HaJIEXKHOCTb Kak CBOMCTBO
1 KaK CTIOCOOHOCTH B 3aBHCUMOCTH OT CTaIUH KU3HEHHOTO
IIUKJIA, TTO3BOJIAET YCTPAHNUTD KOJITM3HIO TEPMUHOIOTHH
HAJIeKHOCTH, Ha KoTopyto obpaman sBanmanue A.C. [1po-
HUKOB. B oTeuecTBEHHOW JUTEpaTrype TEPMHUH HAIEK-
HOCTh (reliability) wame Bcero TpakTyercs, Kak CBOWCTBO
(property), a B aHTJIOS3BIYHBIX UCTOYHHUKAX OTPEICIIACTCS
MPEUMYIIECTBEHHO, KaK crocoOHOoCTh (ability) m3nenus
COXpaHATH BO BpeMeHH 3afanHble pyHKIMH [ §]. CrparmmBa-
eTcsl, Ha/ISKHOCTB — 3TO BCE XKE CIIOCOOHOCTD, YTBEP KICHHE
B TPAJUIIMAX aMEPHUKAHCKOH IIIKOJIBI HAAEKHOCTH, UITH CBOH-
CTBO, IPUHSTOE B COBETCKOW M POCCUMCKOM LIKOJIE HAZEXK-
Hoctr? C mo3unuii paccMaTpruBaeMoro Ghuirocopuaeckoro
acnekra HagexHoctd YBC, HaIeXHOCTb — 9TO CBOMCTBO
U CIOCOOHOCTH OJHOBpEeMEHHO. [Ipu sKcIuTyaramu 00b-
€KTOB — 3TO, 0e3yCIIOBHO, CBOWCTBO. Ha momaTeprambHBIX
CTaJMAX KU3HEHHOTO IMKJIA 00BEKTOB, BKITIOUAs OXKMIAHIE
9KCIUTyaTalluy — 3TO0, KOHEYHO e, CHOCOOHOCTb.

Ha BaxHOCTH yueTa Ha/lEKHOCTH OOBEKTOB Ha J0-
MaTepHATBHBIX CTAAMSX KU3HEHHOTO IMKJIa oOparan
Baumanue A.H. Tynosnes: «Uem nanbliie OT JOCKM KOH-
CTPYKTOpa OOHApyKMBAeTCA HEHA/IE)KHOCTh, TEM JTOPOXKE
OHa 00X0IHUTCs». DTy e MbIcTb Beipasun B.M. Kypenkos
B OpMyJie COOTHOIICHHS 3aTpaT Ha MCIIPABICHHUE OIMIIOO0K
npu npoektupoBanuu 1:10:100:1000 (mpoexTupoBanme:
oTpaboTKa: CepuifHOe MTPOU3BOACTBO: dKCIuTyaTarws) [ 10].
Ha ncrnipaBienne mpoekTHOH OMMOKH, €CITM OHA BEISIBIICHA

cpasy, TpeOyeTcs CTOIBKO JKE CPEJICTB, CKOIBKO MTOTPAYEHO
Ha ee «cBepuieHue». Ha mocienyronmx craansax KU3HEH-
HOTO IIMKJIa yCTPAHEHNE IPOEKTHBIX OMINOOK YBEININBACT
3aTpaThl HA TOPSIKH.

s YBC ykazanHas cuTyanust 000CTpSeTCs €IIIe TeM, ITO
C YYETOM CYMMapHOM CTOMMOCTH pakeTbl-Hocutens u KA,
YaCTUYHOE WIIM TIOJTHOE HapyIIeHHe paboToCIIOCOOHOCTH
TIOCJICTHETO M3-32 OTKAa3a «TPOIIOBOTO) 3JIEMEHTa PacKpbI-
BAOIINXCSA KOHCTPYKIMH — POCKOIIb HETO3BOJIUTENbHAS, A
B OTZACNBHBIX CTy4asX — HEIOMyCTUMas. B wacTHOCTH, TIpn
OTKa3e MEXaHWYECKHX chucTeM packpsitus bC, Hampmmep,
13-32 HeCPaOaTBIBAHMS BCETO JIMIITH OTHOTO 3aMKa 3a4EKOBKH,
(brHAHCOBBIE TTOCIIE/ICTBHS OIICHUBAIOTCS HE CEOECTOMMOCTEIO
OTKAa3aBILIETO JIEMEHTA, a YIIepOOoM, HCUHCIIIEMBIM 0a30BOM
CTOMMOCTBIO TPAHCIIOPTHOM CHCTEMBI TOCTABKH, uTO U1t KA
THma «Jkcrpecc-AM5», «Ixcrpecc-AM6» B COCTaBE paKeThI-
Hocurens «[IpotoH-M» cocTaBmseT okono 8,35 mipa. pyo.

Mo ykazauapM niprurHaMm, coctosiare Y BC kak coco0-
HOCTb, TIO3BOJISIIOIIAST OXXMIATh MPOSBICHUE CBOIMCTBA Ha-
JIGKHOCTH €111 710 HauaJla 3KCILTyaTal|H, SIBISIETCS OIpesie-
JISTFOTITIM, TIOCKOJIBKY JTE00AsT OIITMOKA eII1e Ha IEPBOH CTaInH
KU3HEHHOTO NHKJIA JINIIAET CMBICTA BCIO AAIbHEHUITYIO
nestensHOCTh. [Ipumep Tomy — kuraiicknit KA Sinosat-2,
3anymeHHsbIH 29 okTa0ps 2006. [Toce BrIBeIeHMs Ha OpOUTY
13-32 KOHCTPYKTOPCKO-TEXHOIOTHUYECKNX OLINOOK TaHEen
BC 1 TenekoMMyHHUKAIIMOHHbBIC aHTCHHBI HE PACKPBUINCH, B
pe3ynsrare KA Ob1T moTepsiH, Tak ¥ HE HauaB CBOIO PadoTy.

Bropoe cnepcrteue punocodpunyeckoro
acnekTa HaAeXXHOCTU

B mapagurme A.M. YémoBa Bels OnpenensieTcst OTHO-
meHneM cBOMcTB. COBOKYITHOCTh OTHOIICHUH 00pas3yloT
CHUCTEMY, KOTOPYI0 MOXKHO PacCMaTpHUBATh KaK CHCTEMY
CBOWCTB KayeCTBA MY, C YIETOM HEPAPXUIHOCTH CHCTEM,
KaK MHOKECTBO IIOZCUCTEM CBOMCTB KadecTBa. Mcxons us
3TOTO, CBOMCTBO HajiexkHOCTH Y BC mipeyiaraercs paccma-
TPHUBATh KaK CHCTEMY KOHEYHOTO YHCJIa CBOMCTB KauecTBa
WM3MEHSIOMINXCS BO BPEMEHHU.

JIroObIe cBOICTBA, TIPOSIBIISIONINE HECTAOMIBHOCTD BO Bpe-
MEHH, MOTYT OBITh OOHAPY>KEHbI METOZIAMU CUCTEMHOTO aHa-
T34, pa3IYeHbI KAECTBEHHO U OIIpe/IeIeHBI KOIMYECTBEHHO
¢ momonrsio BenmynH [12]. s moBOpOTHOTO yCTpoicTBa
mrranru MaranToMeTpa KA B padore [ 1] mpoBeneH noapoOHbIi
aHaJIN3 TAKUX CBOMCTB, BKIIFOYAFOIINX CBOMCTBO O0ECIIEYMBATE
cBOOO/Ty BpaIlIeHHUSI B IIAPHUPE B JTFOOOM YTIIOBOM MOJIOKECHUH
IITAHTH, CBOHCTBO 00ECIICYNBATH YHEPTETHYECKYTO JOCTATOU-
HOCTH JUT IOBOPOTA INTAHTHW HA TOJHBIA YTOJ pa3BopoTa,
CBOKMCTBO o0ecrevynBaTh OSCIPENsITCTBEHHOE IBMIKEHUE
IITAHTH 110 33/IaHHON TPACKTOPHUH, U T.II.

BakHO OTMETHTB, YTO JaHHBIA QHI0COPUUCCKUIN MO~
XOJl JaeT BO3MOXXHOCTh YYHTHIBATh HE TOJBKO CBOWCTBA,
KOTOPBIE MOJKHO OTIPEIENIUTH C IOMOIIBIO TAaPaMETPOB, HO
1 T€, KOTOpPBIE HUKAaK KPOMe KakK TOKa3aTeIIMH He oTpeie-
JISTFOTCSI, WJIK MOTYT OBITH OTIPE/IeJICHBI B PABHOM CTETICHH,
KaK ImapaMeTpamH, Tak 1 nokasarensimu. [lox mapamerpamu
3[IeCh MTOHUMAIOTCS BEIUYMHBI, HHTCHCUBHOCTH KOTOPBIX
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MOXKET OBITH HEMOCPEICTBEHHO M3MEpPEHa TEXHUUECKUMHU
CpPE/ICTBaMH WJIM BBIYMCIICHA (JUTHHA, CHJId, MOMEHT U T.1.),
a TOJ1 TTIOKa3aTelsIMU — BBIYHUCIICHHBIE 0000IIaromue 1aH-
HBIE, IT0 KOTOPBIM MOXHO CYAUTh O COCTOSIHUU paccMaTpu-
BaeMOTO CBOMCTBA MJIM ITapaMeTpPoB (KO PHUIIUEHT 3amnaca
MIPOYHOCTH, KOd(p(PUIMEHT 3araca JBIKYIIETO MOMEHTa,
BEBP, BepositHOCTh 1 T.71.). OneprpoBaHue napameTpaMu u
TIOKa3aTeIIsIMU TO3BOJISIET BEIOMPATh YIOOHBIE /1T XapaKTe-
PHMCTHKH CBOWCTB BEIMYHMHBI, HAIPUMED, IJIsI ONPE/ICIICHHS
CBOMCTB IIPOYHOCTH MOXKHO HCIIOJIb30BATh!

— 3HAYCHHUA JCHCTBYIONMX HArpy3ok (mapaMmerpsl),
€CJIM M0 HUM MOYKHO OTHO3HAYHO CYJIUThb O HANPSKEHHO-
J1e()OPMUPOBAHHOM COCTOSTHHH;

— 3HAUCHMS JICHCTBYIOINX HANPSDKCHUH (apaMeTpsl),
€CJIM HeOOXOJMMO Pas3INyaTh COCTOSTHHS IIPOYHOCTH;

— K03(PUIMEHTHI 3ar1aca IPOYHOCTH (TTOKA3ATEIH ), €CIN
paccMaTpUBAETCs CII0KHOE HAMPSKEHHOE COCTOSTHHE.

Hcnonb3oBaHue mokasaTeneil MO3BONSET yUUTHIBAThH
JIOTIOJTHUTEILHO TaKHE CBOICTBA, KOTOPBIE MOTYT OBITh
pa3In4MMBl TOJBKO KaueCTBEHHO B «OMHApHOI» (hopme:
«HOJb-CIMHUIIAY, «Ja-HET», WM XapaKTEepU30BaThCsl MC-
KJIIOYMTEIFHO MOKa3aTeIsIMU HAJAECKHOCTH, HAIpUMeEp,
BEP.

C y4eToM CKa3aHHOTO, COBOKYITHOCTb CBOMCTB Ka4€CTBA MO-
JKeT OBITh TIPE/ICTaBIIeHAa HEKUM IIPOCTPAHCTBOM IapaMETPOB
YBC B BUJIE cucTeMbl oKazarenei u napamerpos (1):

F:f(XlaXZ’X:‘n "'Xk)’ (1)

rae X, Xp, X3, ... X; — mokasarenau WJId MapaMmeTpsl,
XapakTepusyrone cBoiicTBa kauectBa YBC; k — obmiee
YHUCIIO CBOWCTB KadecTBa YBC.

PaboTocnoco6Hoe cocrostare YBC ompenensercs ycio-
BHEM HAXOXK/ICHUS ee [ToKa3aresield U mapamMeTpoB B 001acTh
JIOITYCTHMBIX COCTOSIHUII TpOCTpaHcTBa kKadecTBa. O0nacTs
paboTocniocobHoTO cocTostnust Y BC onpenensiercst MHOXe-
CTBOM JIEMEHTOB COCTABIISIFOIIMX CBOMCTBO KadecTsa (1),
KaKIIBIH N3 KOTOPBIX YIOBJIETBOPSET YCIOBHIO HAXOXK/ICHHS
3HAYCHUH MOKa3aTeNeil ¥ MmapaMeTpoB B TPaHHUIAX CBOMX
IpeAenbHO JOMYCTUMBIX H3MEHEHHI:

p={ x| X, <0 <X, =123k @

r71e X; — 3HaUYCHUSI BEJIMYHH TT0Ka3aTeliel Ml TapaMeTpoB

i-T0 CBOMCTBA; Xping), Xmax(i) — MPEAENBHO JIOMYCTUMbIE

TPAaHUIBI 3HAYCHUH TOKa3arelel WM mapaMeTpoB i-To
CBOWCTBA.

VYpaBHeHue (2) B TOIHOW Mepe XapaKTepu3yeT Kade-
crBo YBC. Hanexunocts xe YBC, kak 0TME4asioch BhIIIE,
SIBIISIETCSI CBOMCTBOM COXPAHATH KAau€CTBO BO BPEMEHU U
OTIPE/ICIISIETCSl BEPOSITHOCTHIO MPEObIBAaHUS JIEMEHTOB
MHOXECTBa X; (7) B IOIMyCTUMOH obnactu kauectsa D, B
TeuyeHue nHTepBasa BpeMeHH () <t <t:

H(t)=P[X,(t)eD, ;0<t<¢], 3)

rie P(A) — BepOSATHOCTh HACTYILICHUS COOBITHS A.
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Hnst YBC, aneMeHThl KOTOPBIX, KaK MPaBUIIO, SIBISIOTCS
TOYKAaMH €MHUYHOTO OTKa3a, (opmyiy (3) MOXKHO HpH-
BeCTH K BHUIY (4):

1) >1170). @

3ACCh })1 (t): P[Xmin(i) = Xi (T)S Xmax(i);

0<t St].

Dopmyis (2) v (4) yka3bIBalOT Ha BOSMOXKHOCTB YIKe Ha ca-
MBIX PaHHUX CTIUSIX *KH3HEHHOTO 1MKi1a Y BC hopmuposars
TaKye KOHCTPYKTOPCKHE M TEXHOJIOTHYECKUE TPeOOBaHMS Ha
Ppa3paboTKy, KOTOpbIe 00ECIIEUNBAIOT BBITOITHEHHE 33 JAHHBIX
NoKa3aresel KauecTBa U HaJIEKHOCTU. MeToIbl U MpakTHie-
CKHE TIPUMEpBI YCTAHOBJICHMS Takux Tpedosanuid st YBC
npuBeneHsl B padorax [1, 13]. [Ipomecc KOHCTPYKTOPCKO-
TEXHOJIOTMYECKON ACSITEIIBHOCTH 110 00ECTICUCHHIO 3a/TaHHON
HaJISKHOCTH, COITIACHO MPECTABICHHOMY (DHIIOCO(pHIECKOMY
MIOZIXOLY, CBOIUTCS K CIEAYIOLIEMY aJITOPUTMY:

— YCTaHOBJICHNE HEOOXOIUMBIX U JOCTATOYHBIX TPeOo-
BaHWH K KOHCTPYKIMH, 00ECIICUMBAIOIINX €€ PadOTOCIIO-
COOHOCTH B 3a/IaHHOI 00JACTH JOIYCTUMBIX COCTOSTHUIH
MIPOCTPAHCTBA Ka4eCTBa;

— 000CHOBaHUE BEPOSATHOCTH COXPAHEHHUS YCTAHOBJICH-
HBIX TpeOOBaHWH BO BPEMEHH IIPH 33JaHHBIX YCIOBHUIX
9KCILTyaTalny;

— OCYLIECTBIEHUE OPraHU3allMOHHO-TEXHUYECKUX U
OpraHU3allMOHHO-METOJUYECKUX MEPONPUATUN MO BBI-
TIOJTHEHHIO YCTaHOBJICHHBIX TPEOOBaHMIA;

— KOHTPOJTb BBITTOJHEHHS YKa3aHHBIX TPeOOBaHMI Ha BCeX
CTaAUAX KU3HEHHOTO IHUKIIA.

BbiBOAbI

1. [IpennoxeHHbIN NOAX0A K NPEACTABIEHUIO O HAJIEXK-
HOCTH Ha OCHOBE PacCMOTPEHHOTr0 (HIOCOPUIECKOTO
acriekta Ha npuMepax YBC He mpoTHBOpPEUYNT OCHOBHBIM
CJIOXKMBIINMCSI TIOHATHSIM M METOJaM TEOPHUU U TPaKTHKU
Ha/Ie)KHOCTH, B TO JK€ BPEMsI OH MO3BOJISIET pelaTh 3aa4n
Ha/Ie)KHOCTH 0€3 HCII0JIb30BaHMS BEPOSITHOCTHBIX 1 CTaTH-
CTUYECKHX METOZOB PacueTOB MOKa3aTeIeh HaIeKHOCTH.

2. CoBpeMeHHBIH OOIICTIPUHATHIN TEPMHH «HAJICKHOCTE
cormacHo ['OCT 27.002-89 He B oTHO# Mepe OTpaskaeT CIell-
nuxy pemenns 3aga4 Y BC B yacTi mpuMEHEHHS TIOHITHI
«CBOHMCTBO-CIIOCOOHOCTBY M «IapaMeTp-TioKasareib». B to
e BpEMsI, YMEHHE Pa3IndaTh yKa3aHHBIC MOHSITHS TPEI0-
CTaBIISIET CYIIECTBECHHBIE IIPEUMYILIECTBA ITPH 00eCTICHEHUN
HazexxHocti YBC, B 4acTHOCTH, TIO3BOJISIET:

— PaBHOMEPHO pacHpenelsiTh BHUMaHNE Pa3padoTINKa
VYBC no cragusiM KU3HEHHOTO HIMKJIA ISl JTOCTHXKCHHUS
TIPE/IEIBHOTO HCXOAHOTO YPOBHS HAIEKHOCTH M CHIDKCHHUS
Pa3IMYHOTO POJia MPEIIOCHUIOK K OTKa3aM yXke Ha CaMbIX
PaHHUX CTAANSAX UX CO3/aHNS;

— y4uTHIBaTh cBOMCTBa Y BC, KOTOpBIE MOTYT OBITH Olle-
HEHBI TOJIBKO CTETIEHbIO YBEPEHHOCTH B X MPOSIBICHUHN B
BHJI€ BEPOATHOCTH HACTYIUICHUS! «OMHAPHOTO» COOBITHS B
(bopme «1a-HeT». ITO BayKHO, HAIPHMED, IPH OLIEHKE TAKOTO
CBOICTBA, KaKk CBOHCTBO 00€CHEYNTh OECIPEISITCTBEHHOE
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JIBIDKCHNE 3BCHBEB MOBOPOTHON KOHCTPYKIMU TIO 3a/1aH-
HOM TpaekTopuu. CBOCBPEMEHHBIH YU4EeT W HaJIC)KaIIast
OIICHKA JaHHOTO CBOICTBA HaBEpHAKA MPEIOTBpAaTHIIA
051 3anerurenue manenn bC kopabms «Coro3-1» 3a mMarel
9KPaHHO-BaKyyMHOH TEIUION3O0JISIIUH, YTO TIO3BOIMIO OBl
MaHeM OECTIPENATCTBEHHO PACKPHITHCS;

— YIHUTHIBaTh CBOMCTBA AeMeHTOB Y BC, KOTOpBIE MOJKHO
OTIPEZICTNTH Ha OCHOBE CTAaTHCTHYECKHUX BBIOOPOK. Hampu-
Mep, 4acTO B KaU€CTBE HHUI[MATOPOB HAYaJIbHOTO CpadaThI-
BauUsI KTMC ncnonb3yroTcst TUpOTEXHUIECKHIE CPENICTRA.
OCHOBY yKa3aHHBIX CPEICTB COCTABISIOT MUPOMATPOHBI
— IMIPOIYKIMSI MACCOBOTO TIPOM3BOAICTBA, NMEIOIIAst HOPMU-
POBaHHBIC 3HAYEHHSI ITOKA3aTeNs 0E30TKa3HOCTH, KOTOPhIE
MOYKHO HICTIONB30BaTh B (hopmymax (1-4).

3. ®unocopuaeckoe MOHNMAaHNE HATCKHOCTH, KaK CBOM-
CTBA COXPAHATH Ka4ECTBO BO BPEMEHH, O3BOJISIET BBICTPO-
UTb JIOTHYECKYIO CBSI3b MEXIY OKHJIAEMBIM ITOKA3aTeIeM
6e3otkazHocTH YBC B enom, 1 OTeTbHBIMY OKa3aTeNsIMU
U TapaMeTpaMH CBOMCTB KauecTBa. DTO OTKPHIBAET P
paHee HeIOCTYITHBIX BO3MOKHOCTEH:

— BapbUpysl 3HaueHus yacTHbIX BBP, xapakrepusyroume
HaXO0X/IEHUE 3HAUEHUH TI0Ka3aTeleil U mapaMeTpoB TeX WIN
WHBIX CBOWCTB B JIOMyCTUMOW OOJACTH, MOXKHO TOOWTHCS
JOCTHIKEHUS 3aJaHHBIX 3HaueHn BBP cucteMsbl B 11e5oMm.
3amaua, YTO Hy>KHO MPAKTHIECCKH N3MEHHUTH B KOHCTPYKIIHN
koHKpeTHOH YBC, uT0OBI MOBHICUTH €€ 0E30TKa3HOCTb,
TIOJIOXKUM, € TPEX JAEBATOK J0 YETHIPEX JIEBATOK, ITOIydacT
KOHKPETHBIM aIrOpPUTM PEIICHHS Ha OCHOBaHMHU (OPMYII
(1-4). 11t aTOTO, HICXOMS M3 YPOBHS 3HAYCHUH YacTHEIX BBP,
TpeOyeTcst HalTH «caboe 3BEHO) B CHCTEME CBOMCTB Kade-
CTBa 00BEKTA M PHHSTH MEPHI 110 €T0 yCHIICHHIO, HAIIPUMED,
OCYIIECTBUTB IEPECMOTP KOHCTPYKTOPCKO-TEXHOJIOTHIECKIX
TpeOoBaHMIt 6€30TKa3HOCTH C KOPPEKTHPOBKOH TPAHUII JIHa-
[1A30HOB [T0KA3aTeNeH WM 3HAYE€HU [1apaMEeTPOB, [IOMEHSTh,
M0 BO3MOXXHOCTH, CTPYKTYPHYIO MOJIENIb Ha/ISKHOCTH, H3-
MEHUTH NTPUHATHIE KOHCTPYKTUBHBIC PELIEHHS U T.I1.;

— WH)KEHEPHBIE PACUETHl MOMYYaroT CBOE HAJJICKAIIee
MECTO B METOJIOJIOTHH 00€CTIEUeHNs HAZIEKHOCTH, TIOCKOIIb-
Ky CHCTEMHBIH aHAJIN3 CBOMCTB KadecTBa, M3MEHSIOIIIXCS
BO BPEMCHH, 33JaeT HEOOXOIUMOCTh WM IIeJIeco00pas-
HOCTb NTPOBEJCHNUS TEX MM NHBIX HHXECHEPHBIX PACUETOB,
YTO UCKITIOYaeT (pakTop CyOBEKTHBHOCTH TIPH WX BEIOOpE.
PacueTs! HaIe)KHOCTH YIOOOMSIOTCS aI/TATHBHOMY YUETY
PE3yNIbTaTOB WH)KEHEPHBIX PAcUETOB B 00ECIICUEHHE CO-
XpaHEHUs TE€X WM WHBIX CBOMCTB KauyecTBa BO BPEMEHHU.
HeBbInomHeHne TeX WK NHBIX HHKCHEPHBIX PAaCYETOB MTPH
pa3pabotke YBC nmpuBOIUT K HEOTIPEIEIIEHHOCTH CTCTICHU
JIOBEpUS K NTOTOBOW IIH(PE HATECKHOCTH;

—KOHCTPYKTOP MOJTy4aeT BO3MOKHOCTH CBOEBPEMEHHO YCTa-
HABIIMBATh TE WM WHbIE KOHCTPYKTHBHBIE TPEOOBAHHS C OCO-
3HAHWEM HX BIIUSHIS HA 3aaHHbIC TPEOOBAHNMSI HAJCKHOCTH.

3akniodyeHue

B HacTostmieii crarbe, ¢ Mo3uiuil puaocoduu, mpeacTas-
JICH TIOJIXO/T K PEIICHUIO TPAKTHUECKHX 3a71a9 O€30TKa3HOCTH
VYBC Ha 0CHOBE TEOpUH HAZIKHOCTH MEXAHUIECKUX CUCTEM

B.B. Bomoruna [5, 6] ¢ ygetom ux cnennukd — HEBO3-
MOKHOCTH HCTIOIb30BAHHS BEPOSITHOCTHO-CTATHCTUIECKUX
METOJIOB IPUHATHS PEIICHNH.

B ommmune oT Teopun HaZEeKHOCTH aOCOMIOTHO HAZEK-
HeIX cucteM A.M. TTonosko u C.B. I'ypoBa [3], oTpuriaronmx
BO3MOYKHOCTbH TIPOBEJICHHUS PACUETOB [UISI TEXHHUECKHUX
cuctem ¢ BEP 6ompimre 0,999, prnmocodudeckoe moHUMaHNe
Ha/Ie)KHOCTH JaeT K04 K MPOBEACHUIO KOJIMYECTBEHHBIX
orteHok HanexxHoctr YBC. Takue o1ieHKH O KHBI OBITE HC-
TI0JTb30BAHBI KaK MPOIIEAYPHI aHATTN3a IS TOATBEPKICHNS
JIOCTATOYHOCTH IMPUHSTHIX Mep Mo 00ecniedeHn o Oe30TKa3-
HOCTH, M3 KOTOPBIX OBI CJIEI0BAJIN TIPAKTHYECKUE BHIBOBI,
KM3HEHHO HEOOXOTMMBIE /1T IPUHSATHUS PEIICHHH B TTIOBCEI-
HEBHBIX 3a/1a4ax, CTOAIINX Mepe]] KOHCTPYKTOPaMH.
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The article deals with the philosophical aspect of reliability exemplified by unique mission-critical systems
for which it is impossible to apply probabilistic and statistical methods of reliability theory.
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Introduction

For engineers there hardly is anything more indefinite than the number of nines in reli-
ability indices. When you have no real possibility to feel and measure these nines, it becomes
so tempting to give it up and write the wanted reliability figure in the technical assignment
expecting that the life will judge. That is probability, indeed!

From the outlook of a classical reliability theory, probability of failure-free operation (FFO)
equal to entity seems absolutely impossible, that is why in order not to tease the orthodox
devotees, the requirements for failure-free operation are set as being equal close to entity. But
as a whole the point does not change. There is a class of technical systems — unique mission-
critical systems (UMCS), for which the requirements of FFO probability are set on the level
of four nines and more, and in each particular case of application, the functional tasks are
implied and expected to be accomplished for sure [1]. Such systems include large transform-
able mechanical systems (LTMS) of spacecrafts (SC) [2], for instance, the opening sections
of solar panels (SP). Any failure in such systems means not just failure to fulfill the reliability
requirements but also enormous, sometimes even thumping damages and losses impugning
the practicability of their creation without any reliability assurance.

Meanwhile, verification of failure-free operation at the level of three-four nines for the
products produced only in a single copy is much an open scientific problem [3]. And by the
way, one could hardly find an engineer able to detect the construction part of a specific UMCS
which should be practically changed to increase its reliability, for example, from three nines
to four nines. Besides, the emphasis shall be certainly put on the lack of statistics, i.e. in fact
on the lack of source data (as the case is about systems produced in a single copy). However,
if the same question is asked in relation to UMCS strength improvement, there will be an
immediate enumeration of definite methodological ways to solve the problem (singularity of
object makes no obstacle here, and nobody is confused). Certainly, the reliability indices of
technical systems can, and in some cases must be measured by statistic means. But what can
be done if there is no statistics ready at hand, or it is not possible to receive, or if the object
behavior can not be postulated in the form of statistic hypotheses?

It was V.V. Bolotin who made the first consideration of real environmental factors, system
properties, technological, operational and other requirements for reliability problems of me-
chanical systems, instead of notions and methods of formal reliability theory [4-6]. His theory
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of mechanical systems reliability describes reliability as
evolution of trajectory of quality elements with time within
the limits of acceptable states of quality space, and failure
— as a surge of trajectory of any element beyond the limits
of acceptable states. The reliability is an objective degree of
possibility of event occurrence, which depends not on the
frequency of reproduction of some or other events, but on
the selection of specific materials, design solutions taken,
technologies and production methods, terms of interaction
with environment.

In such perception of reliability the nines of UMCS reli-
ability index do not reflect statistics, but objectivity, and on
this basis an engineer needs to learn the methods of analysis
and estimation of reliability, vivifying the figures of reli-
ability indices by means of visualization of “trajectory of
quality elements with time”. To vivify the nines means to
fill them with meanings and therefore the philosophy here is
a kind of multipurpose “scalpel” for dissection of meanings
one could hardly do real work without.

It should be noted that this article is by far not the first
effort to penetrate deep into the philosophy of reliability [7,
8], but this time, however, you are suggested to consider the
philosophical aspect of reliability on the examples of unique
mission-critical systems, for which it is mostly impossible
to apply probabilistic and statistical methods of reliability
theory.

Approach to philosophical
understanding of reliability

Considering that any science with any subject studies
things, their properties and relations, let us refer to the
paradigm of their trinity proposed by A.I. Uyomov [9]. As
per this paradigm, the properties are one of the philosophi-
cal categories closely linked to and merging into each other
— the things as the relation of properties, the properties as
the relation of things, and the relations as the properties of
things. The properties are exceptionally related to the things,
they express any of their sides and do not exist without the
relation of a thing to other things.

To avoid “junk” perception of things let us agree to refer
the notion “thing” to a synonymic row signifying an article:
object, product, system, etc., in other words let us use this
notion in the technical meaning.

Any things as a class of physical elements of material
world — atoms, molecules, materials, objects or systems —are
in continuous relations of mutual arrangement, interrelation
and interaction, occurred in their properties. The things have
an internal structure in the form of the set of elements with
a definite spatial location and interrelations: chemical, me-
chanical, geometrical, kinematical, stiffening, etc. — it keeps
the things cohesive, with reference geometrical sizes and
forms, it helps keeping a certain manner functioning, with
occurrence in these or those properties. At the same time, the
properties of things occur in a different way, by change or
supplement, if considering not only their internal structure,
but also the terms and processes of interaction between the

elements: mechanics, wear and tear, electrochemical corro-
sion, creeping, crumple, fatigue — modes of coexistence and
functioning of internal elements.

Based on the unity of principles for construction of mate-
rial systems, the properties appeared in mutual arrangement,
interrelation and interaction of the elements inside a thing
do likewise appear in mutual arrangement, interrelation and
interaction with other things. As the result, relations of the
things, the properties of every thing are detected as a sum-
mary total different from the properties of things separately,
in other words they appear in a different manner rather than
alone ones. Therefore, the properties are always specified
doubly: by internal substance of a thing, as a combination
of mutual arrangement, interrelation and interaction of its
elements, and by the relations with external things. Any
thing is a set of properties, each of which makes it to be an
integral whole to a certain degree. For instance, based on
its sense bearing notions — such as permanence, constancy,
certainty, trusted functionality, the notions that you can
rely on, — the reliability is expressed by a thing on the part
of stability. Stability here means steady state able to keep
long-term existence with preservation in time.

In fact, the reliability is one of the properties of things,
but what is the essence of this property?

As per the given paradigm, the relations of properties
are the thing which is possible to consider as the system
of properties of the “ordinary-significant” hierarchy. A set
of ordinary properties is clustered around a stable integral
unity of the thing — which is a significant property showing
any important part of the thing. The color, for example, is
an ordinary property. Combination of colors and shades,
composition and style of pictures prints, proportions of the
object, form lines, etc. —are a significant property reflecting
the thing’s esthetics.

The set of ordinary and significant properties of the
thing makes the main significant property — a quality that
determines the thing’s specific nature, distinguishing it
from a number of other things. The quality as a philo-
sophical category is a property expressing the thing on
the part of its integral unity, it is a boundary of the thing,
and with no quality this things becomes another thing.
The difference between the quality and other properties
is that without any properties the thing can still exist, and
destruction of the quality will destruct the thing, though
it will not annihilate it, but turn it into another thing with
a different quality.

It is important to distinguish and to generalize a quality as
a philosophical category, and a produce property as a “set of
produce properties, determining its feasibility to satisfy the
demands in accordance with its purpose” [GOST 15467-79,
article 3]. For example, the “Zhigul” and “Mercedez” are the
cars in philosophical perception of the quality are autos, and
they cease to be autos only when their repair is impossible
or unreasonable. From the position of the produce quality
these are different autos — but only in consumer’s perception.
From the position of philosophy they still remain autos as
man-controlled self-moving machines.
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If the quality is a property describing the integral unity
of a thing, then there must be a property describing the
preservation of the integral unity of a thing in time. By
definition, such property is the reliability because the prop-
erly functioning thing in case of failure loses quality after
some time. After the repair carried out the quality could
return, but in case of unrecoverable failure the quality is
lost irreversibly.

Consequently, the reliability is a property to keep the
quality in time (for comparison: the reliability is one of
quality aspects depending on time [1ISO 8402:1994, article
2.5, note 2], or the reliability is the quality expanded in time
[10]). Considering that quality is a set of the thing’s proper-
ties, the reliability then can be regarded as the property to
keep the stability of the thing’s properties (for comparison:
the reliability is the object’s preservation in a given time
interval within the limits required and sufficient for its
functional capability at workloads [11]).

By analogy, the reliability is a property to keep the quality
in time, or the property to keep the stability of the things
properties.

Based on the foregoing, a set of all properties of the thing,
including the reliability as an integral part of it, makes the
quality with an achievable level. The reliability, meanwhile,
expresses the achieved quality as an integral whole on the
part of its time preservation. Thus based on philosophical
understanding, the reliability reflects the achievability of
specific quality level, and simultaneously, defines the pres-
ervation of quality preservation in time.

The first effect of the philosophical
aspect of reliability

In view of the delivered philosophical understanding it
becomes obvious that reliability as a property is appropri-
ate only to material objects (according to A.I. Uyomov, the
property is the relation of things). Looking at the terminology
we can see that this is how it is reflected in the modern term
“reliability”. The reliability is the property of an object to
keep all parameters for support of the ability to function in
the prescribed modes and conditions of application, main-
tenance, storage and transportation [GOST 27.002-89,
table 1, article 1.1]. Since according to GOST 25866-83 the
modes and conditions of application, maintenance, storage
and transportation are together the operational conditions,
the reliability is understood as the ability to keep (within
prescribed limits) technical object parameter values in terms
of operation only.

Inspired by the definition of “reliability” it is implied that
from the beginning and till the end of operation there may be
a certain recession of the level of parameter values affecting
reliability. Therefore, to provide target reliability in the end
of operation it is implied that at the beginning of operation
the object should have the maximum possible necessary
initial level of reliability. And the initial level of reliability
is a priori higher than the current one. Hence there occurs
the rhetorical question — what value should the index of FFO
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probability have for UMCS at the beginning of operation so
that it will be close to one at the end of operation?

It is well known that operation is the part of a product’s
life cycle following the stages of development, production
engineering and the cycle of manufacture. At the stages of
development and production engineering there is no mate-
rial object yet — we can only speak about various models of
the object. It is produced within the manufacturing cycle,
but before putting into operation the material object does
not exist de facto.

In relation to UMCS there occurs a paradox. There is no
product as a material object, but at the same time its expected
reliability must be extreme close to one. Practically it means
that by the beginning of operation the state of UMCS as
regards reliability must be ideal, there should be no engineer-
ing, manufacturing and operational near failures, i.e. as it is
passing the life cycle phases its failure-free operation shall
not deteriorate due to:

— imperfections of engineering and design methods, en-
gineering errors, breach of the requirements of normative
and technical documentation, breaking of engineering rules
and regulations;

— imperfections and errors in the applied technologies;

— defects and errors of manufacturing, assembling and
installation, troubles with technological processes of produc-
tion, friction joints burn-in, degradation of parameters after
tests required by the manufacturing cycle.

Here is the conclusion already mentioned in the other
words: reliability is not just the property, but the ability to
show this property (terminologically, the ability is a property
allowing somebody or something to do an action).

Such aspect gives the opportunity at the early stages of a
life cycle before the operation to consider one more impor-
tant factor for reliability. It is nothing else but discrepancies
and errors at the creation of models during the development
and production engineering, as well as unauthorized actions
in relation to a physical object during installation and main-
tenance in form of probability of unmistakable actions of
people involved in the UMCS development and creation.

Possibility to consider the reliability as the property and as
the ability depending on the life cycle stage allows eliminating
mismatch of reliability terms highlighted by A.S. Pronikov.
The native literature describes the term reliability mostly as
the property, but the English-language references determinate
it as the ability of a product to keep the prescribed functional-
ity in time [8]. The question arises then if the reliability is the
ability (assertion by the American school of reliability), or the
property accepted by the Soviet and Russian science? By the
philosophical aspect of UMCS reliability under consideration,
the reliability is simultaneously the property and the ability.
When operating the objects it is by all means the property. On
“prior-to-material” stages of the life cycle including waiting
for operation, it is certainly the ability.

It was A.N. Tupolev who paid attention to the consid-
eration of object reliability on “prior-to-material” stages
of the life cycle: “The further from the developer board
the unreliability is detected, the more it comes at a price”.



ABOUT THE PHILOSOPHICAL ASPECT OF RELIABILITY EXAMPLIFIED BY UNIQUE MISSION-CRITICAL SYSTEMS

The same idea was expressed by V.I. Kurenkov by the cor-
relation formula of correction expenses at the design stage
1:10:100:1000 (design: development: batch production:
operation) [10]. For correction of the specific error, provided
it is early detected, the amount of expenses will be equal to
the “amount” that leads to its occurrence. At the following
life cycle stages, the elimination of design errors causes
considerable increase in expenses.

For UMCS it becomes even more serious due to the total
price of rocket vehicle and spacecraft. Severable or complete
breach of the operating capability of the latter because of the
failure of a “pennyworth” element of the opening sections
is the luxury which is unnecessary, and sometimes even
— inadmissible. In particular, with a failure of mechanics
opening the solar panels, for instance, due to the malfunction
of only one locking clamp, the financial consequences are
measured not by the net cost of the defected element, but by
the damage evaluated by the base value of transport deliv-
ery system, which for the spacecrafts like “Express-AMS”,
“Express-AM6” as part of the rocket vehicle “Proton-M”,
amounts to 8,35 bin. rub.

For the indicated reasons the UMCS state as the ability
allowing to wait for the reliability property occurrence be-
fore the start of operation, is deterministic, as any error at
the first stage of a life cycle defeats the purpose of further
activity. A good example is the Chinese spacecraft Sinosat-2,
spaceborne on October 29, 2006. After the orbital insertion
SP sections and telecommunication antennas did not open
due to some design and technological errors, and as the result
the spacecraft was lost never starting the operation.

The second effect of the philosophical
aspect of reliability

The paradigm by A.I. Uyomov determinates the thing
by the relation of properties. The set of relations makes the
system which can be regarded as the system of properties
of quality or, taking into account the system’s hierarchical
pattern — as the set of subsystems of the quality properties.
Accordingly, the reliability property of UMCS is proposed
to be considered as the system of finite number of quality
properties changing with time.

Any properties giving instability with time can be de-
tected by methods of system analysis, distinguished qualita-
tively and specified quantitatively by means of values [12].
For a rotary gear of the shaft of spacecraft magnetometer
under operation [1], there performed a detailed analysis of
such properties, including the property to provide angular
freedom of a rotating joint in any angular position of the
shaft, the property to provide energetic sufficiency for the
shaft’s rotating by the full angular orientation, the property
to provide unobstructed movement of the shaft on the pre-
scribed trajectory, etc.

It is important to note that this philosophical aspect
gives the possibility to consider not only the properties
which could be specified by means of parameters, but also
the properties which can be specified by nothing else but

indices, or which can be specified by both — parameters and
indices. Parameters here are the values, intensity of which
can be measured directly by technical devices or calculated
(length, strength, moment, etc.), and indices are the cal-
culated colligating data to check the state of the property
under or parameters (contingency factor, factor of moving
torque, FFO probability, probability, etc.). Operating with
parameters and indices allows choosing the values useful for
qualification of properties, for instance, for determination
of properties of contingency one can use:

—values of current loads (parameters) if these are enough
for estimation of stressed-strained state;

—values of current stresses (parameters) if it is necessary
to distinguish states of strength;

— contingency factors (indices) in case of complex
stress.

Using indices it is possible to consider the properties
which can be distinguished only in a quality manner in “bi-
nary” form: “zero-one”, “yes-no”, or which can be specified
solely by reliability indices, for example, FFO probability.

Considering the above, the set of properties can be
expressed by a certain space of UMCS parameters as the
system of indices and parameters (1):

F:f(XlaX27X3a "'Xk)7 (1)

where X, X5, Xj, ... X are the indices and parameters
specifying the UMCS quality properties; £ is a total number
of UMCS quality properties.

UMCS condition is considered as operating in case its
indices and parameters are within the area of admissible
states of quality space. The limits of operating condition of
UMCS are specified by set of constituent elements of the
quality property (1), each of such elements meets the require-
ment for indices and parameters to be within the limits of
their maximum permissible variations:

D, = { X |x

min ([

<X <X, o bi=1230k @

where X; are the values of indices or parameters of the i
Property; Xmin(iy» Xmax( are the maximum permissible limits
for the values of indices or parameters of the i property.

Formula (2) fully describes UMCS quality. UMCS reli-
ability, as it was noted above, is the property to keep the
quality with time, and it is determined by the probability for
the element of the X; () set to be within the limits of permis-
sible quality space D, during the time interval 0 <z <t

H(t)=P[X,(t)eD,;0<t<¢], 3)

where P(A) is the probability of event 4.

For UMCS, elements of which are normally the points
of a single failure, formula (3) can be transformed into
formula (4):

10 > 1170, @
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mi max (i)

where P (1)= P X, € X, (1)< X, s 0<T<1].

Formulas (2) and (4) indicate that at early stages of UMCS
life cycle it is already possible to form such engineering and
technological requirements for the development process
that provide the performance of the target quality and reli-
ability indices. Methods and application examples of such
requirements in relation to UMCS are described in papers
[1, 13]. The design-engineering activity on the provision of
target reliability, as per the described philosophical approach
comes down to the following algorithm:

— determination of necessary and sufficient requirements
to the design, ensuring its functional capability in the given
area of permissible states of the quality space;

—basis for probability of keeping of the specified require-
ments with time under the given operational conditions;

—administrative, technical and methodological measures
to fulfill the requirements;

—control of the fulfillment of the prescribed requirements
at all stages of a life cycle.

Findings

1. The suggested approach to the reliability perception
based on the considered philosophical aspect exemplified
by unique mission-critical systems does not contradict with
general prevailing notions and methods of theory and prac-
tice of reliability, and simultaneously, it enables to solve the
reliability tasks without probabilistic and statistical methods
of calculation of reliability indices.

2. As per GOST 27.002-89 the currently accepted term
“reliability” does not fully reflect the specific features of
UMCS task solving in terms of application of the notions
“property-ability” and “parameter-index”. At the same time,
the ability to distinguish the above mentioned notions gives
essential advantages for the assurance of UMCS reliability.
In particular, it conduces:

—regular distribution of the attention of UMCS developer
among the stages of life cycle to achieve the initial level
limit of reliability and to reduce various near failures at the
very early stages of a life cycle;

— consideration of UMCS properties which can be esti-
mated only by the trustworthiness of their performance by
means of probability of the “binary” event in “yes-no” form.
It is important, for instance, when estimating the property
to provide unobstructed movement of the revolute con-
struction elements on the prescribed trajectory. The timely
consideration and appropriate estimation of this property
could certainly have prevented from the mesh of solar panels
of “Soyuz-1” with the blanket foam pads, that could have
enabled the unobstructed opening of the panel;

— consideration of the properties of UMCS elements,
which could be determined based on statistical samples. For
instance, it is pyrotechnics that is used as initiator of primary
actuation of LTMS. The basic elements of the pyrotechnics
are the pyrotechnic squibs — large tonnage products with
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specified values of reliability factors, which could be used
in formulas (1-4);

3. The philosophical understanding of reliability as the
property to keep the quality in time makes it possible to
build a logical bridge between an expected reliability factor
of UMCS and separate indices and parameters of quality
properties. It offers a number of opportunities which were
unavailable earlier:

— by varying the values of particular FFO probabilities,
descriptive of the values of indices and parameters of any
given properties to be within the limits of admissible range,
it is possible to achieve the FFO probability target values of
the system as a whole. The task to find out what essentially
should be changed in the design of the particular UMCS in
order to raise its failure-free operation for example, from
three nines to four nines, deduces the certain solution al-
gorithm based on formulas (1-4). In order to do that, based
on the value level of particular FFO probabilities, a “weak
component” has to be found in the system of properties of
the object’s quality, as well as reinforcement measures have
to be taken. For example, to reconsider the engineering
and technological requirements of failure-free operation
with adjustment of the range limits of indices or parameter
values, to change, when possible the constitution model of
reliability, to quash the constructive decisions, etc.;

— engineering evaluation takes up its niche in the meth-
odology of reliability as the system analysis of the quality
properties changing with time calls for the necessity or
feasibility of any engineering evaluations eliminating the
human factor in selecting. Reliability calculations are assimi-
lated to additive consideration of the results of engineering
evaluations to keep the quality properties with time. Failure
to carry out one or another engineering evaluation when
developing UMCS causes the ambiguity of trustworthiness
of the final figure of reliability;

—adesigner could provide the timely specification of any
requirements being aware of their influence on the specified
reliability requirements.

Conclusion

This paper describes the philosophical approach to the
solving of practical problems of UMCS failure-free opera-
tion based on the theory of reliability of mechanical systems
by V.V. Bolotin [5, 6] considering a certain specific charac-
ter — unavailability of probabilistic and statistical methods
of decision.

Unlike with the theory of reliability of fail-safe systems
by A.M. Polovko and S.V. Gurov [3], who denied the pos-
sibility of calculations for technical systems with the FFO
probability which is more than 0.999, the philosophical
understanding of reliability gives the key to quantitative
evaluation of UMCS reliability. These evaluations shall
be used as the analysis procedures for confirmation of suf-
ficiency of measures taken to provide reliability followed
by practical conclusions vital for solving daily problems
faced by designers.
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CTPYKTYPHAAA HAOEXKHOCTb. TEOPUA U MPAKTUKA

Bonogapckun B.A.

ONPEAENNEHUE NAPAMETPOB CUCTEMbI
NMPEAYNPEAUTEJIbHbIX 3AMEH U PEMOHTOB NPU
aonycrmmom SHAMEHUN UHTEHCUBHOCTU OTKA30B

U3noxeH meton, nO3BOJSIOWMNA Mpy 384aHHOM YPOBHE WHTEHCUBHOCTY OTKa30B OMNpPenessitb ryounHy
BOCCTaHOBJ1eHUs1 6630TKa3HOCTI/l, nepnoandYHoOCTb ripeaynpeanTesibHbiX 3aMeH N PeMOHTOB TeXHUYeCKUX
YCTPOVICTB.

Kno4eBble cnoBa: 6€30TKa3HOCTb, 71yOUHa BOCCTAHOB/IEHUS, MHTEHCUBHOCTb OTKa30B, PEMOHT, 3aMeHa,
nepuoaniHOCTb.

g Texauueckux ycTpoicTB (TY) BaXKHBIM MapaMeTpoM sBJseTCS 0€30MacHOCTb, MO
KOTOPOI MOHUMAIOT cBOIcTBO TV, B cilydae 0TKa3a He CO3/1aBaTh yrpo3y Ui )KU3HH U 3710pO-
BB JIIOJIEH, a TaK >ke s OKpy»Karomie cpeasl [ 1]. Hanpumep, Ha TpaHcniopTe HEOOXOMMBIM
yCIIOBHEM sIBIIsieTCs oOecriedeHne 0e30MacHOCTH JBMKEHUs. V3BeCTHO, 4TO MpoBe/eHHe
npenynpeantenbabix 3ameH (I13) n npenynpeantensHbix peMonToB (I1P) noeimaer 6e30T1-
Ka3HOCTb, YTO CIIOCOOCTBYET MOBbIILIeHUIO Oe3omnacHocTh TY. [ToaToMy nmapameTpsl CHCTEMBI
IpeAyHIpenTeNbHBIX 3aMEH U PEMOHTOB (TIEpHOANYHOCTH [13, MeproguyHOCTh U KOJIHYECTBO
1P, r1yOuHa BoccTaHOBJICHUSI 0E30TKA3HOCTH) B 9TOM CJIydae JOJDKHBI ONPEeIsThCS U3
YCIIOBHSI 00€CIICUCHUS JIOMYCTUMOTro (3aaHHOr0) ypoBHs Oe3orkasnoctu TY. Hampumep,
B COOTBETCTBHUHU C [2] MPUMEHHUTEIBHO K YCTPOICTBAM XKeJIe3HOJOPOKHOM aBTOMAaTUKH U
TeJIeMEXaHHUKH TOKa3aTeJeM, KOJIMYECTBEHHO XapaKTEepPU3YIOUUM JOMyCTUMOE 3HAauYeHUe
0€30TKa3HOCTH, SIBISIETCS] HHTEHCUBHOCTB 0TKa30B (110).

I'myOuHy BoccTaHOBIICHHSI O€30TKa3HOCTH B COOTBETCTBUH C [3] mpe/yiaraeTcsi OLieHUBaTh
«Bo3pactom» TY a B enuuunax Hapabotku Ha otka3z (HHO). PaccMorpum ciyuaii, xorga
Hocjie MPOBEACHUS 71 IPeRyNpeTUTeIbHBIX PEMOHTOB OCYIIECTBIsAeTCA 3aMeHa 1Y Ha Ho-
Boe. Xapakrtep uzmenenust MO npencrasien Ha puc. 1. [locne npoBeaeHnss MUHIMAILHOTO
aBapuitHoro pemonta (MAP) uHTEHCUBHOCTb OTKa30B He u3MeHsieTcs. [locie npoBeaeHus
[1P ¢ mepnoaM4YHOCTBIO X M IIyOWHOH BoccTaHOBiIeHUs Oe30TkasHocTn a MO cHmxkaercs
710 3Ha4eHus A(a), a mocsie nposenenus 13 ¢ nepuoauuHOCTLIO X, — 10 Hyls. O B MOMeHT
nposenenus 113 u TP cocrasnser A(x+a). 31eCh 3HAYEHUSA X U X, USMEPSIOTCS B €IMHUIIAX
HHO, a MHTEeHCUBHOCTbH OTKA30B IIPUBEJICHA K Oe3pa3MepHOMY BHY IIyTeM YMHOKEHHUS Ha
3"auenue HHO.

BBP npu napa6otke x,, coracHo puc. 1 onpezensiercs kak

P (xp) =P(x/a,n)=exp —f?u (x)dx |=(P(x+a )" (P(a)™, @)

TJIe 71 — KOJINYECTBO PEMOHTOB MEXAY 3aMEHaMU.
YacTHble ciaydau BelpaskeHus (1):
npu 7 = (), korna npoogares Tonbko [Bua = 0, P(x,) = P(x);
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nePu gonyctTumom 3HAYEHUU UHTEHCUBHOCTU OTKA30B

npu n—0o0, KOoTAa MpPOBOAATCA TOJBKO HP, nocJje pac-
KPBITHA HEOMPEACICHHOCTH MMOJYYHUM:

P(x/a) = (P(x + o)) (P(a)). 2)

YuuTteIBas, 4t0 x,, = 0. +(n+1)x (cM. puc. 1), momyuum:

x = (x, - a)(n+1)~. 3)

[oncraBus 3HaueHue x u3 (3) B (1), momydnm:

n+l

P(x,,)=[P(x”+—m)]"”[P(0t)]”. @

Torma O onpenensieTcs: kKak

k(xp)z l(x/a,n)z —%z

X+ no,
= 7»(”—) =A(x+0a). %)
n+1

YacTHble ciydan BeIpaxeHHs (5):

pu n = (), Koraa mpou3BoAsITes Tonbko [13 u a = 0, 4
(5)=A);

IIPU 1—00, KOTJia MpoBosiTcs TosbKo [P, moxydnm BbI-
pakenue A(x/o)= A(x+a),

B crarbe paccMarpuBaeTcst METO OTIPEIEIICHHS ITapame-
TPOB CUCTEMBI ITPELYIPEIUTEILHBIX 3aMEH U PEMOHTOB IIPH
3aJ]aHHOM YpPOBHE MHTEHCHBHOCTH OTKAa30B TEXHHUUYECKHX
YCTpPOUCTB, KOIna

Ax/a,n)< Ay, (6)

r€ A, — IOIYCTUMOE IO yCIOBUsIM OOecrieyenus 6e30-
MACHOCTH 3HaYE€HUE NHTEHCUBHOCTHU OTKa30B.

WzBectHO, uto I13 1 1P nemecooOpazHo MpoBOAUTS ISt
TV, nonBepkeHHBIX U3HOCY U cTapeHuto. [l onucaHus
OTKAa30B, CBSI3aHHBIX C U3HOCOM U CTapEeHUEM, KaK IpaBU-
JI0, UCTIOJIB3YIOT HOpMasibHOe, Belibynina n ramma — pac-
npenenenue. Kpome toro, B caydae HEMOIHOTHI HCXOAHOM
nH(OpMAINH 11eJIeco00pa3HO NCTIONB30BaTh PacIpe/ielIcHIe
kocunyca [4]. Torna BeipaxeHue (5) ¢ y4eToM pe3ylbTaros,
MOJIYYEHHBIX B [4], MOXKHO IPEACTaBUTh TaK:

JUI HOPMAJBbHOTO PACHIPEeICHUS

Ml an)=f(—x—a ™ (7)
fu1s pacnipeenenns BeiiGymna
A(x/a,n)=bK! (x+a)"; (8)
JUISl TaMMa-PaCTIpeeICHUs
A(xl an)=(m" (x+o))x

x((m—l)!mgl(m (x+a)) /it ©9)

JUIsSL pactpeielieHust KOCHHyCa
A(x/a,n)=1g(x+0), (10)

rae v — koodunment Bapuanuy; f; — TaOyIupoBaHHAS
¢dynxums; b —napameTp hopMsl pactipeneneHus BeitOyrmia;
K, =T (I+b"). 3neck I"— raMmma-QpyHKIHs;, m — napameTp
(hOopMBI TaMMa-pacrpeaeIeHus..

[TeprnoaMYHOCTE NPENAYNPENUTENbHBIX 3aMEH Xp, U
PEMOHTOB X, IlyOMHA BOCCTAHOBIIEHHs OE30TKA3HOCTH 0.
TIPY 33JJaHHOM JIOITyCTUMOM 3HaYE€HUN HHTEHCHBHOCTH OT-
Ka30B OMPEIEIAITCS U3 YCIOBUA A(X/0,n)=A, CHENYIOLIAM
oOpazom.

Pacnpenenenue BeiiOymia.

[Tpwu 3aaHHEBIX 3HAUCHUSAX @ U3 (8) TOITyInM:

x,=(k, (bk,f)’l)ﬁ —-a. (11)

[Ipn o = 0, xorna mposoxutes Toabko 13, n3 (11) mo-
JTyqnMm:

1
Xpe = (A, (K)ol (11a)
[Tpw 3aaHHBIX 3HAYEHUSX X U3 (8) MOMydIHuM:
1

o, = (A, (bK;)) ) —x. (12)

[Ipu 3amaHHbIX 3HAYEHUSX X, ¥ 1 13 (8) ¢ yueToMm (5)
TIOJTY4UM:

1
Xp, = (n+ 1)(kg (bK})™)P! - na. (13)
YacTtHsle cirydan Boipaskenust (13): mpun=0, xorma o =0
norydaeM Beipaskenue (11a); mpu n — oo rmocie pacKkpbIThs
HEONPEIeJICHHOCTH TTOIy4YnM BhIpaskerue (11).
2. Pacnpenenenne KocuHyca.
[Tpw 3amansex 3HaUeHMsX o 13 (10) momyunm:

x, = arcigh, —o. (14)

IIpn o = 0, xorna npoBoasTest Toneko 113, u3 (14) mo-
TyqnMm:

Xp, = arcigh,. (14a)
[Tpn 3amansbIx 3Ha4eHUIX X U3 (10) momyunm:
o, = arctgh, —x. (15)

[Tpu 3amansbIX 3HaYeHUX X, o 1 1 u3 (10) ¢ yuerom (5)
TIOJTYYUM:

Xp, = (n+ l)arctglg — noL. (16)
Yactaele ciyvan BeipaxkeHus (16): mpu n = 0 momydnm

BeIpakeHue (14a); mpu n — oo modyduM BeipaskeHue (14).
3. lamma-pacnpenencHue.
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ONMPEAEJIEHVE NAPAMETPOB CUCTEMbI NPEAYNPEOUTEJIbHbIX SAMEH U PEMOHTOB
nPn 4onyctuMmoM 3HAYEHUU UHTEHCUBHOCTU OTKA30B

[pu 3ananHbIX 3HAYCHUAX O U3 (9) MOMydnM:
Hpnm:2xg=7»g(4—2lg)']—a; (17)
npum =4
x,= (6xg+(216xg—36xg2 )‘)’5)(54—187Lg)"—a. (18)
[pu o = 0, korga mpoBoAATCS TONBKO [13, moTyamIMm:
npum =2 x,, =L, (4—2X,)7; (17a)
npum =4
Xpy= (67»g+(2167»g—367»g2)0’5)(54—187»g)". (18a)
[pu 3aganHbIX 3HAYCHUAX X U3 (9) TOTydInM:
Hpnm:2(xg=7»g(4—27»g)']—x; (19)

npum =4 os
ag=(6Ag+(216xg—36x;)’ )(54—187»g)'1—x. (20)

[pu 3amaHHBIX 3HAUSHWSX X0 U 1 13 (9) ¢ yaerom (5)
MOy YUM:

Yactasle cydan BeIpaxkeHuit (21) u (22):

rpu 7 = 0 TIOIyYUM COOTBETCTBEHHO BBIpaxkeHus (17a)
u (18a);

TIPH N — 00 TIOJTyYUM COOTBETCTBEHHO BhIpaskeHHA (17)
u (18).

Kak BHJIHO M3 IOJIyYeHHBIX BBIPaXKCHUI IEpUOIHNY-
HOCTh NPEeIyNPEAUTEIbHBIX 3aMEH U PEMOHTOB JIMHEHHO
3aBHUCUT OT DIyOWHBI BOCCTAHOBJICHHS 0E30TKa3HOCTH H,
COOTBETCTBEHHO, TITyOMHA BOCCTaHOBJICHHUS O€30TKa3HOCTH
JIMHEWHO 3aBUCUT OT IIEPHOJHIHOCTH IPESTYTIPEIUTEIBHBIX
3aMEH U PEMOHTOB.

B kagectBe mpumepa, B Tabnune | mpencTaBICHBI
3HAYEHHUSA X, (YUCIUTEIND) U X p, (3HAMEHATEND), BBIYHUC-
JICHHBIE IPH OTAEIbHBIX 3HAYEHHUSAX g, 72 M 0L C HCTIOIB30-
BanneM Beipaxxerwit (11) u (13) B cimyuae pacmupeneneHus
BeiiOymna ipu b = 2 u b = 3, Beipaxkenuit (14) u (16) B
cIydae pacupeaeseHus KOCHUHyca, BeIpaxkeHui (17) u
(22) B cmywyae raMma-pacupeeieHus Ipu m = 2 1 BBI-
paxenuit (18) u (22) B ciryyae raMMa-pacipeiesICHus
pu m = 4. VI3 Tabnuis! BUIHO cienyioniee. Bo-mepBrIx,
¢ poctoM mapameTpa Gopmsl b U m (yMEHBIICHUEM
ko3 dunmenta Bapuanuu) nepuoanduocts 13 u TP
yBeJIIMYUBAETCA. DTO O3HA4yaeT, YTO KOTrJa WHTCHCHUB-
HOCTh OTKA30B BO3pacTaeT MEAJICHHEE, NMPeAyIpean-
TEJIbHBIE 3aMECHBI 1 PEMOHTBI MOTYT BBIITOJIHATHCS PEXKeE.
Bo-BTOpBIX, C YMEHBLIICHHEM JOINYCTHMOTO 3HAa4eHHUs

npum=2 X, = (n+1)7»g (4—27»‘g )" —no; 21) HHTEHCHUBHOCTH 0TKa30B TY nepuogununocts [13 u I1P
YMEHBIIACTCSA. B-TpeThux, ¢ yMEHbIICHUEM ITTyOUHBI
npu m =4 BOCCTAHOBIICHUS 0€30TKa3HOCTH MepHoaudHOCTH 1P
os yMmeHbpmaetcs. CienoBaTeabHO, C METb0 00eCIeuyeHHs
(6kg + (216kg -361,%) )x 0€3011acHOCTH IIPEeIYNPEAUTENbHBII PEMOHT YCTPONUCTB
Xp, = (n+ 1) 1 —no. (22) 1enecoo0pa3Ho BRITIOIHATH C BOBMOXHO OOIBIIEH TITy-
x(54—18kg) OMHO, MOCKONBKY IIPU 3TOM CHUIKAETCS €ro JacToTa,
0COOEHHO NPH MAaJBIX 3HAYEHHUAX Ay
Tabauna 1
Pa;::]::e- BeiiOynna b =2 BeiiOynna b =3 Kocunyca I'amva m =2 Tlavmma m =4
n X,/Xp, IPH O X,/Xp, TIPH 0. X, /Xp, IPH O X,/Xp, IPH O X,/Xp, TIPH 0.
& 0 0,1 | 0,2 0 0,1 0,2 0 01 [ 02| 0 | 01 | 0,2 0 0,1 0,2
O | e | - 07| - - 108 ~ 105 - ) 06| i

Ll Josafoas | [oss (o4 [ o8 [oss| o4 | 03| 044034

| 1,17 | 1,07 1,27 | 1,17 1,47 | 1,37 09 | 0,8 0,98 | 0,88

s | . [osaloda ] oS8 (o040 [ (68 [0S8] [ 0503 |  [o044 034

2,25 | 1,95 2,44 | 2,14 2,84 | 2,54 1,7 1,4 1,85 | 1,55

s | [osafoss| [os8[o49| [oes[oss| [o4 03| |04 |03

335|282 3,61 | 3,11 4,21 | 3,71 25 | 2,0 2,73 | 2,23

05 O | o3| - 05| - o6 - ~ 02| - ] 03| i

0,54 | 0,44 0,87 | 0,77 0,82 | 0,72 0,23 0,47 | 0,37

s | . Jexzloz| o8 [oe2o|  [oe36fo2e] ooz [ [0 [0

0,53 | 0,67 0,87 | 0,77 0,82 | 1,25 0,37 0,85 | 0,58

s | . Jezfon] Joess o] [a36 02| [ooz| | [ow|00

1,41 | 091 241 | 1,91 2,28 | 1,78 0,50 1,23 | 0,73
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OMPEAEJIEHUE NMAPAMETPOB CUCTEMbI NPEAYNPEAUTEJIbHbIX 3BAMEH U PEMOHTOB

nePu gonyctTumom 3HAYEHUU UHTEHCUBHOCTU OTKA30B

A(x)

AN(x+a)

Ma)

Mp1 Mnp2 MPn na3
———— g ———
04
U4
MAP
MAP
4
_____r_____
| |
I I
I I
| |
X X
Xp

Puc. 1. I3MeHeHne HHTEHCUBHOCTH OTKA30B Ipu OpOBCACHUU NPEAYIPECAUTCIIbHBIX 3aMEH U PEMOHTOB

B kauectBe mpumMepa u3 Beipaxkenus (12) Halizem ypas-
HEHHUE JUIsl ONPEIETICHUS] 3HAYEHHUH 0y IPU PACTIPEIETIEHUH
Betibysia ¢ mapamerpom Ghopmbl b = 2

o, =0,56\, —x.

W3 nosyyeHHOro ypaBHEHUs BUAHO ciefyrouiee. Bo-
MEPBBIX, C YMEHBIIEHNEM aomyctumoro 3HaueHus MO u
nepuoanuHoctu [IP cHuxaercs JOIycTUMOE 3HAYCHUE
r1yOMHBI BOcCcTaHOBNIeHHs Oe30Tka3zHocTH TY. Bo-BTOpBIX,
CYILECTBYET NPEACIbHOE 3HAYEHUE IIEPUOJUYHOCTH, KOIIa
3HAYEHME 0,y CTAHOBUTCS PABHBIM HYIIIO U HEOOXOMMO BME-
CTO PEMOHTA IIPOBOJUTH 3aMEHY TEXHUYECKUX YCTPOUCTB.

3aknyeHue

HpI/I yCJ10BUU obecrieueHus A0IMYCTUMOTO 3HAYCHUSA
WMHTCHCUBHOCTH OTKAa30B TCXHHUYCCKHX YCTpoﬁCTB, npena-
JIaraeMblit MCETO/ ITO3BOJIACT:

- I[IpyU 3aJaHHOM 3HA4YCHUU FJ'Iy6I/IHI)I BOCCTAaHOBJICHUA
0e30TKa3HOCTH OIMPCACTIUTL NCPUOANIHOCTE PEMOHTOB;

- IIpU 3aJaHHOM 3HAYE€HHUHU MEPUOAMYHOCTH PEMOH-
TOB OIPEACNUTh ITTyOWHY BOCCTAHOBJIEHHUSI 0€30TKa3-
HOCTH;

- [IPY 3aJIaHHBIX 3HAYEHUSIX ITyOWHBI BOCCTAHOBIICHHUS
0€30TKa3HOCTH, KOJMYECTBA U MEPUOANYHOCTH PEMOHTOB
OTIPEJICNIUTh CPOK 3aMEHBI TEXHUUYECKUX YCTPOMCTB.
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Structural reliability. The theory and practice

Volodarsky V.A.

DETERMINATION OF PARAMETERS FOR THE SYSTEM
OF PREVENTIVE REPLACEMENT AND REPAIR UNDER
THE ACCEPTABLE FAILURE RATE

The article describes a method helping to define the scope of recovery for failure-free operation, frequency
of preventive replacements and repairs of technical devices under the given failure rate level.

Keywords: failure-free operation, scope of recovery, failure rate, repair, replacement, frequency.
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An important parameter for technical devices (TD) is safety that is understood as a TD
property not to endanger life and health of people as well as environment in case of failure
[1]. For example, in transport sector the necessary requirement is traffic safety ensuring. It is
known that preventive replacements (PRpl) and preventive repair (PR) increase reliability,
thus helping to increase TD safety. Therefore, the parameters of the system of preventive re-
placements and repairs (PRpl frequency, frequency and amount of PR, scope of recovery for
failure-free operation) in this case shall be determined under the conditions of an acceptable
(specified) TD failure-free operation level. For instance, in accordance with [2], in relation to
railway signalling and remote control installations, the indicator that quantitatively character-
izes an acceptable value of failure-free operation is a failure rate (FR).

As per [3], the scope of recovery for failure-free operation is suggested to be estimated
by the “age” of TD a in time to failure (TTF) units. Let us consider the case when after the
n of preventive repairs a TD is replaced by a new one. The change of FR is shown in Fig.
1. After minimum emergency repairs (MER) a failure rate does not change. After PR with
the frequency x and the scope of recovery ¢, the FR goes down to value A(a), and after PRpl
with the frequency x, — to zero. FR at the moment of PRpl and PR is A(x+a). The values x
and x,, here are measured in TTF units, and the failure rate becomes non-dimensional through
multiplication by a TTF value.

Probability of failure-free operation with the frequency x, as per Fig. 1 is determined as

P(xp) = P(x/a,n)= exp(—ifk (x)dx] = (P(x-i—oc))"” (P(oc))'”, (1)

where 7 is the number of repairs between replacements.

Special cases of expression (1):

with n = 0, in case of PRpl only and a = 0, P(xp) = Px),

with n—oo, in case of PR only, after the evaluation of an indeterminate form, we will
have:

P(xla) = (P(x + a))(P(a) . 2



DETERMINATION OF PARAMETERS FOR THE SYSTEM OF PREVENTIVE REPLACEMENT

AND REPAIR UNDER THE ACCEPTABLE FAILURE RATE

Considering that x,, = o +(n+1)x (see Fig.1), we will have:
x = (x, — )(r+1) . 3)
Putting the value x from (3) to (1), we will have:

P(x,,)=[P(x”+—m)]"”[P(0t)]”. @

n+l

Then FR is determined as

k(xp)z l(x/a,n)z —%z

X+ no,
= 7»( L )=7»(x+0c). %)
n+1

Special cases of expression (5):

with n = 0, in case of PRpl only and a = 0, 4 (x,)=A(x)

with n—o0, in case of PR only, we will have the formula
AMx/o)= A(x+a),

This article considers the method for defining the param-
eters of the system of preventive replacements and repairs
under the accepted value of TD failure rate when

A(xlo,n)< Ag, (6)

where 4, is the accepted (in terms of safety ensuring)
value of failure rate.

It is known that PRpl and PR are reasonably performed
for TD subject to wear and ageing. For describing the failures
related to wear and ageing, the normal, Weibull and gamma
distributions are generally used. Besides, if the initial in-
formation is not sufficient it is reasonable to use the cosine
distribution [4]. Then expression (5) with the results obtained
in [4] taken into account can be represented as follows:

Mx/a,n) =7, ((1—x—0c)v’1)v’1; @)
for Weibull distribution
A(x/a,n)=bK, (x+0o)"; ®)
for gamma distribution
A(x/a,n)= (m"’ (x+0c)m71)><
x((m—l)!f(m(x+oc))i [in™; 9)
0
for cosine distribution
A(x/a,n)=1g(x+a), (10)
where v is the coefficient of variation; f; is the tabulated
function; b is the parameter of Weibull distribution shape; K,

=G (I + b!). I'is the gamma-function; m is the parameter
of gamma-distribution shape.

Frequency of preventive replacements and repairs scope
of recovery x, under the specified acceptable value of failure
rate are determined based on A(x/a,n)=4, in the following
way.

Weibull distribution.

With the target values o from formula (8) we will get:

x, =\, (bk,f)’l)ﬁ —a. (11)

With a = 0, in case of PRpl only, from formula (11) we
will get:

e
Xp, = (A, (K)ol (11a)
With the target values x from formula (8) we will get:
1

o, = (A, (bK)) ) —x. (12)

With the target values x,a and » from formula (8) con-
sidering (5) we will get:

1
Xp, = (n+ 1)(kg (bK})™)P = na. (13)
Special cases of expression (13): with » =0, when o =0
we will have formula (11a); with n — oo after the evaluation
of an indeterminate form, we will get (11).
2. Cosine distribution.
With the target values a from formula (10) we will get:

x, = arctgh, —o. (14)

With a = 0, in case of PRpl only, from formula (14) we
will get:

Xp, = arcigh,. (14a)
With the target values x from formula (10) we will get:
o, = arctgh, —x. (15)

With the target values x,a and # from formula (10) con-
sidering (5) we will get:

Xp, = (n+1)arctg7»g — noL. (16)
Special cases of expression (16): with n =0 we will have
formula (14a); with n — o
we will have formula (14).
3. Gamma-distribution.
With the target values o from formula (9) we will get:
withm =2 x, =7»g(4—27ug)’1—oc; 17)

with m =4

x,= (6xg+(216xg— 36M,° )0'S )(54 —18,) "= (18)
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With a = 0, in case of PRpl only, we will get:
withm =2 x,, =, (4=2%,)"; (17a)
with m =4

Xpy= (6xg+(216xg—36xg2)()’5)(54—18xg)-'. (18a)
With the target values x from formula (9) we will get:
withm:20cg=7»g(4—27ug)’l—x; (19)
withm =4

ag=(6xg+ (16n,-3612)" )(54 —18%,)" - x. (20)

With the target values x,a and » from formula (9) con-
sidering (5) we will get:

withm =2 x,, = (n+1)A,(4-2L,)" —not; (#2))
with m =4
0,5
(6xg + (2161, 361, )x
Xp, = (n+1) —no. (22)

x(54-181, )

Special cases of expressions (21) and (22):

with n = 0 we will have respectively formulas (17a) and
(18a);

with n — o we will have respectively formulas (17)
and (18).

As it is seen from the above expressions, the frequency of
preventive replacements and repairs linearly depends on the
scope of recovery for failure-free operation and, respectively,
the scope of recovery linearly depends on the frequency of
preventive replacements and repairs.

As an example, Table 1 represents the values x, (dividend)
and xp, (divisor), calculated under the separate values A4, n
and o, using formulas (11) and (13) in case of Weibull distri-
bution with » =2 and b = 3, using formulas (14) and (16) in
case of cosine distribution, using formulas (17) and (22) in
case of gamma-distribution with m = 2, and using formulas
(18) and (22) in case of gamma-distribution with m = 4. The
table shows the following. Firstly, with the shape parameter
b and m increasing (decrease of a variation coefficient) the
PRpl and PR frequency increases. That means that when a
failure rate increases slower, preventive replacements and
repairs could be performed more rarely. Secondly, with a
decreasing accepted value of TD failure rate, the PRpl and
PR frequency decreases. Thirdly, with a reducing scope
of recovery for failure-free operation, the PR frequency
decreases. Consequently, in order to ensure safety, the pre-
ventive repair of devices is reasonable to be performed with
a larger scope of recovery, as in such case the PR frequency
decreases, especially under low values A,.

As an example, let us use formula (12) to find the formula
for defining the values o, in case of Weibull distribution with
the shape parameter b =2

o, = 0,567»g —X.

As it is seen from the formula, firstly, with a decreasing
accepted FR value and PR frequency, the acceptable value of
scope of recovery for TD failure-free operation also decreases.
Secondly, there is a limit value of frequency, when the value

Table 1
Distribu- . . .
tion Weibull b =2 Weibull b =3 Cosine Gamma m =2 Gamma m =4
n X, /xp, With a X, /xp, with a X /xp, with a X, /xp, with a X,/xp, with a
g 0 0,1 0,2 0 0,1 0,2 0 0,1 0,2 0 0,1 0,2 0 0,1 0,2
0 —_ _ _ —_ _ _ —_ _ _ | _ _ —_ _ _
0,6 0,7 0,8 0,5 0,6
Ll [osaloda| [os8 040 | o8 [0es8| |04 [ 03[ _ |04 o034
| 1,17 | 1,07 1,27 1,17 1,47 | 1,37 0,9 0,8 0,98 | 0,88
;| . |osafoad| oS8 o490 | [o68 (0S8 [0S [ 03|  [od4 034
2,25 | 1,95 2,44 | 2,14 2,84 | 2,54 1,7 1,4 1,85 | 1,55
s | . |osafoas| oS8 o049 | 068 [0S8] 04 [ 03|  [od4 034
3,35 | 2,82 3,61 3,11 421 | 3,71 2.5 2,0 2,73 | 2,23
0 —_ _ _ —_ _ _ —_ _ _ | _ _ —_ _ _
0.5 0,3 0,5 0,6 0,2 0,3
0,54 | 0,44 0,87 | 0,77 0,82 | 0,72 0,23 0,47 | 0,37
;| . Je22forz| o3 o2 [oe36fo26] [o0z| | [0l900
0,53 | 0,67 0,87 | 0,77 0,82 | 1,25 0,37 0,85 | 0,58
s | . e22fonz| o3 fo2o| [a36fo26| [oozr| | [ol9]00
1,41 | 0,91 2,41 1,91 2,28 | 1,78 0,50 1,23 | 0,73
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AND REPAIR UNDER THE ACCEPTABLE FAILURE RATE

A(x)

PR 1
A(x+a)

A(a)

PR2 PRn PRpl

0 a X

X X

Xp

Fig. 1. Change of failure rate due to preventive maintenance and replacements

0, becomes equal to zero, and it is necessary to perform the
replacement instead of the repair of technical devices.

Conclusion

Provided that the acceptable value of TD failure rate is
ensured, the proposed method makes it possible:

- with the target value of scope of recovery to determinate
the frequency of repairs;

— with the target value of repair frequency to determinate
the scope of recovery;

- with the target values of scope of recovery, number and
frequency of repairs to determinate the time of replacement
of technical devices.
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CTPYKTYPHAAA HAOEXKHOCTb. TEOPUA U MPAKTUKA

3aiiko KO.I., UckanpgapoBa J1.H., MuwwinH B.®P.

METOAUKA PACHETA CTOMMOCTHU
FTAPAHTUMHBbIX OBA3ATENIbCTB

lMpuBoanTCca MeToaMka pacyeta CTOMMOCTU rapaHTUiiHbIX 0053aTesIbCTB  W3A4eJnii, BbllyCKaeMbIX
npeanpusaTUeM-rocTaBLLUMKOM, KOTOpasi Mo3BOJIIET OLEeHUBaTb OXWAAaeMyr CTOMMOCTb PEMOHTOB 3a Bpe-
M$1 rapaHTUiiHbIX 00513aTe/IbCTB U BK/IHOYaTb €€ B CTPYKTYPY LIeHbl N34EJINS, NCXOAS U3 MPOAOIKUTEIbHOCTU
cpoka rapaHTuiiHbIx 0653aTesibCTB. Pac4eT CTOMMOCTY AaeTcs A1 Pas3inyHbIX TUMOB rapaHTuiiHbIx 06s3a-
TEe/IbCTB C Y4ETOM Pa3/IN4yHbIX 3TarloB aKcriyataumn nsaenvs. Yiagenve B obuiem ciy4ae COCTOUT U3 CO-
CTaBHbIX 4acTel, N3rotaBanBaeMbIX Ha rMpeanpusaTUN-u3roToBuUTesie, M COCTaBHbIX YacTel, 3aKyrnaeMbix Ha
Apyryx npeanpusatTusx. fapaHTuiiHble CPOKU COCTaBHbIX HacTeli cOOCTBEHHOro0 M3roTOBJIEHUS M MOKYIMHbIX
COCTaBHbIX YacTeyi MOryT kak coBrafaatb, Tak u ObiTb Pa3/INYHbIMU.

KnioyeBbie cnoBa: rapaHTuiiHble 0053aTe/1bCTBa, rapaHTUViHBIF CPOK SKCrilyatauum, rapaHTUMHbIA CPOK
XpaHeHusl, rapaHTuviHas HapaboTka, CTOMMOCTb PEMOHTA, WHTEHCUBHOCTb OTKa30B, PaAVO3/IEeKTPOHHas
annaparypa.

Kax m3BecTHO, Ha BBHITYCKAEMYIO TPEIAIPUATHIMH OTEYCCTBCHHON MPOMBIIICHHOCTH
paamosNeKTpoHHYI0 ammapatypy (PDA) ycTamaBmuBaioTCs ompeselieHHBIC TapaHTHHHBIC
00s13aTeIhCTBA, TO €CTh 32 YCTAHOBICHHBIN 3TUMHU 00s3aTEIbCTBAMH TIEPHOI IPEATIPHSITHC-
ITOCTABIIUK JTOJDKHO OBITh TOTOBO YCTPAHUTH 32 CBOH CUET HEAOCTATKU B PE3YIIbTaTaX BBI-
MTOTHEHHBIX paHee PadoT.

B coorBerctBun ¢ OCT PB 15.306-2003 [1] rapanTuiiasle 00s3aTeIbCTBA — ITO
00s13aTeNbCTBAa TOCTABIINKA, MOAPIAUYAKA TAPAHTHPOBATH 3aKa3uUKy (MOTPEOUTEIIO)
COOTBETCTBHUE KaueCTBA MOCTABISIEMBIX U3/ICIHI, BHITONHICMBIX paboT (YCIyT) HOpMaM,
YCTaHOBJIICHHBIM TEXHUYCCKUMH YCIOBUAMHU, CTAHAAPTAMH U (KJIH) YCIOBHAMHI KOHTPAKTA
B TCUCHHE OTIPEICICHHOTO BPEeMEHH (TapaHTHITHOTO CpOKa, TApaHTUHHON HapaOOTKM) U
0e3BO3ME3THO U B YCTAHOBICHHBIC TAPAaHTUHHBIMHA 00S3aTCIHCTBAMHU CPOKH yCTPAHHUTH
neheKTsl nu3nemnuii (padoT), BEITOIHEHHBIC B TAPAHTHITHBIN ITEPHO] TOCPEICTBOM PEMOHTA
WJTU 3aMCHBI Ae(EKTHBIX H3ACIUNA (COCTaBHBIX YacTei) MPU COOMIONECHNN TOTpeduTeneM
OTOBAapUBAEMBIX YCIOBUU JKCIUTyaTalluu (HMCIIOIh30BAaHUS), XPAHCHHS, TPAHCIIOPTUPO-
BaHMUS.

lapanTuiiabie 003aTeNBECTBA YCTAHABIMBAIOT Ha ITOCTABIISIEMbIE TIOCTABITMKOM H3TOTOBJICH-
HBIC WY TIPOIIESIIINAE KAITUTATBHBI PEMOHT U3/ICNHS, & TAK)KE Ha IPOBOIAUMBIHN TOIPSITIHKOM
CPeIHUN PEMOHT W3/ICIHI U BBITOTHICMBIC UM PaOOTHI IO BBOIY M3ICIHH B SKCILTyaTaIHIO
(MOHTaXKHBIE, HAJIAIOYHBIE).

[epron neiicTBUS TapaHTHHHBIX 0053aTEIHCTB OMPEICIIICTCS TOKA3ATEIISIMU TapaH THHHBIX
00s13aTeIbCTB, TAKIMH KaK:

- TapaHTUUHBIA CPOK — OOIIas KaJeHIapHas MPONOHKUTEIBHOCTh XPAaHCHHUS W TpPaHC-
TTOPTHPOBAHUS M3MENHS B COCTOSHUU TIOCTABKHU, a TaK)KE IKCIUTyaTaIlu (MUCIIOIE30BAHMS)
moTpeOuTENeM, B TCUCHNE KOTOPO ACHCTBYIOT rapaHTHHHBIC 00sI3aTEIbCTRA,
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- rapaHTuiiHas Hapa®oTka — HapaboTka (0O6beM pado-
TBI) M3JENUS B MpEAeIax JCHCTBHUS rapaHTHHHBIX 00s3a-
TEJIBCTB.

lapanTHilHbIl CPOK B 3aBUCUMOCTH OT CBOWCTB U Ha-
3HAYCHUS M3/IETNH KOHKPETU3UPYIOT 110 BU/IAM:

- TapaHTHUHHBIA CPOK XpAaHEHUsI — KaJIeHIapHast POJI0II-
JKUTEIBHOCTh XPAHEHUS! ¥ TPAHCIOPTUPOBAHUS W3/ICIHS
B COCTOSIHUHM ITOCTaBKHM, a TaKK€ MOHTa)Ka JI0 BBOAA B
HKCIUTYaTalunIo ¢ COOIOICHNEM YCTaHOBJIEHHBIX Mep, 00e-
CTIEUMBAIOIINX COXPAHIEMOCTh 3/ICINH, B TCUEHHE KOTOPOH
JICHCTBYIOT TapaHTUIHbIE 0053aTeIbCTRA;

- TapaHTHUIHBINA CPOK DKCIUTyaTalluu — KaJeHAapHas
MIPOIOJDKUTENBHOCTD IKCILTyaTallMi M3ACIUs MOTpeOn-
TeleM, B TEUEHHE KOTOPOH JEHCTBYIOT TapaHTHHHBIC
o0s3aTebCTBa.

B pabote [2] cienmaHa MOMBITKA OIEHUTH CTOUMOCTH
rapaHTUHHBIX 0053aTeNbCTB C yYETOM MHTCHCHBHOCTH
OTKa30B COCTAaBHBIX YacTE€H M3TOTaBINBACMBIX M3JCIHN
U TIPOJIOJDKUTEIEHOCTH ATHUX 00S3aTEIbCTB, & TAKXKe pac-
CMOTpPEHBI BAapHUAHTHI CO3/IaHNS Ha IPEIIPHSATHSIX PE3EPBOB
CPEJCTB Ha TapaHTHHHBIC PEMOHTHI, IPUYEM CPE/ICTBA,
HaXoJSIIIHECs B ATHX pe3epBax, B cooTBeTcTBUH ¢ Haoro-
BbIM Konexcom Poccwuiickoit deneparnmm, He o0iararoTcs
HaJIOTOM Ha NPUOBLIb.

W3znenus, BBITyCKaeMble MPEIIPHATHEM-TTOCTABIINKOM,
COCTOSIT, KaK MPABMIIO, U3 MOKYIHBIX COCTaBHBIX YacTel
(CY) u CY coOCTBEHHOTO W3rOTOBICHUS, MIPH ITOM Ta-
PaHTHHHBIC CPOKH, yCTaHOBIEHHBIC HA 3T CY, MOTYyT Kak
COBITQ/IaTh, TAK M OBITH Pa3INYHBIMH.

Ecam mpeanpusiTie He MEPBBHIM TOA OCYIIECTBISICT
pea3anuio U3rOTOBICHHOM MPOYKIINH, B CITydae Macco-
BOTO IIPOM3BOJICTBA OXKHJaeMasi CTOMMOCTb TapaHTHHHBIX
PEMOHTOB H3JIeJINi OyIeT ONpPEAEISITHCS CTAaTHCTUYECKN
Ha OCHOBE IPOLEHTHOTO COOTHOIICHUS BEIMUUHBI 001IeH
CTOMMOCTH PEMOHTOB M3AEIHS (M3CPIKEK MPEIIIPHATHS)
Crp.usn 38 BPEMsI FAPAHTHIHBIX 00S3aTENBCTB K CTOUMOCTH
U3roToBNAeHUs N3AeNUs Cyyp sy 3@ TPEABIAYIIME TOABI U
Oy/ieT ONpEAEIATHCS CIIeayomel (GopMyIIOn:

Crp.mn = A Gy T

rae A — MPOIEHTHOE COOTHOLICHNE BEIMYMHBI 00IIeH
CTOMMOCTH PEMOHTOB M3AEHS (M3JCPIKEK TPEIIPHATHS)
Clrp.usn 38 BPEMs FAPAHTHIHBIX 00S3aTENBCTB K CTOUMOCTH
u3roToBaeHUs U3AENUs Cyyp yppy 38 IPEIBILYIINE TOABL;

T} 113y — TAPAHTUMHBIA CPOK M3/ENNS, 31aHHBIA B TEXHHU-
yecknx yciaoBusx (TY).

Ecnu sxe npennpusiTie He MMEEeT CTaTUCTUYECKH yCTa-
HOBJICHHBIX 3HAYCHUH MPOLIEHTHOTO COOTHOIICHHS BEJINYH-
HBI Crp 157 K Cpappia, TO OKHIIACMAS: CTOMMOCTD PEMOHTOB U3-
JICITTHSE 38 BpeMs TapaHTHIHHBIX 00s13aTEIILCTB OIIPE/ICIISICTCS
1o cneytomeit gopmyie:

m
Crp.m)l = 2 Crp,i “N-r- T,
i=1

rie Cpp ; (py0.) — CpeaHsist CTOMMOCTB OJIHOTO TapaHTH-
Horo peMoHTa (3ameHbl) CH cOOCTBEHHOTO M3TOTOBICHHS
i-TO THIIA, OTPEACIISETCSI IKCIIEPTHBIM METOIOM T10 Pe3YIIbTa-
TaM dKCIuTyaTanuy aHaaornaHbIX CH (MCX0s N3 IPaKTHKH,

suauenue Cp, ; 00bruHO cocrasinser 30-50% croumoctu CH
i-TO THIIA);

m — xornaecTBo THIIOB CY cOOCTBEHHOTO M3TOTOBJICHNS;

N; — xommaectBo CY cOOCTBEHHOTO M3TOTOBJICHUS i-TO
THIIA;

7~ OXHAaeMOE 3a OJIMH TOJl TAPAHTUHHBIX 003aTEIILCTB
Kom4aecTBO 0TKa30B CU cOOCTBEHHOTO M3TOTOBJICHHMS i-TO
THIIA B TIEPUOJT paOOTHI U3JEIHS B 3a/IaHHBIX YCIOBHSX IKC-
TUTyaTalH, B yCIOBUSX HA3eMHBIX padOT ¥ IPH XpaHEHHH.

B o0mmem cirydae, koryia rapaHTHIHBIA CPOK BEIITyCKae-
MOTO0 M3/IeTIHs OOJIbIIIE TapaHTHIHHOTO CpoKa MOKYHbIX CY,
BXO/ISIIIMX B COCTAaB M3/IENNs, 001I1asi CTOMMOCTh PEMOHTOB
n3aenns (M3/epIKeK MPEATIPUSTHS) 32 BpPeMsI TapaHTHHHBIX
00s13aTeNbCTB onpeensiercs 1mo Gopmyie:

r.u31

Cer/B:l = Zlcrp.i 'Ni ’; T +
k

+ 21 Crp.j : Nj : rj : (T;'.mu - 7:'.cq.nok_j)ﬂ (1)
j=

riae Cpp; — CPEeiHss CTOMMOCTh OJHOIO IapaHTUHHOTO
pemonTa (3amensl) nokynHoi CY j-ro Tuma, py0., onperne-
JsieMast SKCIIEPTHBIM METOJIOM T10 pe3ylIbTaTaM dKCILTyara-
nuy aHaJroruguex C4;

T cqnox,; — TAPAHTHIHBII CPOK, 3aJaHHBII Ha OKYITHYIO
CY j-ro tumna, jer;

7j— OXKHMJIAEMOE 32 OJIMH TOJl TAPAHTUHHBIX 00A3ATENBCTB
KOJINYECTBO OTKa30B MOKynHbIX CY j — ro THma B nepron
paboTHI U3AETHUs B 3aJIaHHBIX YCIOBHUSIX JKCIUTyaTaluy,
paloTHI Ha 3eMJIe U ITPH XPaHEHUH;

N; — xomuecTBo noKynHbx CY j-ro tuma;

k — KonmuecTBO THIOB MOKYMHBIX CY.

Bo Bropoe ciaraemoe ¢opmysst (1) BXOIAT TOJNBKO Te
nokymubie CH, 11t KOTOpBIX T ysn > Ty ok /-

lapanTuiineii cpok 7 ,,, pACOPOCTPAHAETCA HA pas-
JIMYHBIE STAIbl CIY>KObI U3/ICIHUs, CPEH KOTOPHIX B 00IIEM
cllydae MOJKHO BBLICIUTD CJIC/TyIOIIHE!

- paboTa 110 11eJIeBOMY Ha3HAYEHHIO B 33JaHHBIX yCIIOBH-
SIX 9KCIUTyaTalllH MPOIOJDKUTEIILHOCTHIO 7., B TEUEHHE roJia
C MHTEHCHBHOCTBIO 0TKa30B CY i-ro (j-ro) tuma A, ; (1, );

- XpaHeHHe (BBIKIIOYEHHOE COCTOSIHHE) B 3aJaHHBIX
YCIIOBHSX JKCIUTyaTaluy MPOAOIDKUTENLHOCTEIO Ty, B
TEYeHNE Tojla ¢ MHTEHCHBHOCTBIO 0TKa30B CY i-ro (j-ro)
THna Xxp.a.i (}"xp.azj);

- paboTa B HA3eMHBIX YCIOBHSX SKCILTyaTanny (IIpoBepKa
1 OTJIaJIKa 000PYIOBAHHS, IEPHOINUECKHE TIPOBEPKH ITEpet
paboToii 110 1eTIeBOMY Ha3HAYECHUIO H T.11.) IPOJIOJIKUTEIb-
HOCTBIO T, B TEUEHHE rojla C UHTEHCHBHOCTHIO 0TKa30B CH
i-10 (j-ro) Thna A, ; (A, );

- XpaHeHHE (BBIKIIIOYCHHOE COCTOSIHHE) B HAa3EMHBIX
YCIIOBHSX IPOJOIKUTENLHOCTBIO T, ; B TEUCHUE IO/IA € UH-
TEHCUBHOCTBIO 0TKa30B CY i-ro (j-ro) Tuna Ayy.; j (Axp-s);

- XpaHEHHE U3/ICNNS B COCTOSTHUN ITOCTABKH B YCIIOBHUSX
XPaHHJIKIL TOTO HIIM HHOTO THIIA IPOIOIDKUTENBHOCTBIO Ty
B TEYCHHUE rojla ¢ MHTCHCUBHOCTHIO 0TKa30B CY i-ro (j-ro)

ThIa >"Xp.i O\'xpj)a
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- TPAaHCHOPTHPOBAHNE W3/ICNNS B COCTOSTHUN ITOCTaBKH
TEM WJIM WHBIM BHJIOM TPAHCIIOPTA MPOJOJIKUTETBHOCTHIO
T, 'p B TEUECHHE TOjla C HHTEHCHBHOCTHIO OTKa30B CY i-ro
(j-FO) TUIa x’rpj (}\ij)

B o01mieM ciyyae rapaHTUIHBIA CPOK 17,5, BKIIIOYAET Xpa-
HEHNE, TPAHCIIOPTUPOBAHNE M SKCIUTYaTaIMIO U3/ICTHS Ha
BCEX MEPEUNCIICHHBIX dTamax. B 3ToM ciryuae oxxumaemoe 3a
OJIVH TOJ] TAPAaHTUIHBIX 003aTEIBCTB KOJINIECTBO OTKA30B
oot CY m3nenus OyneT onpenensTbes GopMyaon

r= }\S.TB + }\’Xp'B'TXp.B + }\'3.T3 + }\’XPSTXPS + )\’XP.TXP + }\'TP.TTP'

Torma popmymna (1) mpuMeT crexyromnii BUT

“N,(A,,-T, +

. rpl

rpm,:[_ z+7\‘xp31 71xpj-’-?\‘ T+ ’ T.H3]
7\’xp.34z Xp.3 + 7\’ Txp + )\"Jp.i ' Txp)
k 7\'3.1' ! Ta + 7\‘xp.a.f : Txp.a +
+ Z{C”"j N A, T+ Ay, Ty, + || X

" Hhg; T+ A, Ty

X(Tr.mu - Tncq.noxj ) (2)

Jnst IpyTrUX rapaHTUHHBIX 003aTENBCTB CIIPABEIHBEI
ciemyrome GopMyIIBL:

- IS TAPAHTHHHOTO CPOKa SKCILTyaTallHu

r= }‘s.Ts + xxp.a'Txp.a + 7\'3.T3 + kxp.B.Txps;

w CoN-(h, T+ A, T+
ic e 7» T, +>\,Xp” T+ y
o +7L T+ gy T

X7, = T s ) 3)

- JUISl TApaHTUHHOTO CPOKa XPaHEHHS

r= }\'xp'Txp + }\'rp'TTp;

ZC Ny Ty + Ay To) | T +

rp mwa T3

Tp-J

i=1
k

+|D.Co N (M, Ty + Ay, T [X
=

(T =T cunons )5 (4)
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- JUTI TapaHTUHHON HapaOOTKH

r=AT,+ AT,

nﬂm - 2

CN(A,-T,+A,-T)|

r m}l

Z p.Jj N (7\' T +7\" T) (11434 1cquox1) (5)

lapanTtuitnas HapaboTKa 3amgaeTcss OOBIYHO B IIpeenax
3aJJaHHOI'O FrapaHTUIHOIO cpoKa. B 3ToM citydae Bce OTKa3bl,
BO3HHUKAIOIINE BO BPEMs rapaHTHUHHOW HapaOOTKHU, yIUTHI-
BAIOTCS MPH TTOJICYETE OTKA30B, BO3HUKAIONINX B TEUCHHE
rapaHTUHHOro cpoka. pyrumu cioBamu, B 3TOM cllydae
CTOMMOCTb PEMOHTOB U3/IEJIUS BO BPEMSI FapaHTUHHOM Ha-
paOOTKH yYNTHIBAETCSI B CTOMMOCTH PEMOHTOB BO BpEMs
rapaHTUHHOTO CPOKa.

Ioncrasnas B popmynsl (2) — (5) JaHHBIE IO COCTaBY
wmwnenust (m, N, k, N~) o xapaKTepHchaM Haz[excﬁocm
CH U3 ( .05 xp.a.l: 3 i xp 3.0 }\'xp i }\'Tp is M\ > xp.aJ‘: )\”sj’
Aeps.j> Mxp.j, Mp,j)s TIO IUTATENEHOCTH STATIOB cny>1<651 W3S
BO BPeMs TapaHTUHHBIX 0083aTenbCTB (T, Typor Toy Txpss
Tp» Trp), TIO IITATETBHOCTH TAPAHTHIAHBIX 06513aTCJILCTB (T,
w3 L r.cu.nox,;) MOYKHO OLEHUTD BEMHIHHY Cy, 1157 OKUTAEMOM
CTOMMOCTH PEMOHTOB U3/ENHs (M3ACPKEK ITPEANPHUSTHS) 38
3aJJaHHOE BPEMs TapaHTUIHBIX 005S3aTEIbCTB.

Takum 00pa3oM, MpUBEACHHAS BBIIIE METOAMKA IO-
3BOJISIET OIICHMBATH OKUIAEMYIO CTOMMOCTH PEMOHTOB
(M3mepKeK MPeanmpusaTHsI) 32 BpeMsl TapaHTHHHBIX 005-
3aTeIbCTB M BKIIOUATh €€ B CTPYKTYPY LIEHBI W3NS,
HCXOAS M3 TPOAOKUTEIBHOCTH CPOKA TapaHTHUHHBIX
00513aTENbCTB.
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Structural reliability. The theory and practice

METHODOLOGY FOR CALCULATING THE COST
OF WARRANTY OBLIGATIONS

The paper describes the methodology for calculating the cost of warranty obligations of products
manufactured by a supplier that allows estimating a predicted repair cost over the period of warranty
obligations and including it into the structure of a product’s price on the basis of the duration of the
warranty obligations period. The cost calculation is performed for various types of warranty obligations with
consideration of different stages of operation of a product. Generally, a product consists of constituent
parts manufactured by a producer, and parts purchased from other manufacturers. Warranty periods for
self-produced constituents and for purchased parts can either coincide or differ.

Keywords: warranty obligations, warranty period of operation, warranty storage life, warranty operating
time, repair costs, failure rate, radio electronic equipment.

As known, radio-electronic equipment (REE) produced in the domestic industry is the
subject of specific warranty obligations. It means that over the time period imposed by these
obligations, the supplier shall be ready to remove at its own expense the defects occurred as
the result of the earlier performed works.

In accordance with GOST RV 15.306-2003 [1], warranty obligations are the obligations
of the supplier or contractor to guarantee the purchaser (customer) quality conformance of
the products supplied, the works (services) performed, with the regulations set by technical
requirements, standards and (or) contract stipulations, during a certain time period (warranty
period, warrant operating time), and, within the time period set by warranty obligations,
to carry out a free of charge removal of the defects of products (works) occurred within a
warranty period, by means of repair or replacement of the defected products (constituents),
with the observation by a customer of the stipulated terms of operation (use), storage,
transportation.

Warranty obligations are set in relation to manufactured products or products subjected
to full repairs supplied by a supplier, as well as to midlife repair of products performed by a
contractor and the contractor’s works on putting products into operation (installation, com-
missioning).

The duration of a warranty obligations period is determined by warranty obligations cri-
teria, such as:

- warranty period is a total calendar duration of storage and transportation of a product in
delivery status, as well as of operation (use) by a customer during which warranty obligations
are applied;

- warranty operating time is the operation time (scope of operation) of a product within
warranty obligations.

Depending on the product’s properties and designation, the warranty period is specified
by the following types:
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- warranty storage life — a calendar duration of storage
and transportation of a product in delivery status, as well as
installation up to putting into operation with the observation
of measures to ensure storageability of a product during
which warranty obligations apply;

- warranty period of operation —a calendar duration of the
operation of a product by a customer during which warranty
obligations are applied.

Paper [2] describes the attempt to estimate the costs of
warranty obligations with consideration of a failure rate
of the constituent parts of manufactured products and the
duration of these obligations. Besides, it covers the ways
of creation of reserve funds for warranty repair, which are
not subject to profit tax, as per the Tax Code of the Russian
Federation.

Products manufactured by a supplier generally consist of
purchased constituent parts and self-produced constituents.
And warranty periods established for these constituent parts
can either coincide or differ.

If a plant has supplied products for several years, then
in case of mass production the expected cost of warranty
repairs shall be determined statistically based on percent-
age ratio of a total cost of product repairs (plant’s expenses)
Cyrpr for the time of warranty obligations to the costs of a
product’s manufacture Ciqp e for previous years, by the
following formula:

er.pr = A'Cman.pr'Tw.pr;

where A is the percentage ration of a total cost of a prod-
uct’s repairs (plant’s expenses) Cy.,, for the time of warranty
obligations to the costs of a product’s manufacture Cpgn pr
for previous years;

Ty pr is the product’s warranty period set by technical
conditions (TC).

If a plant does not have the prescribed statistical values
for the percentage ratio of Cyp t0 Cppap o the expected cost
of a product’s repairs during warranty obligations shall be
determined by the following formula:

er,pr = Z]er,i “N; -, 'Tw.pra

where C,,;; (rub.) is the average cost of one warranty

repair (replacement) of the self-produced CP of the i-th type

specified by an expert method upon the results of operation

of similar CP (based on the practice, the value of Cy,; is
usually 30-50% of the cost of CP of the i-th type);

m is the number of types of self-produced CP;

N; is the number of self-produced CP of the i-th type;

r; is the expected (for a year of warranty obligations)
number of failures of self-produced CP of the i-th type
during the product performance under specified conditions
of operation, in terms of ground-based activity and in case
of storage.

Generally, when the warranty period of a product is more
than the warranty period of a purchased CP which are the
part of a product, the total cost of a product’s repairs (plant’s
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expenses) during the period of warranty obligations is de-
termined by the formula:

er,pr = [Zlcwrj 'Ni ";}'Twpr +

k
+{2er.j .Nj .rj:|.(TwApr _TwAcp.purchAj)’ (1)

J=1

where C,,,; is the average cost of one warranty repair
(replacement) of the purchased CP of the j-th type, rub.,
specified by an expert method upon the results of operation
of similar CP;

Ty cppurch,j 18 the warranty period established for the pur-
chased CP of the j-th type, years;

r; is the expected (for a year of warranty obligations)
number of failures of the purchased CP of the j-th type,
during the product performance under specified conditions
of operation, in terms of ground-based activity and in case
of storage;

N; is the number of the purchased CP of the j-th type;

k is the number of types of a purchased CP.

The second summand of formula (1) includes only a
purchased CP for which Ty, . > T\ ¢p purch -

The warranty period 7\, . applies to different stages of a
product’s operating life, such as:

- functioning according to the designated use under the
specified conditions of operation with duration 7, during a
year with a failure rate of the CP of the i-th (j-th) type A, ;
O\'OJ‘);

- storage (off mode) under the specified conditions of
operation with duration T , during a year with a failure rate
of the CP of the i-th (j-th) type Ay ; (Asto0,);

- functioning in terms of ground-based activity (equip-
ment check and adjustment, periodic inspections before
functioning according to the designated use, etc.) with
duration Ty, during a year with a failure rate of the CP of
the i-th (j-th) type Ay ; (Agr));

- storage (off mode) under ground-based conditions with
duration T, during a year with a failure rate of the CP of
the i-th (/"th) type )\'st-gr.i O"st-gr,/);

- storage of a product in delivery status under the con-
ditions of any storage facilities with duration 7 during a
year with a rate of failure of the CP of the i-th (j-th) type
)\'st.i O"st,/);

- transportation of a product in delivery status by any kind
of transport with duration 7}, during a year with a failure
rate of the CP of the i-th (j-th) type Ay.; (Ay,)-

In general, a warranty period 7, includes storage, trans-
portation and operation of a product at all stages described
above. In that case the expected (for a year of warranty
obligations) number of failures of one CP of a product shall
be determined by the formula

=0T+ Ao T + }"gr'Tgr + )\'st-gr'Tst.gr +

+ }“st.Tst + }"tr'Ttr-



METHODOLOGY FOR CALCULATING THE COST OF WARRANTY OBLIGATIONS

Therefore, formula (1) shall look like as follows

Cw,-j ’ Ni (}\’o,i ’ 7; + 7\‘51,0.1' ’ Tst.o +
er.pr = z-‘r)\‘gr.i ' Tgr + A‘st.gr,i : T;t.gr + ' Tw.pr +
. +7\‘st.i ’ T;t + A’tr.i ’ T;t)
+ i er.j : N/' (7\'0,/' : T:) + }\’st.o.j ' T;t.o + }X
Jj=1 +}\'grj : Tgr + }\'st.gr.j ' T;t.gr + 7\‘51,/' : T;t + )\‘stj : ]wtr)

X (TW»Pr - TW.Cp,purchJ' ) (2)

For other warranty obligations the following formulas
shall be applicable
- for warranty period of operation

1= ATy + Ao Tsio )\'gr'Tgr + )"st.gr'Tst.gr;

wC N-(A.-T+h_-T +
er — z wr.i i ( 0.i o st.0.i st.o 'Tw i 4
-pr +7\’gr.i ' Tgr + 7\‘ngr,i : Tst.gr) P

CCuy N, Tyt

+ 2 +7\'51~0J ' TSLO + 7"3":/' ' Tgf | (Tw,pr - Tw.cp.purchj); (3)
T

i=1

st.gr.j ’ Tst.gr)

- for warranty storage life
r= }“st.Tst + }"tthr,

er.pr = [z er.i : N[ : (kst.i : Tst + 7\‘tr.i ' Ttr):| : Tw.pr +
i=1

k
+|:2er_1 ’Nj .(7\‘st.j ’Tst +}\'tr.j 'Ttr):|'

=

' (TW-pr -T w,cp.pmchj) 5 )

- for warranty operating time

r= }\‘O.TO + A‘gr'Tgr 5

Cwnpr = |:Z erAi ' Ni : (}\’o.i ' To + x‘gr,i : Tgr)} ! Tw.pr +
i=1

k
+ {2}4 er.j.Nj : (7\‘1)] : To + }\‘grj .Tgr)} '(Tw,pr _Tw.cp.purchj)' (5)
J=

A warranty operating time is normally assigned within
the limits of a prescribed warranty period. In this case all
failures occurred during a warranty operating time are taken
into account for the calculation of failures occurred within
a warranty period. In other words, in this case the cost of
a product’s repairs during a warranty operating time is
taken into account in the cost of repairs within a warranty
period.

If formulas (2) — (5) are filled in with the values of a
product’s structure (m, N;, k, N;), values of failure proper-
ties of a pI'OdUCt’S Cp O"o.i’ )\'st.o.i’ }"gr.b }\'st.gr.ia )“st.i’ }"tr.ia )\'o:ja
Asto» Marjp Astgr jo Ast. j, Mrj), values of duration of product
performance under warranty obligations (75, T, Ty T,
e Tsis Tyr), values of duration of warranty obligations (7 p,
Ty cp.purchy)» 1t is possible to calculate the value C,, . of the
expected cost of a product’s repairs (plant’s expenses) for a
prescribed time period of warranty obligations.

As can be seen from the above, the described methods
can be used to calculate the expected cost of repairs (plant’s
expenses) under warranty obligations and to include it into
the structure of a product’s price, based on the duration of
a period of warranty obligations.
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CTPYKTYPHAAA HAOEXXHOCTD.

TEOPUSA U NPAKTUKA

=

(’3

{

K

k.

LWa6noBckunii §1.0., Kucenesuny B.B.

BEPOATHOCTHbIE ACNEKTbI HAOEXXHOCTM
3NIEKTPUYECKOU n3ongauuu

I'Ipeanoera maremarndeckasl MogeJsib otka3a 3ﬂeKTpM'-IeCKOVvI n3osigaunn, oCHoBaHHasli Ha cyriepro3vumnn
pPaBHOMEPHOIro U 9KCroHeHLunaJibHOro 3aKoOHOB pacripegesieHvs BepOFITHOCTelZ. B pamMmkax Mmoaesin rojsiyde-
HO COOTHoOLUeHne AJis BpeMeHHdﬁ 3aBNCrIMOCTU (p)/HKL[l/ll/l WUHTEeHCUBHOCTW OTKa30B 130JISLUnN, NMo3BOJIS0-
ujee rpoBoAnNTb aHaJiInTn4eckoe orincaHve HanéxXHoCTV Ha AJINTESIbHOM nHTepBasie BpeMeH 3SKcriyara-

ummn.

KnioyeBbie cnoBa: HagéxXHOCTb, MHTEHCUBHOCTb OTKa30B8, SJIeKTpun4eckasi n30J1dLusl.
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BeBepeHue

B Hacrositiee Bpemst 15t KOJIMYECTBEHHOH OIIEHKN HAaJIEKHOCTH AIIEKTPHYECKON U3OIISIIUH
OOBIYHO MCHOJIB3YIOT BEPOSITHOCTHOE pacnpenenenne BeitOymia-I'nenenko [1 — 3]. Mexny
TEeM, 9TO pacrpezieieHre MPUMEHIMO TOIIBKO K OT/IEIIBHBIM ITEPUOIaM SKCILTyaTally H30JISIIIUH
(mpupaboTKa, HOpMaJIbHAS SKCILTyaTalysl JIN00 OKOHYATENbHBIH N3HOC), TPUUYEM y ITeproia
HOPMAaJIEHOHM AKCIUTyaTallii OKa3bIBAETCsl HeXapaKTepHasl Ul «CTapelolInX» OOBEKTOB I10-
CTOSIHHAsI BO BPEMEHH WHTEHCHBHOCTB OTKa30B.

JIyist OLEHKH HaI&KHOCTH H30JISIMH Ha JUTHTETHHOM BPEMEHHOM HHTEpBAIIE MPHMEHSIOT Cy-
HEPHO3ULHIO SANHIYHBIX 3aKOHOB pacipeenenys. Mcnonp3oBaHue cOCTaBHOTO pacpeieIeHUs
TIPUBOJIUT K YBEJIMYEHHUIO YKCIIa €r0 apaMeTPOB, ONPEIEIICHHE KOTOPBIX OOBIYHO COMPSIKEHO CO
3HAYUTEIBHBIMU MaTeMaTHYECKMMH TPYTHOCTSMH. B CBsI3U € 5THM 0C00YI0 3HAYMMOCTB MPHOO-
peraer BbIpadOTKa aJeKBaTHBIX MaTeMaTHYEeCKHX Mojieneid [4], 6asupyronmxcst Ha IPUMEHEHH!
ONTHMAJIbHBIX BEPOSITHOCTHBIX 3aKOHOB PacIpe/ieIeHus, 00€CTIeYMBAIOIINX KOPPEKTHOE aHAINTH-
4ecKoe OMICAHNE HASKHOCTH H30JISIMH Ha JUTHTETHHOM BPEMEHHOM MHTepBae. Hivke BhIIBU-
raeTcst albTepHATHBHAS MaTeMaTHIeCKast MOJIEIb 0TKa3a AEKTPUYECKON U30JISILIMH, OCHOBAHHAS
Ha COYETAHUH PAaBHOMEPHOIO U KCIIOHEHIINAILHOTO 3aKOHOB PACIPEIEIeHNs BEPOSATHOCTEN.

TeopeTuyeckunin aHanus n ero pe3ynbTaThbl

®dopMarIbHO paccMaTpHBas H30JIATOP KaK 00BEKT, pabOTAFOMIHIA 10 TIEPBOTO OTKa3a (BbI-
XO0J1a M3 CTPOST), MOXKHO 0XapaKTePU30BaTh HAEKHOCTh N3OSN (DYHKIIUCH HHTCHCUBHOCTH
oTKa3oB [5, c. 10]

(08 W
1-@()

rae ¢ — BpeMs, ((f) — IIOTHOCTh (DYHKLUH pacIipe/ielIeHus BeposITHOCTeH 0TKka30B, D(f) —
(byHKIUA pacipesiee s BEpOITHOCTEH 0TKa30B.

Benuuuna F(f)dt ectb BEpOSITHOCTb TOTO, YTO JIEMEHT CUCTEMBI, UMEIONIUI HApabOTKy
f, OTKaXET B IPOMEXYTKE BPEMEHU [f,1+d!] DKcliepIMEHTaIbHO UHTEHCUBHOCTh OTKA30B

F(f)=



BEPOATHOCTHbIE ACMEKTbI HALEXXHOCTW SNTEKTPUYECKOIN N30NALMNN

OIIpeIeIISIeTCs] KaK OTHOMICHHUE NPUXO/SIIErocs Ha eIUHUILY
BPEMEHH YHCIIa BEIOBIBIIMX K MOMEHTY # 9JIEMEHTOB K 0011Ie-
MY YHCITy TAaKHX DJIEMEHTOB, COXPAaHHUBIINXCS HCIIPAaBHBIMU
BIUTOTH JI0 MOMEHTa /.

OTKa3 MEeKTpUYECKON M30IIsIMN OyJIeM paccMaTpuBaTh
KaK CYNEpHO3UIMIO BHE3AIHOTO OTKa3a M IOCTEIICHHOTO
OTKa3a B PE3yJIbTaTe €CTCCTBEHHOTO AJIEKTPUUYECKOTO H3-
Hoca. [Ipoune (akTopbl crapeHus W30JSIIUN MBI 3/1€Ch HE
YUHTBIBAEM, MpEIonaras, 4To OHa HKCILTyaTHPYETCs B
HOPMAJIBHBIX YCIIOBHSIX.

WneanpHOMY BHE3alIHOMY OTKa3y CBOMCTBEHHO “OT-
CYyTCTBHE NMaMATH: MPEIBAPUTEIHHOE HCIIOIb30BAHNE
YCTpOICTBa HE BIMSACT HA OCTATOYHOE BPEMs €ro 0e30T-
Ka3HOH pabotel. [Ipn sToM HabmomaeTcs ckaukooOpazHoe
YXYALIEHHE CBOHCTB M30JISIIMN BO BDEMEHH, 00y CIIOBICHHOE
PE3KMM BO3/IEHCTBHEM JECTPYKTUBHBIX (DAKTOPOB 3Ha-
YUTENLHON BEJIMYHMHBL. B cilydyae paBHOMEpHOTO HM3HOCA,
XapaKTEePU3YIOIIETOCs MMOCTETICHHBIM YXY/ILICHHIEM CBOHCTB
N30JISLIUH, BEPOSITHOCTH OTKa3a PABHOMEPHO BO3PACTaeT CO
BpeMeHeM. CiemaHHoe BBIIIE MPE/IIOI0KEHAE MOJICTHPYET
OTKa3 DJICKTPUICCKON M3OJISAIUHA HAJIOKEHHEM 1ITHX IBYX
TIOTOKOB COOBITHH: peaybHbIN 0TKa3 (Ipu OpOoCKe HarpsiKe-
HUSI WM HHOM CITy4aifHOM COOBITHH) TE€M BEpOsITHEE, YeM
Oospie m3HOMIEHA M3oIAIHsL. [loaTomy dynkium D(f) n
(7)) B popmyite (1) B paccMaTprBaeMOM CIIydae BBIPA3STCS
JMHEHHBIMI KOMOMHAIMSMHI COOTBETCTBYIONINX (DYHKINH,
OTHOCSIIIIUXCS K BEPOSITHOCTHBIM PACIIPEICIICHNSIM BHE3aII-
HBIX OTKa30B ¥ PABHOMEPHOTO M3HOCA.

VneanbHble BHE3aNHBIE OTKA3bl OIUCHIBAIOTCSI HKCIIO-
HEHUMAIbHBIM pacipeneiaeHuem [6, c. 133 — 134]:

b =t'e" D () =1-e"", )

TJe {) — MaTeMaTUYECKOE O’KUaHUE BPEMEHN 10 BHE3AIl-
HOTO OTKa3a B 3a/IaHHBIX YCIOBHUSX.

PaBHOMEpHBII H3HOC OMMCHIBACTCSI pABHOMEPHBIM (TIpsi-
MOYTOJILHBIM) pactpezeneHueM [6, c. 209]:

0, t<a
R — <t<b; —
bO=1b—a C 0= a<i<b3)
0 t ;b]; B
’ #la:b] 1, ¢>b.

B nammewm cirygae =0, 9T0 COOTBETCTBYET MOMEHTY BBOJIA
W30JIAIIUH B YKCILTYaTaIHI0, b={;— MapluaIbHOE BPeMsI IT0JI-
HOTO M3HOCA U30JISIUY B OTCYTCTBHE BHE3AITHBIX OTKA30B.

CyTiepno3unus BEpOSTHOCTHBIX 3aKOHOB (2) 1 (3) maér:

—1/ty

c, e
d)(t)—t—+(1 c,) ;

E 0

t
w00 =

+(1=c,)1=e"), )
E

I7ie MHOKHUTEINb C,, ONPEAETseT JOJIeBON BKJIAI pPaBHO-
MEpPHOTO M3HOCA MPH 33JaHHBIX YCIOBHUAX IKCILTyaTaIlHH.
[Toncrapmss Beipaskerns (4) B popmyay (1), okoHIaTENBHO
MOJTy4aeM COOTHOIIICHHE

t. _
¢, +(l-c,)*e it
t

0
F@ t[+1=c) e =D]-c,t ©)
MO3BOJIAIOIIEE MOJCIHPOBATh PEaNbHBIC OTKAa3hbl IKC-
IUTyaTHPYeMOH dIeKTpUdYecKol u3osanun. [IpuHuMas Bo
BHHMaHHe, 410 F (t)|r—>7 —> oo, U3 BBIpOKEHHS (5) MOXKHO
OTIPEIICITUTH BPEMS JT0 0TKa3a U3OJISIIHH:
l-c, ~T/ty

Tt 14—
C

w

Ipu 7/t, 28 ¢ norpemHocTsio MeHee 1,5% MOKHO
CUMTaTh, UTO I = 1,.

I'padux pynxunm (5) nmeer «xEIT06000pa3HEBII» BHUI
(cm. puic. 1). Ha HEM OTYETITHBO BBIIEIAIOTCS TPH BPEMEHHBIX
MHTEpBaJIa: IIepUOJ TPUPA0OTKH I, mepro HopMaJIbHOM SKC-
mryarauuu 11 u nepuoa okonuarensHoro uzHoca I11.

F(h)

I

1 Iy rt
Puc. 1. ®yHKIMS HIHTEHCUBHOCTH OTKa30B

B npomesxyTke | HHTEHCUBHOCTB OTKa30B CTPEMUTENILHO
yOBIBaeT co BpeMeHeM. /UIMTenbHOCTh 3TOTO TIepHoa He-
OorbIast M ONMPEAENSIETCSl KaueCTBOM M3TOTOBJICHHS M30-
nsun [7]. B momgaBmstoneM OONBITHHCTBE CIyYacB dTOT
MEepHOJ HE peanu3yeTcs Ha MPAaKTUKE BCIEACTBHE TOTO,
YTO NMPHUPAOOTKA N3OISIIUN MOXKET OBITh CBsI3aHA TOJBKO C
SIBICHUCM ‘‘BBDKHTAHUS ', T.€. BRIOPAKOBBIBAHUS H3HAYAIIEHO
JedeKTHBIX 00pa3II0B N30IISIINH, HMEIOIINX 3aBE/IOMO Ooriee
HU3KYIO JOJITOBEUHOCTh MO CPABHEHUIO C OCTABIIUMMUCS B
pabote obpasmamu [3, c. 54].

IIpomexcyTok I cOOTBETCTBYET HOPMANTBEHOM SKCILTyaTalluK
1 XapakTepusyeTcs c1ado BO3pACTaroIeii HHTEHCHBHOCTHIO
0TKa30B. B Hauaie skcruryaranun F(f) MpakTHYECKH TTOCTO-
SIHHA, B TO BPeMsI KaK [0 Mepe YBEINYEHHUS { THTEHCUBHOCTh
OTKAa30B BO3PACTAET, UTO YKa3bIBAET Ha pa3BUTHUE TOCTEIEHHBIX
OTKa30B, 00yCIIOBIICHHBIX €CTECTBEHHBIM CTAPECHUEM.

Bpemennoit nmpomexyTok 11l cooTBETCTBYEeT OKOHUAHHIO
CpOKa CITyXOBI JIEKTPUIECKONW M30JISIIUH: MHTCHCHBHOCTh
e€ OTKa30B CTPEMUTEIILHO BO3pPACTAET cO BpeMeHeM. Peskoe
yXyALIeHHE (PU3UKO-XUMHUYECKAX CBOMCTB M30JSIIUM 00Y-
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BEPOSITHOCTHbIE ACMEKTbI HALEXXHOCTU 3NEKTPUYECKO U3ONSLUN

CJIOBJIEHO MHTEHCH(DMKAIMEH IPOLIECCOB CTAPEHNUS 1 H3HOCA.
OKCIUTyaTanys M30J LMY Ha JAHHOM 3Tarle HeAOIyCTHMA.

ITo cpaBHEHHNIO C KIACCHYECKHM pacIlpeaciecHueM
Beiibyma-I'HeieHKo TpeIokeHHOE HaMH pacTIpeieIeHue
o0nasaeT AByMs MPEUMYIIECTBAMHU:

1) OxBaueH BECh CPOK IKCIUTyaTaIlldH ICKTPUUCCKON
W30JISILIUH.

2) Ilepwon HOpPMATBHON AKCIITyaTAallUd MMEET eCTe-
CTBEHHYIO JUTA “HOPMAJIbHO CTaperomuX~ 00bEKTOB IUIABHO
BO3PACTAIOIYI0 HHTCHCUBHOCTD OTKa30B.

Ha pwuc. 2 3aBucumoctu F(#), paccuntannsie mo Gpopmyre
(5) anms cunoBBIX Kabenel cpeqHero HaNpsHKCHUS, COTIO-
CTaBIICHBI C SKCTICPUMEHTATBHBIMA JaHHBIMH [8§, 9].

F(t), rox’

10 20 30 40 t,rox
Puc. 2. BpeMeHHbIe 3aBHCUMOCTH (hyHKIIHH
WHTCHCUBHOCTH OTKA30B:
OO0 — CUJIOBBIX Kabeet [8];
OOO — M30JISIIIUH CHIIOBBIX Kabesei [9]

Pacu€Th mpoBOANINCE IPH CAEAYIOMNX 3HAYCHUAX: C,,, =
0,89, t,=10 ner, t;=239 net, 7 = 39,097 ner (1151 3aBUCHMO-
ctu Nuc,=0,872, t,=13 ner, t; =40 ner, 1 = 40,265 ner
(s 3aBECHMOCTH 2). MakCUMaJIbHOE PaCXOXKICHHUE TEO-
PETHYECKUX PACUETOB C HKCIEPHUMEHTAIBHBIMU JTaHHBIMHU
B nepBoM ciydae coctasmio 0,135%, Bo BTopoMm ciydae
—6,344%.

CpaBHHTEIBHO OOJNBIINE 3HAYCHHS MTapaMeTpa ¢, yKa-
3BIBAIOT Ha MPeoOIagaHnne pABHOMEPHOTO H3HOCA U0
HaJ1 BHE3AaTHBIMH OTKa3aMu. B 00oux cirydasx mepuos npu-
PpabOTKH OTCYTCTBYET, a IEPUOA HOPMATBHON IKCILTyaTallni
cocrapisieT 30 ser. CpenHee 3HAYCHHE WHTEHCHBHOCTH
0TKa30B KaOeme 171 mepruoaa HOpMaIbHOM SKCILTyaTaI[iH
cocrasmser 0,05 rox!.

3akJioyeHue

[Ipennoxena mareMaTuyeckasi MOAEIb OTKa3a AIEKTPU-
YECKOW M30JIILIMU, OCHOBaHHAs Ha CYINEPIIO3ULIMHU PaBHO-
MEPHOT0 U 3KCIIOHEHIIMAJIbHOIO 3aKOHOB pacIIpeesICHHs Be-
positHOCTEN. B paMkax MoJiesii OJTy4eHbl AHAIUTUUECKUE
COOTHOUIEHUS U1l Pacu€Ta OCHOBHBIX KOJIMUECTBEHHBIX
rokasareJiei Haa&KHOCTU U30JSIIUU: QYHKIIUH pacipe/ie-
JICHUSI BEPOSITHOCTEH OTKA30B, IUIOTHOCTH ATOH (pyHKIUH 1
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(DYHKIIMM HHTEHCHBHOCTH OTKa30B. [IpuMeHeHne BeIpaxke-
HUS 11 THTEHCUBHOCTH OTKA30B AEKTPUIECKOH N30IIALINN
o0ecrieunBaeT KOPPEKTHOE aHATUTUYECKOE ONHCaHHuE e&
HAJIKHOCTH HA JUTHTETHHOM BPEMEHHOM HHTEPBAJIC.
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Structural reliability. The theory and practice
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Shablovsky Ya.O., Kiselevich V.V.

PROBABILISTIC ASPECTS OF RELIABILITY
OF ELECTRICAL INSULATION

The mathematical model of electrical insulation failure is proposed. The model is based on the superposition
of uniform and exponential probability distributions. Relation for time dependence of the insulation failure
rate is obtained. Application of this relation provides correct analytical description of insulation reliability
on a long time interval.

Keywords: reliability, failure rate, electrical insulation

Introduction

At present, the Weibull-Gnedenko probabilistic distribution is used for quantitative assess-
ment of electrical insulation reliability [1 — 3]. Yet, this distribution can only be applied to
separate periods of insulation service (break-in period, normal service or final wear), while
the period of normal service has a time-independent failure rate uncharacteristic for “aging”
objects.

To estimate the reliability of insulation on a long time interval, the superposition of single
laws of distributions is used. Application of compound distributions leads to increase of the
number of its parameters, whose definition is usually related to considerable mathematical
difficulties. Owing to this, of vital importance is to construct adequate mathematical mod-
els [4] based on application of optimum probabilistic laws of distributions ensuring a close
analytical description of insulation reliability on a long time interval. Below we propose an
alternative model of failure of electrical insulation based on the combination of the uniform
and exponential laws of probability distributions.

Theoretical analysis and its results

Technically considering an insulator as an object that functions till the first failure
(breakdown), we can characterize the reliability of insulation as the function of failure rate

[5, p. 10]

¢ (1)
1-@()

where ¢ is the time, (¢) is the density of failure rate probability distribution, ®(¢) is the
function of failure rate probability distributions.

The value F(f)dt is the probability of the system element with time to failure ¢ failing on
the time interval [z,#+df]. Practically failure rate is defined as the relation of the number of
elements failed by the moment # per time unit to the total number of such elements remained
in upstate till the moment ¢.

F(f)=
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The failure of electrical insulation will be considered as
the superposition of a sudden failure and a gradual failure as
a result of electrical wear. Other factors of insulation aging
will not be taken into account here assuming that it functions
under normal conditions.

The ideal sudden failure features “memory lack” — prior
use of a device doesn’t impact the residual time of its failure-
free service. While there is an abrupt degradation of insula-
tion properties in time caused by severe influence of strong
destructive factors. In case of even wear characterized by
gradual degradation of insulation properties, the probability
of failure uniformly increases in time. The above assumption
simulates the failure of electrical insulation by superimpos-
ing these two event flows: actual failure (in case of voltage
surge or other random event) is the more probable, the
more worn the insulation is. Therefore, functions ®(¢) and
d(7) in formula (1) in case under consideration will express
themselves by linear combinations of respective functions
related to probabilistic distributions of sudden failures and
even wear.

Ideal sudden failures are described by an exponential
distribution [6, pp. 133 — 134]:

b=t D () =1-€"", ©)

where ¢, is the mathematical expectation of time to sudden
failure under specified conditions.

Even wear is described by a uniform (rectangular) dis-
tribution [6, p. 209]:

0, t<a

a<t<b t—
@2(1)2

1
bO=1b-a’ 4 a<t<b(3)

0, r¢&fab];

1, t>b.

In our case a=0 that corresponds to the moment of putting
insulation into service, b=ty is the partial time of total wear
of insulation in the absence of sudden failures.

Superposition of probability laws (2) and (3) gives:

—1/ty
c, e
o) = Z+ (I-c,) ’o
(1) =—";‘”+<l—cw>(1—e*’/'ﬂ ) @)

E

where multiplier ¢,, defines the share contribution of even
wear under specified conditions of service. Substituting
expressions (4) in formula (1), we finally have relation

t, _
CM" + (1 - C‘M/)i e t/l“
t

F(t)= 0 , Q)
© t+(A=c)(e’ =D]-c,t
that allows simulating actual failures of electrical insula-
tion in service. Taking into account that F (t)|H? — oo, by
using expression (5) we can define the time to failure of
insulation:
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C

w

For 7/t, > 8 with accuracy better than 1.5 per cent, we
can assume that 7 = ¢,.

Function graph (5) looks like trough (see Fig. 1). It dis-
tinctly shows three time intervals: break-in period I, normal

service period II and final wear period II1.

F(h)

I

Fig. 1. Function of failure rate

On interval I failure rate abruptly decreases in time.
The duration of this period is short and is defined by the
quality of insulation manufacturing [7]. In the majority of
cases this period is not realized in practice due to the fact
that insulation break-in can only be related to the “burn-in”
phenomenon, i.e. discarding initially defective samples of
insulation that have admittedly lower longevity compared
to samples remained in service [3, p. 54].

Interval II corresponds to normal service and is charac-
terized by a feebly increasing failure rate. At the beginning
of service F(¢) is practically constant, while as ¢ increases,
the failure rate grows, which implies the development of
gradual failures caused by natural ageing.

Time interval III corresponds to the end of life time of
electrical insulation: its failure rate radically grows in time.
Abrupt degradation of insulation physical and chemical
properties is stipulated by intensification of ageing and
wearing processes. Insulation service is not acceptable at
this stage.

Compared to the classical Weibull-Gnedenko distribution,
the distribution proposed here has two advantages.

1) The entire life time of insulation service is covered.

2) The period of normal service has a gradually increasing
failure rate natural for “normally ageing” objects.

In Fig. 2 dependences F(¢) calculated under formula (5)
for mid-voltage power cables are correlated with experi-
mental data [8, 9].
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F(t), year”

10 20 30
Fig. 2. Time dependences of failure rate function:

ooo-— power cables [8]; 00O — insulation of power
cables [9]

40 t, yeal

Calculations were made for the following values: c,,
= 0,89, t, = 10 years, t; = 39 years, ¢ = 39,097 years (for
dependency /) and ¢,, = 0,872, t, = 13 years, t; = 40 years,
7 = 40,265 years (for dependency 2). Maximum deviation
of theoretical calculations from experimental data in the
first case was 0.135 per cent, in the second case — 6.344
per cent.

Comparatively high values of parameter c,, indicate the
prevalence of even wear of insulation over sudden failures.
In both cases there is no break-in period, while the period of
normal service is 30 years. The average failure rate of cables
for the period of normal service is 0.05 year!.

Conclusion

The paper proposed a mathematical model of electrical
insulation failure based on the superposition of uniform
and exponential probability distributions. The model gave
analytical relations for calculating key qualitative parameters
of insulation reliability: functions of failure probability
distributions, densities of this function and functions of
failure rates. Application of this relation provides correct

analytical description of insulation reliability on a long
time interval.

References

1. Gnedenko B.V. Mathematical methods in the theory of
reliability / B.V. Gnedenko, Yu.K. Belyaev, A.D. Solovyev.
— Moscow: Nauka, 1965. — Pp. 102-103.

2. Murthy D.N.P. Weibull models / D.N.P. Murthy, M.
Xie, R. Jiang. — Hoboken, New Jersey: John Wiley & Sons,
Inc., 2004. — P. 9-10.

3. Fokin Yu.A. Estimation of power supply systems
reliability / Yu.A. Fokin, V.A. Tufanov. — Moscow: Ener-
goizdat, 1981. — P. 224

4. Ushakov L.A. On the importance of adequate math-
ematical models for engineering analysis of reliability /
I.A. Ushakov // Dependability. — 2011. — No.3 (38). — Pp.
2-14.

5. Ushakov I.A. Course of the theory of system reliability
/ I.A. Ushakov. — Moscow: Drofa, 2008. — P. 239

6. Vadzinsky R.N. Guide for probability distributions
/ R.N. Vadzinsky. — Saint-Petersburg: Nauka, 2001. — P.
295

7. Prokhorov A.V. Criteria of reliability of electrical
equipment insulation. Selection of optimum variant of in-
sulation system / A.V. Prokhorov // Dependability. — 2012.
—No 3 (42). — Pp. 80-88.

8. Korzhov A.V. Method for estimating the importance of
impact of designing and operational factors on the life time
of insulation of 6 (10) kV power cables of urban electrical
networks / A.V. Korzhov // South-Ural State University
Newsletter. “Energy” series. — 2014. — V. 14, No. 1. — Pp.
31-34.

9. Yurchenko E.Yu. Statistical parameters of reliability
of 6 (10) kV cable line elements / E.Yu. Yurchenko, A.V.
Korzhov // Modern equipment and technology: Materials
of XIV International Scientific and Practical Conference of
Students, Postgraduate students and Young Researchers,
Tomsk, 24-28 March, 2008 / Tomsk Politechnical Univer-
sity. — Tomsk, 2008. — V. 1. — Pp. 123-125.

47



CTPYKTYPHAAA HAOEXKHOCTb. TEOPUA U MPAKTUKA

CapgsbikoB P.P.

OUEHKA HAAEXHOCTU TEXHUYECKUX CPELCTB
OXPAHbl OBBEKTOB NO OrPAHUYEHHOMU
CTATUCTUYECKOWN UHOOPMALLIMU OB OTKA3AX

B cratbe paccmarpuBaeTCs METO OLIeHKU Ha[AeXHOCTU TEXHUYECKUX CPEACTB OxpaHbl 0ObLEKTOB, M03BO-
JISHOLLING C BbICOKOW BEPOSITHOCTLIO MPOrHO31pPoBaTk Mx 6830TKa3HOCTb Ha OCHOBE OrPaHUYeHHON KCrlya-

TaLUMOHHOM MHGOpMaLnn.

KnrouyeBbie cnoBa: oTkas,
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Haae>XHOoCTb, MPOrHo3, TeEXHU4YeCkne cpectBa OXpPaHsbl.

CrencTBueM IpOPHIBa B PA3BUTHH IPOU3BOCTBA OONBIINX U CBEPXOOIBIIIHX HHTETPATHHBIX
cxem (CBHUC) crama mmpokas KOMIBIOTEPH3aNUs BCEX BUAOB ACATEIHHOCTH YeJI0BEIECTBA.
He sBisitoTCst HICKITIOYEHUEM U TEXHIYECKHE cpecTBa oxpaHsl 00bekToB (TCO). B mocnen-
Hue roapl TCO akTHBHO JOpabaTHIBAIOTCS IPOU3BOMUTEISIMH IS conpspkeHus ¢ OBM u
JAITbHEHIICH HHTETPAIIH B CHCTEMBI i KOMILTEKCHI OXPaHbI, YIPaBIIEMbIC IICHTPATH30BAHHO
ITOCPE/ICTBOM CIICITHATN3UPOBAHHOTO MIPOTPAMMHOTO 00ECIIEYCHHUS C aBTOMAaTH3HPOBAHHOTO
pabodero MecTa omeparopa.

Taxoro pona ycinoxxHeHHe 000pyIOBaHUS MPUBEIIO K BO3pacTaHuio poau DBM B obe-
CIIeYCHNH OC30TKA3HOCTH CUCTEM OXpaHBL. Tak, Hampumep, npu o0OpabOTKEe CTaTHCTH-
yeckodl mH(pOpManuu 00 OTKazax CpeACcTB paguoiiokannoHHoro HaOmroneHus (CPJIH),
BXOJSIIIINX B CHCTEMY (KOMILIEKC) OXpaHbI, OBUIO YCTAHOBICHO, YTO MPUIHMHON OONbIICH
JIOJIM BCEX OTKAa30B SABJsAOTCS DBM, nMmeronuecs B COcTaBe KaK 101 JIOKAIIMOHHOW CTaH-
uud. B cBoto odepens, pe3ynbTaThl 00pabOTKH CTaTUCTHICCKOM HHOopMaI 06 0TKazax
BbI0OpKH DBM [ 1] noka3zanu, 4To B OCHOBHOM OHH BBI3BIBAIOTCS] COOSIMH ITPOIPAMMHOTO
obecneuenus (I10) [2].

CymecTByomias IIaHOBO-TIPEAYNIPEAUTEIbHAS CHCTEMa TEXHHYSCKOTO O0CITYy)KHBaHUS
u pemoHTa (TOHP) TeXHUYECKHX CPEeICTB OXPaHBI MOAPa3yMeBacT HAMINE B H3ICIUAX 110
OOJIBIICH YacTH IMOCTETICHHBIX 0TKA30B OT/ICIBHBIX Y3JI0B U OJIOKOB, ITAHOBAsI 3aMEHA U 00-
CITy’)KUBaHHE KOTOPBIX MO3BOJISIOT MPOMIUTE CPok ciry>k0b61 TCO. Mexmy Tem, T0CTaTO9HO
JIETKO IMTPOTHO3UPYEMBIE TOCTEIICHHBIC OTKA3bI TUCKPETHBIX ITOIYITPOBOJHUKOBEIX JJIEMCHTOB
W MEXaHUYECKHX y3JIOB U OJIOKOB CMECHHJINCH Ha CJIOKHO MPOTHO3UPYEMBIC OTKa3bl IPO-
rpamMHOTro obecriedeHust U otkasbl CBMC, koTophie MPUHATO HA3BIBaTh BHE3amHBIMU. OHU
XapaKTEPHU3YIOTCS PE3KUM IEPEXOIOM BBIXOJHBIX ITApaMETPOB 3a MOIYCTHMEBIC TIPEACIBI,
YCTaHOBJICHHBIC U3TOTOBUTEIICM.

BoccranoBienne POA mociie Takoro poga OTKa30B 3aKIOYACTCS TUOO B BBIABICHUU U
3aMeHe y3ia (010Ka, COCTaBHOW 4acTH), BKIFOYAromero B ceds orkazasmme CEUC, mibo B
nepeycraHoBke (Hanaake, Hactpoiike) [10. U To, i qpyroe TpedyeT BMeIaTeIbCTBa B KOPOTKHI
CPOK CHEIHAIMCTOB BRICOKOTO KJIacca, Yero He MOTYT ce0e TIO3BOJIUTH HU SKCILTYaTHPYFOIIIE
TTOPa3ICIICHHS, HA TTPOU3BOIUTEIIH.



OLLEHKA HAAEXXHOCTU TEXHUYECKUX CPEACTB OXPAHblI OBbEKTOB
Nno OrPAHMYEHHOM CTATUCTUYECKOW NHOOPMALIUU OB OTKASAX

Haunbonee oueBUIHBIM BBIXOJIOM M3 CIOKHBIICHCS CH-
Tyaluu SIBJISIETCSl yCOBepIIeHCcTBOBaHue cucteMbl TOuP.
3apy0OexHblii onbIT [3] nemMoHCTpUpyeT 3P PEeKTHBHOCTH
TaK Ha3bIBAEMOMU cucmembl NOOOEPHCKU HCUSHEHHOLO YUKILA
uzdenus (CIDKLIN), ocHOBaHHOI Ha COBPEMEHHBIX HHPOP-
MalMOHHBIX TeXHOJIOrHAX. CHcTeMa IIpeTyCMaTpHBaET, 4To
PEMOHT ¥ HaJIa/IKa U3/ICJINH TPOBOIUTCS 00CITY KUBAFOIIIM
TEXHUYECKUM MEepCOHAIOM, a Tarke ornepatopamu TCO
IIPA aKTUBHOM JHCTAaHIIMOHHOM y4YacTHHU CIECIHAINCTOB
M3TOTOBUTES], YTO NMPUEMIIEMO TOJBKO JUIS MPUHSTHIX B
SKCIUTyaTanuio usgenuii. Ocraercs HEBBISICHEHHBIM, Ha
OCHOBaHMHM Kakod MH(OpManuy NMPUHUMATh Ha CHaOXKe-
HHUE TO WJIN MHOE W3JEIHE, €CIIM OHO B PSAY C APYTHMHU
UMEeT CpaBHUMBIC IICHY U TaKTHKO-TEXHUYECKHE XapaK-
TEPUCTHKH.

Vcxons u3 mpeiHa3HadYeHUsI pACCMaTPUBAEMBbIX H3/CINH,
BOKHEHIIEH MX XapaKTEPUCTUKOH SIBISCTCS HAJCKHOCTb.
Cy1ecTByIoIye Ha CETOAHAIIHUN 1€Hb METO/IbI OLICHUBA-
HUSI (IPOTHO3UPOBAHMS ) HAZEKHOCTHU IPEIIONIATAIOT IO
TIOJTHBIH (JUTUTENBHBIHN), THO0 (hopcHpoBaHHBIH (KOPOTKHUI)
IIUKJI NCTIBITAaHUN. B COBPEMEHHBIX YCIIOBHSX JUTNTEIBHBIN
IIUKJI HCIIBITAHUI HE IPUEeMJIEM, TaK Kak MOPaJIbHOE yCTa-
peBaHKe IPUHIMAEMOTO Ha BOOPY)KEHHE M3/IEINS HACTYITUT
paHbllle, YeM HCIBITaHus 3akoH4arcsi. DopcupoBaHHBINA
IIUKJI JOJDKEH TPOBOANTHCS Ha CIICIHAIBHOM CTEHIOBOM
000pyIOBaHNH, CTOUMOCTH KOTOPOTO BEChbMa BBICOKA.
[Tpn sTOoM camo m3aenue GakTHIECKH YHHUTOXKACTCS MC-
KyCCTBEHHBIMH TIEpETpy3KaMH, a TOYHOCTh PE3yJIbTaTOB
MOI00HBIX UCTIBITAHUN BECbMa COMHHUTENbBHA, T. K. OTKa3bl
MIOJTYTIPOBOHUKOBBIX AJIEMEHTOB HE MMEIOT JINHEWHOH 3a-
BHUCHMOCTH OT ATHX TIEPErPy30K.

[Ipennaraercst ocylEecTBIATh, IPOTHO3UPOBAHUE OTKA-
30B TCO Ha OCHOBE CTAaTUCTUYECKOM HKCILTyaTallHOHHOM
nH(pOpMaLuK 0 padoTe BEIOOPKH M3/IEIHI 32 CPOK, COCTaB-
ssttouit 15 — 20 % oT mojHoro HMKiIa ucnbiTaHui [4], a
TaKXXe apuOpHON HH(pOpMAIUK 00 0TKa3aX aHATOTHYHBIX
Y3JI0B 1 OJIOKOB B IPYTUX M3JCIHSIX.

Ha nagansHoM 3Tane paccmarpuBaemoe TCO npencras-
JsieTCs CIIOKHOHN TexHmueckon cuctemoit (TC) u moasep-
raercst Ipoueaype AeKOMIO3HIUU. MeTox 1eKOMIIO3UINH
IIMPOKO MCIIONB3YETCs B TEOPUH HAAEKHOCTH U TIO3BOJISIET
pa30uBaTh NccIIeyeMOoe U3/IeINe Ha 3aMeHsIEMbIE MOJICHCTE-
MBI WM cocTtaBHble yacTu (CY), onpeaemnsTh JOrHIecKyIo
1 QYHKIIMOHAIBHYIO B3aUMOCBSI3b Mesk1y HuMH. [Ipn aTom
OLIEHKA HAJEKHOCTU CHCTEMBI B LIEJIOM CKJIabIBACTCS U3
YACTHBIX OIICHOK HaJIeKHOCTH TIOJICHCTEM.

B coorBercTBuM C [5], cTENEeHb AEKOMIO3UIIUHN YCTaHAB-
JIMBAIOT, UCXOJIS:

- M3 HOBU3HBI KOHCTPYKIIUH H3/1enust (00pasiia, CHCTEMBI,
komruiekca) crieruanbaoi Texuuku (CT) n ero coctaBHBIX
94acTel, TEXHOJIIOTHI X M3TOTOBJICHUS;

- CJIO)KHOCTH yCITIOBUH PAKTHIECKOTO MPHUMEHEHUSI 1 9KC-
TuTyaranuy usnenus (oopasua, cucremsl, komriekca) CT;

- CTeTIeHH 0TPaOOTaHHOCTH KOHCTPYKTOPCKOM, IKCILTya-
TAI[MOHHOW M paboueil JOKyMeHTaluH;

- HaJIM4IMsl HEOOXOAMMBIX ISl (POPMHUPOBAHMS YACTHBIX
OlIeHOK HajiekHOCTH CY MCXOHBIX JTaHHBIX.

[Ipu mpounx paBHBIX YCIOBHSX, YEM BBIIIE YPOBEHb OT-
pabOTaHHOCTH KOHCTPYKLIUH U TEXHOJIOTHH W3TOTOBJICHHS
n3zaenns u ero CY, yem BhIlle UX HaAEKHOCTb U PEMOHTO-
TIPUTOTHOCTH, TeM OoJiee HU3KUH ypOBEHb JETaU3aINN
JIOTyCKaeTesl pU aHaju3e cucreMsl. M, Haoboport, ecnn
TEeXHUYECKHE 0OBEKTHI COAEpIKaT MPUHIUITHAILHO HOBBIC
KOHCTPYKTHBHO-TEXHOJIOTHYECKHUE PEIICHUS, TOCTPOCHBI Ha
HOBOM 2JIEMEHTHOM 0a3e, ¢ MPUMEHEHHEM HOBBIX MaTepua-
JIOB M TIP., €CIIH JUISl JAHHOTO TEXHNYECKOTO 00OBEKTa OTCYT-
CTBYIOT allpHOPHBIC CBE/ICHHS O NTapaMeTpax HaJe>KHOCTH,
TeM OoJiee JeTaNN3UPOBaHa JIOJDKHA OBITH CTPYKTYpHas
cXeMa M3JICIHs.

Ynciio ypoBHEH MepapXuM CIOKHOW CHCTEMbI BIIHSIET
Ha HaIBSITHOCTB €€ CTPYKTYphI. [1pu Oombiom KommuecTse
ypoBHe# 3anada ananmuza TC cTaHOBHUTCS TpyAHOO003pH-
MOM, YTO MOXKET OTPHUILATEIbHO CKa3aTbCs HA TOYHOCTH
(dopmupyemoii onenku. [Ipn ManoM konndecTBe ypoBHEH
BO3PACTAET YUCIIO HAXOAAILIMXCS Ha OJHOM YPOBHE ITOI-
CHCTEM, YTO YCIIOXKHSET MPOIECC yCTAaHOBICHUS CBSI3EH
MEXJIy HUMH. YPOBEHb «PasyKpyIMHEHUS» TEXHUYECKOU
CHCTEMBI 3aBHUCHT OT IJIAHUPYEMBIX PE3yNbTaTOB OLCHKU
ee HaJe)KHOCTH, MOJIE3HOCTH MHGPOPMAIUH I Iieseh
aHaJIM3a BO3MOYKHBIX TTOCIIEICTBHI M KPUTHYHOCTH OTKa30B
HCCIIETyeMOTO M3JICIHSL.

Ouenka Haaexxnoctu muzgenuii CT u ee CH npoBoauT-
Csl C YyYETOM MX PEMOHTONPHUIOTHOCTH M O€30TKa3HOCTH.
PemonTOnIpHronHOCTS GiIoKa (MOIYINs) B CBOIO OYepelb
OLICHMBACTCSI BO3MOXXHOCTBIO €r0 3aMEHBI Ha MECTe IKC-
uryaranuy (reorpaduieckn).

Jeranusanus ctpykrypHoit cxemsl CPJIH Beimonnena
Ha OCHOBE aHAJIN3A €r0 KOHCMPYKMUBHO2O NOCMPOEHUs
1 B COOTBETCTBHH C NMPUHATHIM B TAKHUX CIydasX OIpaHH-
YEHHWEM — JI0 HEBOCCTAHABJIMBAEMOI'0 Ha MECTE IKCILTya-
tanuu Onoka (moxyist) [S]. [lomydennast nepapxudeckas
CTPYKTYpa HCCIEIyeMOro CpeJCTBa IpEeJCTaBIeHa Ha
puc. 1, rie coBpeMeHHOE THIIOBOE TIEPEHOCHOE CPE/ICTBO
PaIvoJIOKAIIMOHHOTO HAOMIONCHNS O0BEMHSETCS B USTHIPE
(DYHKIMOHAIBHO 3aKOHYCHHBIEC YaCTH: HCTOYHUK BTOPUY-
Horo snexrponutanus (UI1), paanonokaoHHbIH MOTYITb
(PJIM), mraTiB ¥ aBTOMaTH3MPOBAHHOE pabodyee MECTO
orneparopa (APM). B cBoto ouepens, W11 Brimrouaer B cedst
akkyMmyssTopHyto 6arapero (AKB) n npeodpazosarens Ha-
npspkerus ([TH). PJIM cocTouT 13 OMOpHO-IIOBOPOTHOTO
ycrpoiictBa (OI1Y) u antennoro nocra (AIl). B cocraBe
APM paccmarpuBaeTcss NepcoHalbHAs AIEKTPOHHO-
BeluncnuTenbHas mamuna (II9BM) u nporpammuoe
obecrieuenue (omeparmonHas cuctema (OC) ¥ KOMILTIEKT
crenuaipHoro nporpamMMmuoro obecneuenus (CI10)).
[I9BM mnpencrasieHa AeBATbI0 COCTABHBIMU YaCTSIMU: MO-
nynb 00padoTku nHdopmannu (MOU), npeacraisommi
co00¥i MaTepUHCKYIO IJIaTy B cOOpe ¢ YCTaHOBJIEHHBIM
LEHTPAJIBHBIM MPOIECCOPOM U OIIEPaTHBHOM MaMATHIO,
6nox nuranus (BII), cereBas muara (CII), HakonuTens
Ha xecTKkoM MarHuTHOM jucke (HXXMJI), rpaduaecknit
anantep (I'A), mpuBOX U CYUTHIBAHUS ONITUYECKHX JTHC-
xoB (OIT), manumynsitop Tuna Meis (MTM), ki1aBuatypa
(KJIB) u Buneomonutop (BM).
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Puc. 1. Uepapxuueckas crpykrypa tunosoro CPJIH

Ha ocHoBe aHanmu3a CTaTUCTUKU OTKA30B KaXXJI0H U3
yka3zaHHbIX CY 3a orpaHUuYeHHBIN nepuoj BpeMeHH B [1]
MOCTPOEH NPOrHO3 HA/IEKHOCTH BCETO M3JEIHSL.

AJTOpUTM pacueToB BKJIIOUAET B ce0st cOOp crarucTuye-
CKOI MH(OpMaIMK O BOSHUKIINX HEUCIIPABHOCTSIX HCIIbI-
TyeMbIX u3jenuil. OHa JOJKHA COAepPKATh JTaHHbBIE O BUJIE
OTKa3a ¥ BPEMEHU BO3SHUKHOBEHHMs (HapaOOTKe OT Hayasia
UCIIBITAaHUH MJIM BBOZA B OKCILUIYaTalHIo).

Jluist mpoBeneHus aHanu3a JaHHble 00 OTKa3zax pa30u-
BAIOTCS MO MPUHAIJIEKHOCTH BPEMEHHBIM HHTEpBaJIaM.
Yem Kopoue BHIOpaHHBIE MHTEPBAJIBI, TEM TOYHEE MTPOM3-
BOJUMBIE pacueTsl. Ha mpakTuke npu mpou3BOACTBE pac-
YETOB 11eJIecO00pa3HO HCIOIb30BaTh UHTEpBaIbI 10 150
4acoB HapaOOTKH, YTO COOTBETCTBYET CpeJHell HapaOoTke
paccmaTpuBaeMbIX U3JeNui 3a oguH Mecsal. [lanee, Ha
OCHOBaHMH TOJIy4YE€HHBIX JAHHBIX OCYIIECTBIISIETCS pacueT
napameTpa noroka orkas3os (I1I10) Ha kax10M BpeMEHHOM
UHTEpBaJIe:

_ n(An
N(A?)
rae: n(Af) — KOJIMYEeCTBO OTKa30B 3a OTPE30K Bpe-

MeHu; N(Af) — KOJIMYECTBO HCHIBITBHIBAEMBIX 00pas-

HOB. HpH 9TOM OTKa3bl pasgCjadrOoTCd Ha MNOCTCIICHHBIC
Y BHC3AITHBIC!:

o (?) (1)

n=n"+n", 2)

rae n' — o0lee Yucio BHE3amHbIX 0TKa30B CU, moToku
KOTOPBIX PAaCCMaTPUBAIOTCS KaK CMayuoHapHble IyacCOHOB-
CKHE MPOLECChE; n” — 00IIee YUCIIO OCTECIICHHBIX OTKA30B
CY, moToKH KOTOPBIX MPUHUMAIOTCSI HeCMAayuUOHAPHbIMU
IyacCOHOBCKUMH.

Omnpenenenue obuiero yucia otkazoB CU n”, moToku
KOTOPBIX IIPHHAMAOTCS HECTAIIMOHAPHBIMH ITyaCCOHOBCKH-
MU, OCYIIECTBIISIETCSI HA OCHOBE MPOTHO3UPOBAHUS YK CIIa
OTKa30B nypp; Ha MHTEpBaIe 7, — ¢, ((bakrudeckoe Bpems
UCTBITAaHUN — PECYPCHOE BPEMsi) C TOMOIIBEO HHTEPITOJH-
PYIOLIMX MOJTHMHOMOB. UHCIIO MOCTENCHHBIX OTKA30B i-Oi
CY 3a pecypcHylo HapabOTKy OINpeessieTcs Kak cymMMa
(hakTHYECKOrO WX YKCiIa 32 BPEMs HCIBITAHUI 00bEKTa U
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CIIPOTrHO3WUPOBAHHOI'O KOJIMYECTBA OTKA30B I10 cnez[ylomeﬁ
3aBUCUMOCTH
P_ @
n, =n +nm>n (3)
D
raen; — (baKTI/IquKOG YUCJIO MMOCTCIICHHBIX OTKA30B 3a
nepuozn HCHLITaHHﬁ; Ayp; — CIIPOTHO3UPOBAHHOE KOJIMYECTBO
IIOCTCIICHHBIX OTKa30B.
B cBoro ouepeab o61uee YHUCJIO IIOCTCIICHHBIX OTKAa30B
no Bcem CU IIPpHU UCHOBITAHUAX 00bEKTa BBIUUCISIETCS 110

bopmyie:

n"= my s (4)

P Y
k=1 i=1
e Y — KoJM4ecTBO COCTABHBIX YaCTEeH B U3/ICITHH.

Ha CJICAYIOUIEM 3Tale paCcCYUTHLIBACTCA OCPECAHCHHOC

3nadyenue 1110 u ero BEPXHAA JOBEPUTEIIbHAS I'PAHULIA:
_ J
(’OB - s (5)

rae 7 — Ko3(h(GUIMEHT pacyeTa JOBEPUTCIIbHBIX [PAHHUII,
nonyyaeMbiid U3 Tabnui [6], @P; — oCpesHEHHAs OLEHKA
[IITO j-oit CY Ha oTpeske BpemeHU Af:
w_ (Ar)
J )
N, (A7)

[JI€ 11— KOJIMYECTBO OTKa30B j-0i CY Ha OTpe3Ke BpeMeHu
At; Ngp(A?) — cpenHee KOIMYECTBO U3JIENNH, HE HMEBLINX
OTKa30B C Havaja UCIIBITAHUH Ha OTpe3Ke BpeMeHu Af.

B 3aBepiieHue cieayer ynoCcTOBEPUTHCS, YTO BEPXHSIS
rpaHuIa rnapamerpa MOTOKOB OTKa30B HE IPEBBINIAET 3a-
JIAaHHYIO Ha 9Tale COCTaBICHHS TaKTHKO-TEXHHYECKOTO
3aganus (TT3) Ha paspaborky uznenus:

(6)

():) < msaw (7)

I7ie Oy, — 3a1aHHoe B TT3 3nayenne 110 oObekra.

[o pe3ynpTatamM MPOBEPKH BBHIMOTHEHUS YCIOBHs (7)
MPUHUMAETCS PEIICHHE O COOTBETCTBHH HJIM HECOOT-
BETCTBUH OINBITHOrO oOpa3ua TpedoBaHUsIM 110 0e30T-
Ka3HOCTH.



OLLEHKA HAAEXXHOCTU TEXHUYECKUX CPEACTB OXPAHblI OBbEKTOB
Nno OrPAHMYEHHOM CTATUCTUYECKOW NHOOPMALIUU OB OTKASAX

Takum 00pa3oM, B cTaThe MPEIOKEHO YCOBEPIICH-
CTBOBaHHE paHee pa3pabOTaHHOTO METoAa JJIs aHalu3a
HageXKHOCTH m3nenuii [ 1]. OHo 3aKITI09aeTcst B yIPOIICHIH
aHAJIM3a CTPYKTYPHOH CXEMBI pacCMATPUBAEMOTO H3/ICTIHS.
[Tpu sTom CU ¢ omunakoBsM [1I1O He paccMaTpuBaroTCs
B QJITOPUTME KaK OT/EJIbHAsS BETBb BBIUMCICHUMH, a TaKxkKe
HE TPOBOANTCS AHAIHM3 COOTBETCTBUSI COCTABHBIX YacCTEH
TpeOOBaHMAM 3aKa3dMKa Ha HAYaJIbHOM HTAIle PacueToB.
YopoieHue aaropuTMa Mo3BONSIET CHU3UTH PHUCKH BO3-
HUKHOBEHUS OIMINOOK MPH pacyeTax 1 MOBBIIIAET TOYHOCTh
MOCTPOCHUS JTMHUM TPEHA TPH HHTEPIOIUPOBAHUN BpE-
MeHHbIX 3aBucumocteit [1I10 CY.

[TpakTHueckoe MpUMEHEHNE ONMCAHHOTO METO/A TIPEy-
CMaTpHBacT 00s3aTeNbHYIO CHCTEMY HH(POPMAITMOHHOTO 00e-
CHEYEHUsI IS PACUETOB HaJIE)KHOCTH. ABTOPOM CTaThU € 3TOM
LETBI0 ObLTA MIPEATIOKEHA U PEATH30BaHa OPraHU3aIMOHHO-
nHpOpMaMOHHAs crcTeMa cOopa HHPOPMAITNH O HATeKHO-
ctr. OHa rmojipasyMeBaeT TIaTeIbHBIN cOop HHpopMarmu 06
OTKa3ax JKCIUTyaTHPYEMBIX M3/IENUH U, YTO CaMOE BayKHOE,
IUPKYJIALIIO ATUX JaHHBIX MEXIY JKCILTyaTaHTaMH, TIPo-
M3BOAMTEISIMH M 3aKazunkamu. CucTeMa He3HaYMTENbHO
Harpy»kaeT 3KCILTyaTaHTOB, HO MO3BOJIIET OTCICKUBATH
COCTOSIHHE U3/IETNI 1 OTIEPATUBHO MTPOBOJNTH aJCKBAaTHbIC
MEPONPHATHS 110 TOBBIIICHUIO HAZECKHOCTH H3EINH.

AZIeKBaTHOCTH MPETIOKEHHOTO METO/1a TIPOTHO3MPOBa-
HUS IOATBEPIKACHA ITyTEM CPaBHUTEIIBHOTO aHAJIN3a OLIEHKN
0€30TKa3HOCTH CPEACTB PATUOIOKAIIIOHHOTO HAOIIOCHHS
(CPJIH), ocHOBaHHOM Ha JAHHBIX OMBITHOH SKCIUTyaTaI[IH
W37CIHHN, ¥ Pe3yIBTaToB MporHo3a 6e3otkasnoct CPJIH mo
OTPaHWYCHHON IKCIITyaTallnoHHONW HHpop™Marmu [ 1, 4].

BrmionrHe BeposTHO, 9TO AaHHBIA METOZ MIPUMEHUM IS
MPOTHO3a HAJEKHOCTH M APYTHUX THUIOB COBPEMECHHOM
PDA.
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Structural reliability. The theory and practice

Sadykov R.R.

ESTIMATION OF RELIABILITY OF TECHNICAL
SECURITY SYSTEMS BY LIMITED FAILURE STATISTICS

The paper describes the method of estimating the reliability of technical security systems, which allows to
forecast their failure-free operation with high probability based on the limited operational information.

Keywords: failure, reliability, forecast, technical security systems.
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A breakthrough in the development of production of large and very large scale integrated
circuits (VLSI) lead to wide computerization of all types of human activity. Technical security
systems (TSS) are also not an exception. Over the last years, the developers of TSS have been
extensively updating these systems for the conjunction with electronic computers (EC) and
further integration into the security systems and complexes centrally controlled by means of
specialized software from the operator’s automated workstation.

Such amplification of the equipment resulted in the growth of EC role in failure-free op-
eration of security systems. For instance, when processing the statistics of failures of radar
observation equipment (ROE), which is a part of security system (complex), ECs related to
every radar station were revealed to be the cause for a larger amount of all failures. The results
of the processing of failure statistics related to the selected ECs [1] showed that the failures
were basically caused by software (SW) breakdowns [2].

The current system of preventive maintenance and repair (PMR) of technical security
systems implies mostly degradation failures of separate node components and units, the
scheduled replacement and maintenance of which help to extend the TSS life. Meanwhile,
the easily forecasted degradation failures of discrete semiconductor elements and mechanical
node components and units were shifted by the hard-to-forecast software and VLSI failures
which are commonly referred to the sudden ones. They are characterized by a jump of output
parameters beyond the permissible limits specified by a manufacturer.

Recovery of electronic equipment after such failures consists either in detection and replace-
ment of the node component (unit, constituent), including the failed VLSI, or in SW resetting
(debugging, adjustment). Both variants require quick involvement of high class specialists,
which are not affordable either for operating divisions, or for manufacturers.

The most obvious way out of the situation is the improvement of PMR system. Foreign practices
[3] show the efficiency of the so called system for support of product life cycle (PLC support),
based on modern information technologies. The system provides for that repair and resetting of
the product are carried out by technical maintenance staff and by TSS operators with active off-site
participation of manufacturer’s experts, which is acceptable only for the products put into operation.
It remains unclear — which information serves as the basis for any product to be purchased if it has
the price and performance characteristics comparable to other products from the row.

According to the purpose of products under consideration, one of their most important
features is the reliability. The current methods of estimation (forecast) of reliability imply
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Fig. 1. Hierarchical configuration of the standard ROE

either a complete (long-term) or a forced (short-term) test
cycle. In current conditions the long-term test cycle is not
acceptable as the obsolescence of the product put into service
comes before the tests are over. The forced tests should be
performed with special test bench equipment which is quite
expensive. Moreover, the product itself is actually destructed
by imitative overloads, and the accuracy of such test results
is quite doubtful as the failures of semiconductor elements
do not have linear dependence on these overloads.

It is proposed to forecast the TSS failures based on opera-
tional statistics of selected products performance for the time
period which makes 15 — 20 % of the complete test cycle
[4], as well as on a priori information about failures of the
similar node elements and units in other products.

Initially TSS under consideration seems to be a complex
technical system (TS) and thus it undergoes decomposition
procedure. This method, widely used in reliability theory,
enables to divide the product into replaceable subsystems
or constituent parts (CP), determinate logical and functional
interrelation between them. Besides, the estimation of the
system reliability as a whole consists in particular estima-
tions of the reliability of subsystems.

In accordance with [5], the decomposition level is estab-
lished based on:

— novelty of design of the product (specimen, system,
complex) of special equipment (SE) and constituents of the
product, manufacturing technology;

— complicated conditions of practical use and operation
of the SE product (specimen, system, complex);

—degree of verification of design, operating and engineer-
ing documentation;

— availability of initial data necessary for particular esti-
mations of CP reliability.

All other conditions being equal, the higher is the degree of
verification of the product design and manufacturing technol-
ogy, the higher is their reliability and maintainability, the lower
is the detail level acceptable at the analysis of system. And vice
versa — if the technical objects are based on the principally new
design and technological solutions, if they are built on the new
element base with the application of new materials, if there are no
apriori reliability data for this technical object, then the structural
configuration of the product shall be even more detailed.

The number of hierarchy levels within the complex system
affects the visibility of its structure. With a large number
of levels the task of TS analysis becomes hard to observe,
that being able to have a negative impact on the accuracy of
estimation. When there are few levels, the number of sub-
systems at one level grows — it becomes difficult to establish
connections between them. The level of “subdivision” of the
technical system depends on the expected results of estimation
of its reliability, usefulness of information for the analyses of
possible consequences and product failure criticality.

Estimation of reliability of SE products and its CP is done
with consideration of their maintainability and failure-free
operation. Maintainability of the unit (module) is estimated
by the possibility of the module replacement at site of opera-
tion (geographically).

Detailed specification of ROE structural configuration is
performed on the basis of the analysis of its structural ar-
rangement and in accordance with the restriction taken in
such cases — up to the unit (module) unrepairable at site of
operation [5]. The obtained hierarchical structure of the con-
cerned product is shown in Fig. 1, where the modern standard
portable system of radar observation is held together with four
functionally completed parts: secondary power source (PS),
radar module (RM), holder and operator’s automated work-
station (AW). PS consists of accumulator battery (AB) and
voltage converter (VC). RM consists of rotary support (RS)
and antenna post (AP). The parts of AW are personal electronic
computer (PC) and software (operating system (OS) and set
of special software (SSW)). There are nine constituents under
PC: data processing module (DPM) which is a motherboard
assembled with an installed central processing unit and ran-
dom access memory, supply unit (SU), network board (NB),
hard disk drive (HDD), graphic adapter (GA), optical drive
(OD), MOUSE, keyboard (KB) and video monitor (VM).

Based on the failure statistics analysis of each of the above
indicated CP for the limited time interval [1] the reliability
forecast for the whole product has been prepared.

Calculation algorithm includes the acquisition of statistics
information about the occurred failures of products under
test. This information shall contain the data of the failure
type and time of occurrence (time from the beginning of
tests or putting into operation).
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For analysis the data are divided by time interval attributes.
The shorter are the selected time intervals, the more accurate
are the calculations made. In practice when making calcula-
tions it is reasonable to use the intervals of 150 hours, which
corresponds to the average operating time of products for a
month. Then, based on the data obtained, the calculation of
failure rate parameter (FRP) at each time interval is done:

UGy

where n(Af) is the number of failures for a time
interval; N(At) is the number of test specimens. And
the failures are divided into degradation failures and
sudden failures:

(1

n=n"+n", 2)
where 7' is the total number of CP sudden failures, the flows
of which are considered as the stationary Poisson processes;
n" is the total number of CP degradation failures, the flows
of which are considered as the non-stationary Poisson ones.
The total number of CP failures n”, the flows of which
are considered as the non-stationary Poisson ones, is speci-
fied on the basis of the forecast of the number of failures
ng; at the time interval 7/ — ¢ (real test time — resource
time) by means of interpolating polynomials. The number
of degradation failures of the i-th CP for the resource time is
specified as the total sum of the actual number of degradation
failures during the object test and the forecasted number of
failures by the following formula
nf =n +ny,, 3)
where 72} is the actual number of degradation failures for
the test period; n; is the forecasted number of degradation
failures.
Whereas, the total number of degradation failures of all
CPs during the object test is calculated by the formula:

w=3 3l @

where Y is the number of constituent parts of the product.
On the next stage the FRP average value and its upper
confidence bound are calculated :

Oy = —, Q)

where 7 is the coefficient of calculation of confidence
bounds obtained from tables [6], ®®'; is the average estima-
tion of FRP of the j-th CP at the time interval A#:

av nf (At)
YY)

where #; is the number of failures of j-th CP at the time
interval At; N,,(A?) is the average number of products with no
failures from the beginning of the test at the time interval Az.

In conclusion we should make sure that the upper bound
of failure rate parameter does not exceed the bound specified
at the stage of preparation of the technical specification (TS)
for the product development:

(6)
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oy = Ogp, (7)
where ag, is the value of the object FRP specified in TS.
Based on the results of check of the condition fulfillment

(7) the decision is taken whether the test specimen corre-
sponds to reliability requirements or not.

To sum up, the article demonstrates the improvement of
the previous method for the analysis of product reliability
[1]. It consists in simplification of the analysis of the struc-
tural configuration of product under consideration. The CPs
with the same FRP are not considered in the algorithm as
a separate calculation branch, besides, there is no analysis
of correspondence of constituent parts to the purchaser’s
requirement at the initial stage of estimation. Algorithm sim-
plification enables to reduce error risks under calculations
and increases the accuracy of a trend line when interpolating
time dependencies of CP FRP.

Application of the described method provides for obliga-
tory data support system for reliability estimations. For this
purpose the author of the paper proposed and realized the
organizational and informative system for acquisition of
reliability data. It implies a careful acquisition of information
about failures of products in operation and most crucially,
circulation of the data among operators, manufacturers and
purchasers. Operators are a bit burdened by the system, but
it helps to control the state of products and take appropriate
measures to increase the product reliability.

The adequacy of the method offered to forecast reliability
has been confirmed by comparative estimation analysis of re-
liability of radar observation equipment (ROE), based on the
data of product trial operation and results of ROE reliability
forecast by the limited operational information [1, 4].

This method is likely to be applicable to forecast reli-
ability of other types of modern electronic equipment.
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DYHKUMOHAJIbHAAA HAOEXKHOCTb.TEOPUSA U MPAKTUKA

Kabak U.C.

ONTUMUIALINA SATPAT HA PASPABOTKY

N SKCIMNYATALUMUIO CJTOXHOIo nPOrrAMMHOIO
OBECINEYEHUA NUHOPOPMALIMOHHDbIX

N YNPABJIAIOLUNX CUCTEM

3apaqn nHpopmarmsamm obpasoBaHns CBA3aHbl C Pa3pPaboTKON CI0XHOIO MPOorpamMMHOro obecreq4eHus,
peLLaroLLero Kak MHGpOPMAaLMOHHbIE, TaK 1 yrpasssioLLme 3aaa41. Pa3paboTka Takoro rnporpamMmMHoro obe-
crieq4eHus npUBOANT K CyLLIECTBEHHbIM (PUHAHCOBLIM 3atpatam. Kpome 3arpar Ha paspaboTKy rnporpamMm-
HOoro obecrieyeHnss HeOOXOAMMO OLIeHUBATb WX 3aTparbl, CBA3aHHbIE C YCTPaHEeHWEeM MOCASACTBU ero
0TKa30B. Bce aTu 3atparbl XenaresibHO OLEHUTb elle Ha CTaauu paspaboTky TeXHUYECKOro 3afaHus Ha
MporpamMMHbIi NPoaykT. [JaHHas cTaTbs OCBsLLeHa BOMPOCaM OLEHKU U MUHUMUIALMY BbiLLIEYNOMSHYTbIX

3arpar.

Kno4yeBble cnoBa: MoaennpoBaHue, HaaexXHoCTb MporpaMMHOro obecrnedYeHusl.

B ycnoBusix peIHOYHON SKOHOMHKH [TTaBHBIM (PAKTOPOM CTAHOBUTCS KAYE€CTBO MPOAYKIIHH.
KauectBo BKIItOUaeT psij okasaresieid, B TOM 4nciie — HaJeKHOCTh. /{151 mpou3BocTBa Kaue-
CTBEHHOM MPOTyKINHU TPeOyIOTCS HaISKHBIE CHCTEMBI aBTOMAaTH3aINN. ABTOMAaTH3UPOBAHHBIC
cuctemsl ynpasieHus (ACY) BKITIOUAIOT almmapaTHyIo YacTh M MPOTPaMMHOE OOecTieueHne
(ITO). Hanexnocth [0 ACY — 3T0 KOMIUIEKCHOE CBOWMCTBO, I/i¢ TVIABHBIM TOKa3aTeleM
ABJsieTcs 0€30TKa3HOCTh. be30TKa3HOCTh — 3TO CBOMCTBO, XapaKTepU3yIOIIee CIIOCOOHOCTh
COXpaHATh paboTOCTIOCOOHOE COCTOSTHHE MPH COOTIONCHUHN 3aJaHHBIX PEKUMOB M YCIOBHUI
SKCIUTyaTanuu. B HacTosmee Bpems Bo3pactaeT 3HaueHHe ACY TeXHHYECKHMHU CHCTEMaMU.
OHM HCTIONB3YIOTCSA B MPOMBIIIICHHOCTH, Ha TPAHCIIOPTE, B aBUAITHOHHO-KOCMHYECKOM KOM-
TIJIEKCE, B OOOPOHHBIX U JIp. 00JACTIX

Cospemennbie ACY TEXHHYECKHMMHU CHCTEMaMM — 3TO CIIOXKHBIE KOMILIEKCHI 000-
PYAOBaHUS, T/I€ UCIONB3YIOTCS KOMITBIOTEPHI, CETH TepeNay JaHHBIX, KOHTPOJUIEPHI,
JATYUKH, UCTIOJTHUTEIBHBIC MEXaHU3MBI U ApyTHe ycTpoiicTBa. OHHM BKIIOYAIOT B ceds,
KaK HeoOXOIUMBIH KOMITIOHEHT, cioxkHoe [10. KadecTBO M HajmeKHOCTh pabOTHl Beei
ACY B CymeCTBEHHOH CTENECHH 3aBHCHT OT KadecTBa M HajaexkHoctu [10. Tpeboanus
K KagecTBY U HanexHocTH [10 HeoOxonnMo obecneunBaTh IPH BBIIOJHEHUN BCEX MPO-
neccoB ku3HeHHoro nukia ACY. Jlns onenku HagexHoctu 110 ACY HeoOXxomumo co-
Oupath U oOpabaThIBaTh JaHHBIE 00 OTKa3ax Kak BO BpeMs pa3padorku 10, Tak u mpu
ero skcruryatanuu. [Ipununnoii otkazos [10 ACY gBnsroTCS, B IEPBYIO OYepeib, OMHUOKH
B IIPOTPAMMHOM KOJI€.

Ienpro JaHHOM CTAaTHU ABISETCA CHIDKCHHE 3aTpar Ha pa3padotky 10 u moteps mpu dKc-
IUTyaTalul KOMIIEKCa 000pyAOBaHHSA, YIIPABIIEMOT0 ATHMHU MIPOTPaMMaMH, B XOAE MPOU3-
BOJICTBEHHOTO, YI€OHOTO MIJIM HayYHO-MCCIEI0BATEIBCKOTO MpoIiecca.
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JIns MOCTHIXKEHHUST TTOCTAaBJACHHOMW e HeoOXOaMMO
PEIIUTH CICIYIOMIHE 3aaqH:

- IPOBECTHU OIICHKY MapaMeTpa HAJACKHOCTH CIIOKHOTO
[1O — cpennero BpeMeHU HapaOOTKU Ha OTKa3;

- Ha OCHOBE CpEIHETO BpeMeHH HapaboTku Ha oTka3 [10
OTIPENICITUTh OKUIAEMbIC CYMMAapHBIC IIOTEPH MIPH OTKA3aX
JUTSE KOMILTEKCa 000PYIOBaHHS,

- IOCTPOUTH MOJIEITh 3aBICUMOCTH CTOMMOCTH pa3padoT-
ku ciokHOTO [1O OT ero Haie)KHOCTH (CPETHET0 BPEMEHH
HapaOOTKH Ha OTKa3);

- ONpPEACTUTh SKOHOMHUYECKH 00OCHOBAaHHBIN YPOBCHB
HaJeKHOCTH ciaokHoro I10.

OueHka 3aTpar Ha pa3paboTky
nporpamMmMHoOro o6ecne4yeHus

PazpaboTka mporpaMMHOTo 00eCIIieueHHs BKIIIOUAaeT He-
CKOJIBKO CTa/ni, B TOM 4HCIe, Pa3paboTKy TEXHUYECKOTO
3a1aHNS U AITOPUTMHU3ALIUIO, ABBTOHOMHYTO U KOMIUIEKCHYIO
OTJIaJIKy ¥ IPUEMO-CAATOYHBIE UCTIBITaHus. B 3aBucnmMocTn
OT THIIA IPOTPAMM U HCIIOIb3YEMbBIX HHCTPYMEHTAIBHBIX
CPEACTB, I3bIKOB M TEXHOJIOTUI IPOTrpaMMHUPOBAHHMS, T0JIS
3aTpaT Ha 3TH cTaanu pasnudHa. OHaKo, IPU CO3MaHUN
CJIOXHBIX YIIPABIAIOMINX U NHPOPMAMOHHBIX alIIapaTHO-
MPOrPaMMHBIX CHCTEM, BKJIIOYAIOUINX J1OPOTOCTOsIIEe
00opynoBaHue, 0000 BEJIMKA 101 KOMITJIEKCHOH OTIIaaKH,
TpeOytommel HanbombInX 3arpar. KoMruiekcHast oTiiaika
4acTO COBMEIIAETCS C MPUEMO-CIaTOUHBIMH MCITBITAHHSI-
MH, [T03TOMY MOXHO CUHTaTh, YTO 3Ta CTAIMS SBISECTCS
3aBepuIaroleil Ui mpouecca pa3padborku. Pemenue Bo-
Ipoca TpeKpamieHns pa3paboTku U caadu rorosoro 110
B 9KCIUTYyaTallMI0 MOXET OBITh IPUHSATO TOJIHKO Ha 3TOH
CTajny.

[Tpy KOMIUIEKCHOH OTJIa/IKE, UCTIONB3YIOTCS HE TOJIBKO
JIOKaJbHBIE PECYPCHI, HO M JOIMOJHHUTEIBHOE YAAJICH-
HOoe obopynoBanue. Kpome pacxoqoB Ha 3apabOTHYIO
IUIaTy COTPYIHHUKOB TIPH MOUCKE M yCTPAaHEHUH OIINOOK
B IIPOrPAMMHOM MPOIYKTE, aMOPTHU3AMMIO JOKAIbHON
BBIUMCIIUTEIBHON TEXHUKU U CPEICTB TEJIEKOMMYHHKa-
Ui, HEOOXOIUMO YUHTHIBAThH €II€ PACXOAbl Ha apeHIy
000py10BaHUS TPON3BOJICTBEHHOTO KOMITJIEKCA, a TaKXkKe
3aTpaThl Ha HMCIIOJIb30BAHUE BBIYMCIUTEIBHON M JIpyron
BCIIOMOTaTeIbHOW TEXHUKH, CTOMMOCTh 3arOTOBOK M MH-
CTPYMEHTA ITPH HEIPONU3BOJICTBEHHBIX JICHCTBUSX, OILIATY
TpYyAa yIAJIEHHbIX CIIEIHAINCTOB, JEKTPHUECKON 1 TEILIO-
BOM SHEPTUHU U Jp.

PaccmoTpuM B KauecTBe MpUMeEpa MPOEKT pa3padoT-
ku [1O 1t TucTaHIMOHHOTO O0YUYEHHS] HHXKEHEPOB 10
CIIEIMANbHOCTH aBTOMATH3aIUs NMPOU3BOJCTBEHHBIX
MIPOIIECCOB M HHKCHEPOB-MaIIHHOCTpouTeneit. B Tadm. 1
MIPUBEJICHBI IaHHBIE O HEJIEIIBHOM CTONMOCTH KOMILIEKC-
HOM oTiaku B TeueHue 10 Heaenb. JlaHHbIE IPUBEIECHBI

C Y4ETOM CTOMMOCTH BCEX 3aTPAT, B TOM YHCIIE, C YUETOM
aMOPTH3aIIH 000PYIOBAHHUS.

[IpuBenennsle B Ta0I. 1 JaHHBIC TO3BOJISIOT BEIIBUHY T
TUIIOTE3Y O JINHEIHOM XapaKTepe 3aBUCUMOCTHU 3aTpaT Ha
OTJIAJIKy OT €€ JUTUTEIBHOCTH (OT BPEMEHH OTJIAJKH B HE-
Jersix). Microne3yst meton Xu-KBaIpat, OIpe/esuM IIpaBo-
MEpPHOCTH TaKOTO MpeANoaonkeHns. OOpadOTKa JaHHBIX 13
Tabm. 1, MO3BOJISICT TOBOPHUTH O CIIPABEATMBOCTH THITOTE3BI
C BEpOsTHOCTHIO 99,5 %. Taknm 006pa3oM, TOATBEPKIACTCS
MIPEANON0KEHHE O IMHENHOM 3aBUCUMOCTH POCTa 3aTpar Ha
KOMILIEKCHYIO OTIIaAKy OT BpPEMEHU. DTH 3aTPaThl HOKa3aHbI
Ha puc. | MTPUXOBOH TUHUEN:

Cl'=ct, (1)

TJIC ¢ — YIeNbHBIC 3aTpaThl Ha pa3pabotky 10 B equHUILY
BpPEMEHHU; { — BpeMsl OTJIAJIKH.

Kaxxnpiii otka3 I1O npuBOAUT K JTOMOJHUTEIbHBIM
(hMHAHCOBBIM TIOTEPSIM, CBS3aHHBIM C IPUOCTAHOBKAMU
TEXHOJIOTHYECKOTO MPOIecca U UCIPABICHHEM OIIHOOK.
Jus onpenenenust moreps ot orkasa [10, HeoOxoqMMo
3HaTh 3aBUCHUMOCTb MHTEHCHUBHOCTH OTKa30B OT BpeMe-
HU oTiaaku. Takas 3aBHCHMOCTH MpHBEICHA B paboTax
aBTopa [1-3].

ITorok orkaszoB IO cuutaerca opauHapHbeiM. WH-
TEHCUBHOCTH IOTOKA OTKA30B COBMNAJAET C NapaMeTpOM
moToka oTka3oB [1]. CpegHee 4ncio OTKa30B 00BEKTa
C BOCCTAaHOBJIEHHEM B €JUHHUIYy BPEMEHHU COBIaJaeT
C UHTEHCUBHOCTBIO MOTOKA OTKa30B. HTEHCUBHOCTH
MOTOKa OTKA30B OINpEIessaach M0 MOJAEIN HaJAEKHOCTU
o [1]:

H(t):iai'exp(_bi.t)y (1)

rae N — KOIMYeCTBO PA3IUYHBIX TPYIIIT ONEPATOPOB HITH
KIJIACCOB; Y KOTOPBIX OJJMHAKOBHIC XapaKTCPUCTUKU HAICK-
HOCTH; d1, dy, A3, - .., Ay, b1, b, b, ..., by— k03D PUIIICHTEI
MOJICITH.

3amauM CpeHIOI CTOMMOCTh OTKa3a MPOrPaMMHOTO
obecrnieueHuss C| ¥ TONYINUM (POPMYITY, CBSI3BIBAIOIIYIO
morepu ot oTkaza [10 C ¢ HHTEHCHBHOCTHIO ITOTOKA €T0
oTka3oB H(?):

Co = Cr-H(1). 2

[Toncrasus 3nauenne H(f) n3 popmyisr (1) B ntore mo-
JY4UM:

C, =¢C ‘ia,-. -exp(=b, - 1). 3)

i=1

Ha puc. 1 kpuBast Cy n300paskeHa HETIPEpBIBHOM JIMHUEH.

Tadnuua 1. 3aTpaTrsl HA KOMIUIEKCHYIO OTJIaJAKY NMPOrpaMMHOro obecrniedeHus: yuyeOHOI ruoxoi
npousBoacTBeHHoil cucreMbl (MI'TY «CTAHKHWH») B yCJIOBHBIX eIMHHLIAX

1nen.

2 Hen.

3 nen.

4 nen.

5 men.

6 Hen.

7 Hen.

8uen.

9 men.

10nen.

0,98

1,02

1,01

0,99

0,98

1,01

1,02

0,99

0,99

1,01
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Puc. 1. Cymmapusie 3aTpatsl Ha pa3padboTky 110

CymMmapssie 3atparsl Ha otiaagky IO moryT OBITH
onpenernens! kak cymma C' u Cy:

N
C=C'+C,=c:t+C- Y, a, -exp(-b,-1) “4)

i=1

Ha puc. 1 o6mmue 3aTparsl C m300pakeHbl MTPHUX-
IIyHKTUPHOM YTOJIIEHHON JTUHUEH.

@ynxuust C IMEET MUHUMYM, YTO NIPOMILTIOCTPHPOBAHO
Ha prc. 1. Takum 06pa3oM, CyIecTBYeT ONTHMAIEHOE BpeMs
otmaaxu [10 (T,,,), s KOTOPOTro cyMMapHbIe (PHHAHCOBEIC
MOTEPH MUHUMHU3HPOBAHBI.

MocTaHoBKa 3aga4ym onTuMu3auum
HaAeXHOCTU NPOrpamMMHOro
oGecne4yeHuqa v BbIOOp MeToAa

B pab6ore [ 1] npuBeeHa popmyiia, CBA3bIBAIOIIAS HHTCH-
CUBHOCTH 0TKa30B [10 ¢ ero cTpyKTypoii, HHTEHCUBHOCTBIO
OTKa30B €ro MOJyJeH, U BEPOSITHOCTBIO pabOThl MOAYJIeH
cucrembl. CorntacHo 310 (hopmyJie, THTEHCUBHOCTb OTKa30B
10O cocrasnser:

N
H(ttyonty )= D v, b (1), )
i=1

rae /,(t;) — AHTEHCUBHOCTh OTKA30B MOMYJIS i-i TPYIIIIBI
IIPY OTJIAJIKE €r0 B TEUCHHHM BPEMEHH #;, V; — YaCTOTHBIN
KOO PUIMEHT, YUUTHIBAIOIINI CTPYKTYPY CHCTEMBI U Be-
POSITHOCTH pabOThI €€ MOJYJICH.

3aBucumocts H(f) paccMorpena B pabore [2], rae npu-
BEJICHBI PE3YJIbTaThl MAaTeMaTHYECKOrO MOJIEIIMPOBAHNUS
HaJIS)KHOCTH. BBIIO yCTaHOBIICHO, YTO 3HAYCHUE (DYHKIHN
H(f) onpenensiercst 1o Gpopmyiie:

t

N
PAVRS

H(t):—ivi.%-ln =(-e, ™ Yo L (6)

T7IE V; -BEPOSTHOCTH paOOTHI MOYJIS i-TO THIA; T, — BPEMS
€ro paboTHI; 0; — KOMITICKCHBIH KO (PHUIINEHT, I THIBAO-
I CKOPOCTH OTIAJIKU U PSA APYTUX HapaMeTpoB.

3aBUCUMOCTh F(f) MHTEHCHBHOCTH TTOTOKAa OTKa30B OT
BpemeHH pabotel 1O sBrseTcs HEMMHEWHOW XapaKTepu-
CTHUKOH.

Byaem cuurarh, 4TO Ha OTIAAKY HNPOTrpaMMHOMN
CHCTEMBI OTBEICHO BpeMs 7). DTo BpeMs OyAeT CKiia-
JBIBaThCsl U3 BPEMEHU OTJIAJKHU BCeX MoAayieil. Bpems
OTIAAKU Ka)KJI0TO MOZYJIS SIBISICTCS HEOTPUIATEIBHON
BEJIMYUHOM:

N
I,= )t
0 ;: (7)
1,20,1,20,....1,20.

V3Mmensst 3HaUCHNS BpEMEHH OTIIaIKH i-TO MOJTYIIS ;, IPU
COOITIOIEHNH CHUCTEMBI orpaHmdeHnit (7), Oyzem moryJarsb
pasimgHble 3HAYCHUS: QYHKIWH H(t1, 1), ..., ty).

[TocTaBuM 3amady MUHIMH3HPOBATh 3HAYEHHE MHTECH-
cuBHOCTH 0TKa30B [10 H(#4, f,, ..., ty) (6) Ipu orpaHnde-
Husix (7).

YuuTeIBas HENMWHEWHBIN XapakTep QpyHKIui /1(t;), 3amaga
OINITHMM3AIINHI MOXKET OBITh PEIIeHa METOAMH HETMHEHHOTO
MaTeMaTHYEeCKOTO ITPOTPaMMHUPOBAHNSI.

BonpmmnHCTBO METO/IOB HENMHEMHOTO TPOrPAMMHPOBa-
HUS HE NIMEET OTPaHNYCHUH 110 YNCITy ONTHMU3HPYEMbIX
nepemeHHbIX. C yBenmueHneM N TpyJ0€MKOCTh BBIUHCIIE-
HUI pE3KO BO3PACTACT, YTO 3aTPyAHSIET X MPAKTHIECKOe
npuMeHeHne. PeanbHoe mporpaMMHOe oOecredeHue
aBTOMAaTH3MPOBAHHBIX CHCTEM YIPABICHHUS COCTOUT U3
100-500, a nHOTHA W OOJNBIIE MPOTPAMMHBIX MOMIYIICH.
[Ipu cTonp GompmIMX 3HAUEHUSX N MHOTHE M3 METOIOB
HEJMHEWHOTO MPOTPaMMHPOBAHHS CTAaHOBATCS Hed(pPek-
THUBHBIMH.

Paccmotpum ciydait, xorna [1O cocTouT u3 0oIbIIoro
YHCIIa IPOTPaMMHBIX MOJTYJIEH, KOTOPBIE XapaKTepU3YIOTCs
MaJIBIM 00BEeMOM KOZa M TIPOCTON CTPYKTYPOH.

Jis ontiMm3anuu HagexxHocTH Takoro 10 mpemmara-
eTcs NCIIONB30BaTh AITOPUTM, OCHOBAHHBINA Ha TPHHITUIIC
bemnmana [8,9].

PeweHne onTuMmn3aumMoHHON 3apa4un
Ha ocHoBe npuHuuna bennmaHa

MNuTencuBHOCTH 0TKa30B [10 B 3aBUCHMOCTH OT BpeMEHH
OTJIAZIKH MOYKHO OLIEHUTH 110 (hopmyre [2]:

h(t)z_%.ln[l_po.af]. ®)

!

Paznoxum Jorapupmudeckyro pyskiuo Inf 1— P° - o

B CTEIIEHHOW P, MOJACTAaBUM B BhIpakeHue (8) u momy-
YUM:
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\/

P’-or

h(r)z%-Z—.. ©)

=1 J

OtMmeTuM, uTo 3HayeHHe PP BecbMa MaJlo U COCTABIISET

0,01-0,03. 3nageHne o HE MPEBOCXONUT eAWMHHUIEI. [Ipu
t

BO3BE/JICHUU B CTEIIEHb j IIPOU3BEICHUE P’ ot Oyner

OBICTpPO yOBIBaTH. BTOpOI WiieH cTerneHHoro psina OyaeT He
Mmenee ueM B 100 pas, a Tpetuii He MeHee, geM B 15000 pas
MEHBIIIE [IEPBOTO WICHA Psla.

be3 cymiecTBeHHOTO YXyALICHNS TOYHOCTH MOXKHO Orpa-
HITHTBCS TONBKO MEPBBIM WICHOM psija:

P’-or
h(t)=———
0-""

[TpuBeneM npaByro 4acTh HOCIIEAHETO PAaBEHCTBA K IKC-
MOHEHIINAIBHOMY BUY:

0 ln(l)
P o

h(t)=—- -t
()Texp - .

s yniporenns fadbHeHIINX BRIKITA 0K, 0003HAYHNM:

PO
— =B,
T
In (1)
o
-7 = 'Y
T
Torna nomyunm:
h(t)=B, exp(—y, 7). (10)

IMoncraBum (10) B (5):

N
H(tl,tz,...,tN)=Zvi-B,»exp(—yi-t). (11)
i=1

Heo0xoanmo HailTh MUHIMYM HHTEHCHBHOCTH OTKa30B
(11) mpu cucreme orpanmdenuit (7). Ansa ontuMmsanun
(YHKIIMM WHTEHCHMBHOCTH OTKAa30B, 3aJaBacMOi BbIpa-
kerneM (11), Bocomap3yeMcs METOIOM THHAMHUYECKOTO
MPOTrPaMMHPOBAHUS, T.€. COCTABUM IOCIIEIOBATEIBHOCTD

PEKYPPEHTHBIX (POPMYIT:

Je (To)= OfgilTl [fk—l (7:) _t)+vk By -exp (_Yk .t)],(IZ)

S (72)): Vl’B]'exp(_Yl't)~ (13)
B ¢dopmyme (12) BeramcaseTcs MUHIMYM CYMMBI JBYX

(hyHKIMH, OJJHA M3 KOTOPHIX SABJISIETCS SKCIIOHEHTOH. MoX-
HO TIOKa3aTh, YTO (QYHKIUH fi(f) IpU JTFOOOM JTOTTYCTHMOM
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3HAYEHUN k Takke OymyT SKCIOHEHTaMH. J[oKa3aTeabCcTBO
9TOTO YTBEP KACHUS pom3BoauTCs B [1].

[IpoBenenne onepanuyu MUHHUMH3ALNH, HEOOXOINMOE
JUTA BRIYHCIIEeHUH 1o popmynam (12) u (13), cBsazaHo ¢ ompe-
JIETICHHBIMH TPYAHOCTAMH. JIJIsl Iepexoa K CIeayIoImeMy
Iary — MPUPAIICHUIO 3HAYCHNUS k, HEOOXOIMMO OTIPEICITUTh
¢yuknmio f;(f) Ha otpeske 0 <7 < T,

J171st IOty deHust pacueTHBIX PEKYPPEHTHBIX (hOPMYII ITPO-
mddepentmpyem Beipaxkerue (12), crosmee B KBaIpaTHBIX
ckoOkax (mpu k = 2) u mpupaBHAeM pe3ynbrar nudde-
PCHIMPOBAHUS K HYIIO, KaK 3TO NPHHATO MPU PEHICHUH
9KCTPEMAJIbHBIX 3334 KIACCHYECKOTO MATEeMaTHIECKOTO
aHaJM3a.

PenmyB nomyueHHOE ypaBHEHHE OTHOCUTEIILHO ITEPEMEH-
HOW #; ¥ TIOZICTABUB €T0 B BEIpakeHue (12), momy4ynm aHa-
JTUTHYECKOE BBIpakeHue f5(f). [IpuBenem BbIpakeHUE IS
f>(f) x Bumy (13) 1 omipeieniiM COOTBETCTBYIONTHE 3HAUCHHS
HOBBIX K09((HUIIEHTOB TIPH YKCIIOHEHTE U apTyMEHTE /.

Jloka3aTenbCcTBO MPABOMOYHOCTH OINMCAHHBIX BBIIIE
MaTeMaTHYeCKUX NIEHCTBUN W MOAPOOHBIA BEIBOA pPEKyp-
PEHTHBIX OpMyT TpuBOIUTCS B padote [1].

Jl1s OLIeHKN NMPaKTHYIECKHUX PE3yIbTaTOB ONTHMHU3AINN
HagexHoctd [10 ObuIH MMpoaHATN3UPOBAHEI 3HAYCHUS WH-
TEHCHUBHOCTEH 0TKa30B peanbHoro [10. 3HaueHns HHTCHCHB-
HOCTH OTKA30B OLICHWBAJIU [UIS IByX METOIOB!

- JUISl TPUIIIOHHOTO PACTIPEAEIICHNS BpEMEHH OTIAIKH,
KOT/1a BCE MMPOTPaMMHBIE MOJIYITH OTJIa)KUBAIOTCS 10 OJJHA-
KOBOH BEITMYMHBI HHTEHCUBHOCTEH OTKA30B;

- ISl ONTUMAJIBHOTO PACTIPEICIICHNS] BpEMEHN OTIIA/IKH,
KOTOpPO€ BBIYHUCISIOT C MCHOIB30BAHUEM COOTHOLICHHUH
(11)—(13).

B pesynsrare cpaBHEHHUS ABYX METOIOB PACIPEICICHUS
BPEMEHHM OTJIA/IKU TOJTYYHIIH, YTO NCTIOIb30BAaHNE ONTHMH-
3aIlM COKpAIIaeT Bpems oTiaaaku Ha 9—20% mpu Tom xe
YPOBHE HaJAEKHOCTH, UTO U O3 ONTUMHU3AIHH.

BbiBOAbI

B pabote Opl1a mocTaBieHa v pelieHa 3a/1a4a parnoHallb-
HOTO TUIaHUpOBaHUs BpeMenn oTnaaku [10. Parmonansaoe
IUTAHUPOBAHKE BKIIIOYACT JIBE ONTHMU3AIIMOHHBIC 3aa9H:
OTIpEJICIICHNEe MUHUMAIBHOTO (POHJA BPEMEHHU OTJIAIKH
cnoxsaoro [1O ams MOCTHKEHHUS UM 3aTaHHOTO YPOBHSA
WHTCHCHBHOCTH €TO OTKA30B M 33Ja4y JTOCTIKCHHUS 3a/1aH-
HOW HHTEHCUBHOCTHU OTKA30B IIPOTPaMMHOT0 KOMITJICKCA 3a
OTBE/ICHHOE IS pa3paboTku Bpems. [Ipu 3TOM MHTEHCHB-
HOCTB OTKA30B IPEICTaBIeHA KaK (PYHKINSA OT MHOTHX TTepe-
MEHHBIX, OT BPEMEHH OTJIA KN U HHTEHCHUBHOCTEH OTKa30B
MIPOrpaMMHBIX MOyJIel — kommnoHeHToB 10.

TToxa3ano, 4T0 OOJBIIMHCTBO METOIOB HEIWHEHHOTO
MIPOrpaMMHPOBAHUS HETPUMEHUMBI JUTSI ONITUMH3AIINHN Ha-
nesxxroctu 110 TTIC.

IIpu HE3HAUUTEIBLHOM YIPOLIEHUHU MaTEeMaTHYECKOU
Mozenu HagexxkHoctu 110, 6e3 cymecTBeHHOH moTepu To4-
HOCTH, BO3MOXHO NMpUMeHeHue npuHiuna bemimana. Ha
OCHOBAHHH 3TOTO ITPUHIIMTIA BEIBEACHBI PEKYPPEHTHEIE (hop-
MYJTBI, TO3BOJISIFOINNE PEIIUTH 00€ TTOCTaBICHHBIC 3a/1a9H.
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Kabak I.S.

OPTIMIZATION OF COSTS FOR DEVELOPMENT
AND OPERATION OF COMPLEX SOFTWARE
OF INFORMATION AND CONTROL SYSTEMS

The problems related to information solutions deployment in the education system are connected with the
development of complex software that solves both information and management tasks. The development
of such software involves significant material costs. Beside the software development costs, the expenses
related to elimination of the consequences of software failures must be taken into consideration as well.
All those costs should be evaluated at the stage of the development of performance specifications for
software. This article deals with the evaluation and minimization of the above costs.

Keywords: modeling, software dependability.
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In a market economy, product quality is of primary importance. Quality involves a
number of parameters, including dependability. Manufacturing quality products requires
dependable automation systems. Automated control systems (ACSs) include hardware and
software. ACS software dependability is a comprehensive property whose main component
is reliability. Reliability is a property that characterizes the ability to retain the availability
in given operating modes and conditions. ACSs of technical systems are constantly growing
in importance. They are used in industrial facilities, transportation, aerospace, defense and
other industries.

Today’s ACSs of technical systems are complex equipment systems that include
computers, data networks, controllers, sensors, executive mechanisms and other devices.
As an essential component they include complex software. The operational quality
and dependability of the whole automated system largely depends on the quality and
dependability of the software. Compliance with the requirements for the quality and
dependability of the software must be ensured at all stages of an ACS’s lifecycle. Evaluation
of the dependability of ACS software involves collecting and processing of failure data
both during software development and operation. ACS software failures are primarily
caused by coding errors.

The purpose of this paper is to reduce the cost of software development and operation of
equipment controlled by such software during business operations, personnel training and
research.

In order to reach the set goal the following tasks must be solved:

- evaluate the dependability of complex software, mean time to failure;

- based on the software mean time to failure, identify the expected total losses caused by
system failures;

- generate the model of dependence of a complex software development cost on its
dependability (mean time to failure);

- define an economically feasible level of complex software dependability.
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OF COMPLEX SOFTWARE OF INFORMATION AND CONTROL SYSTEMS

Evaluation of software
development cost

The development of software includes a number of stages,
including the development of performance specifications and
algorithmic presentation, offline and complex debugging,
acceptance testing. Depending on the type of program
and design tools, programming languages and techniques
used, the respective cost components differ. However,
in the development of complex control and information
management hardware and software systems that include
costly equipment, the component relating to the complex
debugging is the largest. The complex debugging is
often combined with acceptance tests, therefore it can be
considered that this is the final stage of the development
process. The decision regarding the end of development
and commissioning of the finished software can only be
taken at this stage.

Complex debugging involves not only local resources,
but also additional remote equipment. Beside the cost of
personnel performing the search and elimination of software
errors, depreciation of local computer and communications
equipment, the expenses related to manufacturing equipment
rental, as well as the cost of computer and other equipment
operation, cost of intermediate products and tools used
in non-production activities, remuneration to remote
employees, electricity and heating should be taken into
consideration as well.

As an example, let us consider the project of
development of software for remote training of process
automation and mechanical engineers. Table 1 shows
the weekly cost of complex debugging during 10 weeks.
The information includes all costs including equipment
depreciation.

Table 1. Costs of complex debugging of soft-
ware of the flexible industrial training system
(MSTU STANKIN) in conventional units

1 st
week

2nd
week

3rd
week

4th
week

5 th
week

6th
week

7th
week

gth
week

gth
week

1 Oth
week

0.98

1.02

1.01

0.99

0.98

1.01

1.02

0.99

0.99

1.01

The information given in Table 1 lets us suggest a linear
dependence of debugging cost from its duration (time of
debugging in weeks). Using the chi-square method, let us
verify the legitimacy of that suggestion. The processing of
the information given in Table 1 confirms the hypothesis
with probability 99.5 %. Therefore, the assumption of the
linear dependence of the rising cost of complex debugging
on its duration is confirmed. Those costs are shown in Fig. 1
with the dash line:

Cl=c, ()

where c is the average cost of software development per
time unit; ¢ is the duration of debugging.

Each software failure entails additional financial
losses caused by interruptions in the manufacturing
process and correction of errors. In order to identify the
losses caused by software failure it is required to know
the dependence of the failure rate from the duration
of debugging. Such dependence is considered in the
author’s papers [1-3].

The flow of software failures is considered to
be ordinary. Failure rate matches the failure flow
parameter [1]. The average number of failures with
recovery per time unit matches the failure rate. The
failure rate was identified based on the software
dependability model [1]:

H(t)=iai'exp(_bf’t)a (1)

where N is the number of various groups of operators
or classes with identical dependability characteristics; a;,
a,, as, ..., dy, by, by, bs, ..., by are the coefficients of the
model equation.

Let us specify the average software failure cost C; and
deduce the formula that associates the losses caused by
software failure C, with the failure rate H(?):

Co= Cy-H(t). (2)

By inserting the value H(#) from formula (1) we will
finally deduce:

G, =q -iaﬁ -exp(=b, -1). 3)

i=1

In Fig. 1 the curve Cyis drawn with the solid line.

SW failure related losses

.
P d
~., —_ -
—_— =" ’a”
”
”
"
f””
-
-
”
”
”
‘f
f”
Topt Tdbg

Fig. 1. Total software development cost

The total cost of software debugging can be defined as
the sum of C! and Cy:

N
C=C'+C,=c-t+C- Y a, -exp(-b,-1) 4)

i=1
In fig. 1 total costs C are shown with the heavy dash-
and-dot line.
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Function C has a minimum, which is shown in fig. 1.
Thus, an optimal software debugging time exists (Tgp,) that
minimizes total financial losses.

Statement of problem for optimization
of software dependability and
selection of method

In [1] the authors provide a formula that associates
the software failure rate with its structure, failure rates of
its modules and probability of no-failure of the system’s
modules. According to that formula, the software failure
rate is:

Htrooonty)= Y1 (1) )

where /1,(¢;) is the failure rate of a module of the i-th group
in case of its debugging during time ¢;, v; is the frequency
factor that takes into consideration the system’s structure
and probability of no-failure of its modules.

Dependence H(f) is considered in [2] that refers to the
results of mathematical modeling of dependability. It has
been found that the value of function H(?) is determined
from formula:

t
N .’VV.T
H(t)= —;vi-r—l_-ln 1—(1—(10"1‘0”')0@‘:2" ] )

where v; is the probability of no-failure of a module of
the it type; t; is the time of its operation; 6; is a complex
coefficient that takes into consideration the debug time and
several other parameters.

Dependence H(¢) of failure rate from the software
operation time is a non-linear characteristic.

Let us assume that time 7}, has been given for software
debugging. This time will be the total of all debug times of
modules. The debug time of each module is a nonnegative
quantity:

N
T,= )t
0 ;: (7)
4,20,¢,>0,...,7, >0,

By modifying the value of debug time of module i ¢, while
observing the set of constraints (7) we will deduct various
values: functions H(z,, t,, ..., ty).

Let us set the problem of minimizing the value of
software failure rate H(#, t, ..., ty) (6) while observing the
constraints (7).

Given the non-linearity of functions /,(#;) the optimization
task can be solved based on the nonlinear mathematical
programming methods.

Most non-linear programming methods have no
restrictions of the number of optimizable variables. As N
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grows, the labor intensity of the calculations increases as
well, which complicates their practical application. Existing
software of automated control systems consists of 100 —
500 or even more program modules. With the N values
that high, many nonlinear programming methods become
inefficient.

Let us consider a case when the software consists of a
large number of program modules characterized by a small
amount of code and simple structure.

In order to optimize such software’s dependability it
is suggested to use an algorithm based on the Bellman
principle [8, 9].

Solution of the optimization task based
on the Bellman principle

The software failure rate depending on the debug time
can be evaluated using formula [2]:

h(t)= —%-111[1—1)0-0(,;] ®)

Letus expand the logarithmic function In [1 -P°. OLE ] as

a power series, use it in formula (8) and deduce:
Y
[f”~a‘)

Note that value P° is quite small and amounts to 0.1 —
0.03. Value 6 does not exceed 1. Raising to the j™ power

.MX

h(t)= ©)

A | —
T
~

I

will make the product (PO -(X‘J rapidly diminish. The

second element of the power series will be at least 100
times, while the third at least 15000 times smaller than the
first element.

We can afford using just the first element of the series
without significantly loosing in accuracy:

t
P’ .ot
.

h(t)=

Let us reduce the right part of the last equation to an

exponential form:
P In (;)
h(t)= e 1 |
In order to simplify further calculations let us indicate:
PO
o=

B.
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Then we will deduce:
h(t)=B,-exp(-y,-1). (10)

Let us substitute (10) into (5):

N
H(tl,l2,...,tN)=2v,.-Bi-exp(—y,-t). a1
i=1

It is required to find the minimal failure rate (11) for the
set of constraints (7). In order to optimize the failure rate
function imposed by formula (11), let us use the dynamic
programming method, i.e. generate a series of recurrence
formulas:

S (To)= Ofggrl [ﬂ—l (To _I)"' Vi By -exp (_Yk .z)],(IZ)

S (T())=V1'Bl'exp(_71't)- (13)

In formula (12), the minimal sum-function is calculated,
one of the functions being exponential. It can be shown that
functions f;(¢) at all allowable values of k£ will be exponential
as well. This assertion is evidenced in [1].

The minimization required to perform calculations
using formulas (12) and (13) is somewhat complicated. In
order to proceed to the next step, i.e. increment of value £,
it is required to identify function f(#) within the interval
0<t<T,

In order to obtain the recurrence calculation formulas,
let us differentiate formula (12) in square brackets (where
k=2) and equate the result of differentiation to zero, as it is
normally done when solving extremum problems in classic
mathematical analysis.

Having solved the resulting equation with respect
to variable #; and substituted it into expression (12) we
will obtain the analytic expression f5(f). Let us write the
expression for f5(¢) as (13) and identify the respective value
of new coefficients with exponent and argument ¢.

The validity of the above mathematical operations is
evidenced and the detailed development of the recurrence
formulas is given in [1].

In order to evaluate the practical results of software
dependability optimization, failure rates of existing software
were analyzed. The values of failure rate were evaluated for
two methods:

- for traditional debug time distribution, when all program
modules are debugged to the same value of failure rate;

- for optimal debug time distribution that is calculated
using formulas (11) — (13).

The comparison of the two debug time distribution
methods has shown that optimization reduces the debug time
by 9 — 20% while keeping the same level of dependability
as without the optimization.

Conclusions

The paper has set and solved the task of rational planning
of software debugging time. Rational planning includes two
optimization tasks: definition of the minimal time fund of
complex software debugging aimed at reaching the specified
failure rate and the task of reaching the specified failure rate
of software system within the allowed development time.
The failure rate is presented as a function of many variables
from the debug time and failure rates of individual software
modules.

It is shown that most nonlinear programming techniques
are not applicable to optimization of FMS software
dependability.

The Bellman’s principle can be used under condition
of insignificant simplification of the mathematical model
of software dependability without a significant loss of
accuracy. Using that principle, recursion formulas have
been determined that allow solving both of the above
tasks.
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DYHKUMOHAJIbHAAA HAOEXKHOCTb.TEOPUSA U MPAKTUKA

L

41

bouykoB K.A., KomHaTtHbin [].B.

MEXAHU3Mbl N BEPOATHOCTU ®YHKLUNOHAJIbHbIX
CBOEB MUKPO3JIEKTPOHHON 3JIEMEHTHOM

BA3bl NO4O, AEUCTBUEM UMMYJIbCHbIX
AJIEKTPOMAITHUTHbIX MOMEX

B crarbe paccMoOTpeHbl pacyeTHO-3KCrepuMeHTaslbHble METOAbl OrNpeneseHuss BepOoSSTHOCTU QYHKLMO-
HaJlbHbIX COOEB 3/IEKTPOHHOV 3J1IEMEHTHOM 6a3bl Noa AEVICTBUEM 37I€KTPOMArHUTHbIX UMITYJ/IbCHbIX MTOMEX.
OcylyecTBneH aHanu3 CBOWCTB CJy4ariHOroO rnpouecca UMIMY/IbCHbIX MOMEX U (PU3NYECKUX MEXAHU3MOB
BO34€eVICTBUSI MOMEX HA 3/IeKTPOHHbIE Y3/bl. Pa3paboTaHbl ¢criocObbl BbIYNC/IEHUST BEPOSITHOCTU COOEB Ha
6as3e npesacrtaB/ieHVs1 O BEPOSITHOCTHOM npupoae rnomex. [loka3aHo, 4TO BbIMNOJIHEHHbIV aHain3 rnoMexo-
BOro BO3AeVCTBUSI 1103BOJIIET 000CHOBATh BbIOOP YC/I0BUV SKBUBAJIEHTHOCTY UMIMIYJ/IbCOB, YTO SIBISIETCS
aKkTyasibHOU rpPo61eMOLi 371EKTPOMArHUTHON COBMECTUMOCTH.

KnoyeBbie cnoBa: cucteMbl obecrieueHnss 6e30rnacHOCTU, QYHKLMOHAbHbIVI COOM, UMMY/IbCHbIE MOMEXH,
MexaHU3Mbl BO3AEVICTBUSI, BEPOSITHOCTb COOSI, 9KBUBA/I€HTHOCTb VIMI1YJ1bCOB.

B nHacrosmiee Bpems B SHEpreTHKE, HA TPAHCIIOPTE, B XUMUYCCKON U HEPTEXIUMHUUIECKOM
TIPOMBIIIICHHOCTH HAXO/ST IIMPOKOE TPUMEHEHNE MUKPOAJIEKTPOHHBIE I MUKPOIIPOIIECCOP-
HBIE CHCTEMBI oOecrieueHnst 0e30MMacHOCTH. 3a1auei 3TUX CHUCTEM SBIACTCS MAUHUMMU3AIHS
WM TIPEIOTBPAIIEHUE MOCIEACTBII HapYIIEHUS HOPMAIBHOTO (PyHKIIMOHMPOBAHUS TEXHO-
JIOTMYECKOTO MPOIIECCa, TOITOMY OHH SIBIISIFOTCS] KPUTHYECKH BaXKHBIMH HH(OPMAIMOHHBIMH
cucremamu (KBUC) 1 k HUM IpeABABIAIOTCS 0CO00 BEICOKHE TPEOOBAHMUS IO (PYHKITHOHAIB-
HOM 0€3011aCHOCTH.

OnHOM 13 IPUYIH CHIKEHHUS (PYHKIIMOHATHHOMN 0€30MTaCHOCTH SBIIIOTCS cOOM (PyHKIIHO-
HaJILHOTO XapaKTepa MPH BO3/I€HCTBUY NMITYIbCHBIX JEKTPOMATHUTHBIX TIOMEX Ha 3IEMEHT-
Hy10 6a3y. ckakeHnst HH(OpMannuy BO3ZHUKAIOT HA CAMOM HU3KOM YPOBHE B KOHCTPYKTHBHOM
HepapXuu — B MHTETPAIBHBIX MUKPOCXEMaX — M PAcIpOCTPAHAIOTCS Ha Oojiee BBICOKHE
YPOBHH MHKPOIJIEKTPOHHOW W MHKPOIPOIIECCOPHON CHCTeMBI. AHaIM3 (yHKINOHAIHHOM
6€3011acHOCTH CUCTEMBI 00ecTIeueHNs OE30ITaCHOCTH B IIETIOM, COOTBETCTBEHHO, HAUMHACTCS
C PacCMOTPEHUSI 3TOTO BOMPOCA JUI YCTPOHCTB CaMOTO HI)KHETO YPOBHSI KOHCTPYKTHBHON
nepapxun. [103ToMy HEOOXOANMBI PACUETHO-AKCIIEPUMEHTAIBHBIE METOABI ONPEACICHUS
BEPOSTHOCTH (DYHKIIMOHATBHBIX COOEB 3JI€MEHTHOI 0a3sr [1].

J171st co3anmst 3THX METOZIOB CIIE/TyeT PACCMOTPETh CBOMCTBA NMITYJILCHBIX ITOMeX. B 00mmem
ClTydae TIOMEXH MPEICTaBISIOT COO0N CiTydaifHbIi mporece Buna [2, 3] (puc. 1)

s(1) = Z ags, ((=kT =1,,0,,0,,0, ..., (M

k=—c0

e s(¢) — ciaydaiiHas (GYHKUOWSA, k — CUeTHas MepeMeHHas, g — CIyJaiiHas aMIUTUTyaa
nMmynbsca, B; s, — dyaxkums hopmsl mMiyibea, ¢ — BpeMs, ¢; 1 — HauOoIbIee BpeMs Mo-
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BTOPEHHS HMITYJIECOB, C; f) — CITy4ailHOE BpeMsl TIOSIBICHHUS
umIyneca, ¢, 0 <ty <T; oy, 0y, 03 — TapamMeTpsl HOpPMbI
numIyibca, 1/c.

_5'({)‘

ty

[\

Puc 1. CiyuaitHblil TOTOK UMITYTbCHBIX TIOMEX

v

Tak kak Kaxabplidi UMIynsc B (1) MoXeT BbI3BaTh cOOM
3IIEMEHTHOM 0a3bl, TO €CTECTBEHHO MEPEHTH K paccMOTpe-
HUIO OT/IEBHBIX peanu3anuii npouecca (1), T.e. oTaenbHbIX
HMITYJIBCOB.

Bo3MOxHBI 1Ba MEXaHU3MAa BO3ACUCTBUS UMITYJILCOB HA
3IIEMEHTHYIO 0a3y. IMITysIbChI, 00J1aIa0IIKe TOCTATOYHOM
SHEprucH, MOTyT BBI3BaTh COO# 3JIEMEHTHOW 0a3bl MO MPH-
YHHE MIeperpena p-71 Mepexoa0B, YTO MPUBOIUT K CHIDKEHHIO
YpOBH# MOJI€3HOTO curHaia [4, 5]. UMIyIbChl, He MMeroIne
TaKOW SHEPrHH, MOTYT UMETh JOCTAaTOYHYIO JUIsl JIOKHOTO
MEPEKITIOUCHHS SIEMEHTHOHN 0a3bl BOJIBT-CEKYH/HYIO TLIO-
mank [6, 7]. CnenoBarensHo, ciyuyaiHbiii npouecc (1) gon-
’KEH XapaKTepU30BaThCs 3aKOHAMH pacIpe/ie/ICHNs SHEPTUH,
BOJIBT-CEKYH/THOM IJIOIIAN U APYTUX TapaMEeTPOB UMITYIIb-
COB. DTO MOATBEPXkKAACTCS pe3ynpTatamu [8], rjae MoToKH
HUMIIYJIBCHBIX MTOMEX MpeAaracTcs OMUCHIBAaTh pacrpe/e-
JICHUSMHU MHTEpPBaIa MEXAy UMITYJIbCaMH U JUTUTEIBHOCTH
HMITYJIbCOB, A TAKKE BEPOSTHOCTHIO MOSBICHUS UMITYIbCOB,
nmapamMeTp KOTOPBIX MPEBBINIAET HEKOTOPBIH YPOBEHb, U
CpellHEN 4acTOTOM CIeI0BaHUS TAKUX UMITYJIbCOB.

WzsectHo [9, 10], uro sHeprus, HeoOxoauMas uist cOost
KOHKPETHOT'O THIIA 3JIEMEHTHON 0a3bl MMEET MaJjblii pa3-
OpocC u, TaKUM 00pa30M, MOXKET CUUTATHCS MMOCTOSIHHOM.
YCTOWYMBOCTh AJIEMEHTHOW 0a3bl K AMHAMHYECKHM I10-
MeXaM OIUCBIBACTCA XapaKTEPUCTUKON JUHAMUYECKOM 10-
MEXO0YCTOHYHNBOCTH, KOTOPasi UMEeT BUJ] THIIEPOOINIECKOM
KpuBo# [6, 7] (puc. 2). B xoopnunarax U, T ypaBHEHHE
9TON KPUBOU

Ut = const = nS, (2)

rae U — aMiunTyaa uMnyibea, B; T — imTeabHoCTh M-
MYJbCA, C; 71 — YUCIIOBOM KOIPMHUITUEHT, S— BOJIBT CEKYHIHAS
IJI0111]1b UMITYJIbCa, B-c.

U3 (2) cnenyer, 4To A7t TOUEK, MPUHAAISKAIINX XapaK-
TEPUCTHUKE

S = ﬂ = const, 3)
n

ITo [7] ycpenHeHHast xapakTepUCTUKA JUHAMUYECKOU
[IOMEXO0YCTOMYMBOCTH CIIPABEUINBA J1JIS1 BCEU CEPUU MUKPO-
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Puc 2. Tunoas xapakTepucTiKa JUHAMHYECKOM moMe-
XOyCTOMYUBOCTH. | — 00J1aCTh JOMYCTHUMBIX TIOMEX,
II — 30Ha HEOITYCTUMBIX MTOMEX

AIIEKTPOHHBIX YCTporcTB. ClieoBaTenbHO, 3HaYeHue S B (3),
MIPEBBIIIEHUE KOTOPOTO BBI3BIBAET JIOXKHBIE IEPEKITIOUCHUS,
TaKKe UMEeT NMpeHeOPeKNMO MaJIbIi pa3dpoc U ero TaKkxKe
MOYKHO IPUHHUMATh ITOCTOSTHHBIM.

Takum 00pa3oM, SHEPTUs ¥ BOIBT-CEKYH/IHAsI IUTONIA b
OJTHOBPEMEHHO XapaKTEepHU3yIOT KaK ypOBHHU IOMEX, TaK
1 YypOBEHb ITOMEXO3AIIHUIICHHOCTH JIEMEHTHON Oas3bl.
[Ipuuem, ecnu BeMWYMHA YPOBHS OMEX 110 OAHOMY M3
rapaMeTpoB Y; IPEBBICUT YPOBEHb TOMEXOYCTOHINBOCTH X;
(Y;—X;>0), To mpousoiiner codbiThe cO0st ycrpoiicTsa. Tak
KaK ypOBHH IIOMEXOYCTOHYMBOCTH X; T10 BBIILICH3JI0KEHHO-
MY SIBJISIETCS IOCTOSIHHBIMH JUIsl JAHHOM 2JIEMEHTHOU 0a3bl,
TO BEPOSITHOCTB COOS AJIEMEHTHOW 0a3bl P.g MOXET OBITH
olpeziesieHa KaK BepOsITHOCTD ITPEBBILICHNS YPOBHS TIOMEX
HaJ ypoBHeM nomexoyctoitunBoctu [11, 12, 13] (puc. 3)

Py = [ 1 (), 4)
X
rae f(Y;) — IIOoTHOCTD pacnpeesieHns] yPOBHS IIOMeX.
Y,
X Y;
Puc. 3. Pacdet BeposATHOCTH c00sI DTIEKTPOHHOTO
YCTpOMCTBa
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Torma o (4) MOTyT OBITH HaliIEHBI BEPOSITHOCTH COOEB
AIIEMEHTHOW 0a3bl, MPOUCXOASIINE MO PA3TUYHBIM MeXa-
HHA3MAaM:

p= | rovyaw.

Wnop

mm=JfWMW-Tf©%, Q)

110p,0T

Wnop

Prw= | SON)AW- [ f(S)ds
0 Snopsn

TJe p; — BEPOSTHOCTH cOOs OT MMITyJbCa C BBICOKOH
sHeprueit; W —sueprus nomex, JIx; (W) — IIOTHOCTH pac-
TpENENEHUs: SHEPTHH TTIOMeX; W, — TIOPOTOBOE 3HAIEHHE
SHEPTHHU IOMEXH /ISl JAHHOM dIIeMEeHTHOMN 0a3bl, JIK; prormy
— BEpOATHOCTB JIOKHOTO OTITUPAHMUS; S — BOJBT-CEKYHIHAS
wIomans momexu, B-c; AS) — mIoTHOCTE pacmpeneneHus
BOJIBT-CEKYH/IHOH TIIOIIAA TIOMEXH; Spop or — TIOPOTOBOE
3HAYCHNE BOJIBT-CEKYHIHOHN IUIOMIAN OTIMHPAIOIIEH Io-
MexH, B'C; prsan — BEPOSTHOCTH JIOKHOTO 3allAPAHMUS;
Siiop,sn — TIOPOTOBOE 3HAYEHHE BOJIBT-CEKYHIHOM TUIOIIA N
3anuparouieit momexu, B-c.

B opmymax mms BepoATHOCTEH JIOKHOTO OTHHPAHUS U
3ampaHys YIUTHIBACTCS, 9TO TIPU 3TOM OJHOBPEMEHHO BHI-
TIOTHSFOTCS JIBA YCIIOBHSL, & MMEHHO: SYHEPTHS TOMEXOBOTO
HMITYJIbCa MEHBIIIE TOPOTOBOTO YPOBHS, a BOJIBT- CEKYHTHAS
TUTOIIAAb OOMBIE, YeM IOPOTOBOE 3HAYCHHE.

JIoCTOMHCTBO JaHHOTO croco0a BEIOOpa mapaMeTpoB
MTOMEX ¥ TIOMEXOYCTOHYHUBOCTH B TOM, YTO BBIPAKCHHUS IS
pacdeTa BEpOSITHOCTEH cOO0s CyIIECTBEHHO YIPOIIAOTCS
IO CPaBHEHUIO C IPYTUMH ITapaMeTpaMu, KOTOPbIe HMEIOT
SIPKO BBIPQ)KCHHBIN CITyYaHBIX XapaKTep U PacIpeaeICHbI
0 HEKOTOPOMY 3aKOHY JOCTaTOYHO CIIOKHOW MaTeMaTH-
YECKOH (POPMEL.

CooTHOIIIEHHE TSI BEPOATHOCTH COOSI MOXKET OBITH TIO-
JY4YeHO W Ha OCHOBaHMH TIOHATHSA 3amaca 1o TTOMEX03allln-
IIEHHOCTH. BenunHoM 3amaca 1mo moMexo3aluieHHOCTH
HA3bIBACTCS PA3HOCTh HOPMHUPOBAHHBIX 3HAYCHUH yPOBHS
IIOMEXO03ALUIIEHHOCTH U YpoBHs noMex u=X; — Y;. Torna
BEPOSITHOCTH c00s1 MOXKET OBITH HalifieHa 1o dopmyie [11]

py= | £y

OmnpeneneHne 3aKOHOB TNIOTHOCTH pactpenesneHus f(Y),
f(u) mpon3BoAMTCS OO ITyTEeM cOOpa CTATHCTHUSCKUX JTaH-
HBIX O TOTOKaX UMITYJIbCHBIX TIOMEX B MECTE TIpe/Ioarae-
MO 3KCIUTyaTaryu cucteMsl [ 11], mrbo sxkcnepruMeHTanbHO-
pacdyeTHBIMU METO/IaMH TEOPHH BEPOSTHOCTEH.

VIMIyIibCBI ¢ BRICOKOW SHEprHel BBI3BIBAIOT COOM BHA
1—0 [4]. UMIynbCBI TEPEKITIOYAONTIX TOMEX BBI3BIBAIOT
coon Buma 1—0 u 0—1 [7]. Eciiu cunrars mocTymnieHue
HMITYJIECOB, BO3JIEHCTBYIOMINX MO PA3INIHBIM (pU3HIECKIM
MEXaHU3MaM, HE3aBUCHMBIMH 1 HECOBMECTHBIMH COOBITHSI-

MH, TO BEPOSTHOCTH (DYHKIMOHATIBHBIX COOEB MOTYT OBITH
oTIperniesieHsI o hopMyam ¢ yuetoM (5)

})1~>0 = pl + p23ana })Oﬁl = pZUTH'

3Has 3TH BEpPOATHOCTH, aHANHN3 (PYHKIMOHAIBHON
6€3011acHOCTH MUKPORJIEKTPOHHBIX 1 MHKPOIIPOIIECCOPHBIX
KBUC mMoxeT OBITh OCYIIIECTBICH METOJAMH, OITCAHHBIMH
B[1].

Cremyer OTMETHTb, YTO BBIITOJHEHHBIH B CTaThe aHAIIN3
MEXaHU3MOB BO3ICHCTBHSI TOMEX Ha MUKPOIIEKTPOHHYIO 1
MHKPOTIPOIIECCOPHYIO IIEMEHTHYIO 0a3y JaeT MOATBEPXK-
JICHWE MHTErPAJIbHOTO CIOC00a OTHICKAHUS MapaMeTpOB
9KBUBAJICHTHBIX MMITYJIbCOB MOMEX, MPEIIOKEHHOTO B
[14, 15]. DxBUBaNICHTHBIMH UMITYJIbCAMH HA3bIBAIOTCS
Takne, KOTOpbIe MOTYT OJHMHAKOBBIM 00pa3oM MOBIHATH
Ha (QYHKIIMOHAIBHYIO Oe3omacHocTh ammaparypsl KBUC.
Heo6xoanmocTh BBIBOAA YCIOBHH SKBUBAJICHTHOCTH HM-
ITyTbCOB OOBACHSETCS TEM, YTO Ha MPAKTUKE B COCTABE
moToka (1) MOTyT OKa3aTbCsl UMITYIIBCHI pa3THIHON (POPMEL.
KoMMyTamnuonHbele TOMEXH MOTYT MOCTyHaTh B (opme
9KCTIOHEHIINAIBHBIX, OMIKCIIOHEHIIMAIBHBIX NMITYJIBCOB,
HMITyJIbCOB BKJIIOUECHUS], UMITYJbCOB B BUJE 3aTyXaromieh
cHUHycouabpl. B ciryuae KoMMyTanum ¢ BO3HUKHOBEHHEM
JYTH TIOSABIIAIOTCSI TTAYKN UMITYJIbCOB B BUZIE TPEYTOJIBHHUKA
WU 9KCIOHEHTHI. CBEPXIINPOKONOIOCHBIE UMITYITbCHI
MIPeHaMEPEHHOTO BO3/ICHCTBHS, BOSHUKHOBEHHE KOTOPBIX
HE UCKITIOUYCHO B COBPEMEHHBIX YCIIOBHAX, MOTYT OBITH OH-
9KCIIOHEHIINATBHBIMH, Tay CCOBCKUMH HITH KOCHHYCKBaIpaT-
HBIMH. J[J151 ICTIBITaHWI TPEATIOYTHTEBHBI PSIMOYTOJIbHBIC
HMITYJIBCBI, OTINYAIOIHECS HanOoIee MIMPOKNM YaCTOTHBIM
cnekrpoM [11]. Takoe pasHOOOpa3He UMITYITHCHBIX ITOMEX
3aTpyAHSIET OCYIIECTBICHNE PACUETHO-3KCIIEPHMEHTAIBHBIX
METOJIOB aHam3a (pyHKIMoHaIbHOH 6e3omacHocT KBUC n
TIOATBEPKICHNE PE3YIIbTaTOB MOICITUPOBAHNS HATyPHBIMU
ncnbITaHusIMHU. [ToaToMy TpeOyroTcst METObI, TO3BOJISIO-
II1€ COKPATUTh 00BEM MaTEMATHIECKOTO MOJICTHPOBAHUS 1
HaTyPHBIX UCIIBITAHUH C LIEJIBbI0 CHU)KEHHS 3aTpaT BPEMEHN
1 JICHEXHBIX pacxonoB. OCHOBHBIM ITyTEM 3TOTO SIBISIETCS
BBIOOp TaKWX ITOMEXOBBIX BO3ICHCTBHIA, CTOHKOCTH K KO-
TOPBIM T03BOJIsIA OBl KOCBEHHO CYJUTh M O CTOWKOCTH K
JpYTHM THIIaM NoMmeX. Peann3oBars 3TOT MOAXON yaaercs,
TOJBKO TIPH YCIIOBUHM SKBHBAJICHTHOCTH HMITYITBCOB [ 14, 16].
B nHTErpansHOM crioco6e ycinoBreM SKBUBAJIEHTHOCTH NM-
ITYJIBCOB SIBJISICTCS PABEHCTBO YHEPTHHA U BOJIBT-CEKYH THBIX
TUTOIIA/IEH ABYX MMITYIbCOB

W =w,
5, =5,

O4eBHIHO, YTO SKBUBAJICHTHBIC MMITYJIbCHl B 9TOM
crioco0e NMEIOT OJMHAKOBBIE TAPAMETPBI, ONPEIEIISIONINe
TIOCIIEACTBHUS BO3ICHCTBHS HMITYJIbCOB Ha AJIEMEHTHYIO 6a3y
C TOYKH 3peHHUs 0€30MMO0YHOCTH HHPOPMAITHOHHBIX TIPO-
LIECCOB B CUCTEME IT0 OCHOBHBIM (DPH3NYECKUM MEXaHH3MaM
Bo3zeiicTud. B [14, 15] moka3aHo, 9To mpw mmojave Ha BXOZ
Lernei ¢ CoCpeoTOYCHHBIMH U PacIipeieNICHHBIMY ITapamMe-
TPaMH IPSIMOYTOIBHOTO UMITYIILCA U SKBUBAJICHTHOMY €My

(6)
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HMITYJIbCa, TTapaMeTPhl KOTOPOTO PACCUUTAHHI 110 (6), cyMMa
KBa/IpaToOB OTKJIOHEHWH OTKJIMKOB SIBIISIETCS] HANMEHBILICH,
TI0 CPaBHEHMIO C IPyTHUMH H3BECTHBIMH CITIOCO0aMH BBIBO/IA
YCIIOBHI1 KBUBAJIEHTHOCTH MMITYJILCOB. Tarke MOKa3aHo,
YTO CIIEKTPBI 000MX UMITYJILCOB COBIAJAIOT C JIOCTATOYHON
JUTSl IPAKTHUKH TOYHOCTBIO. TakuM 00pa3oM, HHTErpaTbHbINH
croco0 BBIBOJA YCIOBHUN KBHBAJCHTHOCTH MMITYJIbCOB
ABISIETCS HanboJiee aJeKBATHBIM /ISl aHATIN3a HICKTPO-
MarHUTHOH COBMECTUMOCTH M ()YHKIIMOHAJIBHOI Oe3o1mac-
nHoctu KBUC.

B 3aBepuieHne cTaTh MOXHO C/ENaTh HEKOTOPBIE BBI-
BOJIBI.

OmnpeneneHue BEpOsSTHOCTH COOEB MUKPOIIPOIIECCOPHOI
1 MHUKPODJIEKTPOHHOM 31eMeHTHO#1 6a3b1 Buna | —0 1 0— 1
MOKET OBITh OCYIIECTBIICHO ITyTEM aHAJIHM3a CBOWCTB HJICK-
TPOMArHUTHBIX IOMEX, KaK TOTOKA CIIyIafHBIX COOBITHH, 1
MEXaHU3MOB BO3/ICHCTBHS ITOMEX HA JIEMEHTHYIO 0asy.

Cpenu mapamMeTpoB UMIYIbCOB TIOMEX MOTYT OBITh
BBIJICJICHBI TaKUE, KOTOPHIE OJJHOBPEMEHHO OIHCBHIBAIOT
MTOMEXOYCTOMYMBOCTE 3JIEMEHTHON 0a3bl M MO3BOISIOT
3amucarh Oosiee MPOCTHIE COOTHOMICHHS ISl pacyeTa Be-
posSTHOCTH OO

Jl1s amexBaTHOTO MOAETUPOBAHUA (PYHKIIMOHATHHON
6ezomacHoctn anmaparypsl KBUC Heobxonum anamms
HNEKTPOMArHUTHON 0OCTaHOBKH B TIPE/IIONIAracMOM MECTE
ee IKCIUTyaTalny, C LEeNbI0 HAlTH pacIipeieieHIe BEPOsIT-
HOCTHBIX ITapaMeTPOB MMIYJIbCHBIX ITOMEX U BPEMEHHBIX
XapaKTePUCTUK ITHUX MOMeX. JTO OOBACHICTCS 3HAYU-
TEJBbHBIM BIMSTHAEM 3JIEKTPOMAarHUTHOM 0OCTaHOBKH Ha
(hyskunonampHyI0 6e3omacHocts KBUC.

PaccmoTpeHnHblil B cTaThe MOAXO/ K aHAJIN3Y BO3/IEHCTBHS
UMITYJTbCHBIX TIOMEX Ha MUKPOJIEKTPOHHYIO H MHKPOIPO-
LIECCOPHYTO AEMEHTHBIE 0a3bl MOXKET HAWTH IIUPOKOE MPH-
MEHEHHE MPU Pa3pabOTKe COBPEMEHHBIX CUCTEM, KPUTHY-
HBIX K 0€30ITaCHOCTH, B 00JIACTH TPAHCIIOPTa, YJHEPTCTHKH
1 TIPOMBIIIUIEHHOCTH.

Jlutepartypa

1. Ilyounckuii U.B. @yHKIIMOHANBHAS HAJIGKHOCTH
MHPOPMAMOHHBIX CHCTeM. MeTo/IbI aHaT3a. — YIIbsHOBCK,
tunorpadus «Ilegarusrii 1Bop», 2012. — 296 c.

2. KonoBanos I'.B., Tapacenko. U.M. NmnynscHBIC
CIydJaifHbIe TPOIECCH B 3JEKTpocBsi3n. — M. : CBs3b,
1973.-304 c.

3. NBanoB M.T., Cepruenko A. b., Ymakos B.H.
Pagnorexnuueckue nenu W cur"aiel. — Cud. : ITutep,
2014.-336c.

4. MMuporos FO.A., CoaonoB A.B. IloBpexaeHus
HHTETPATBHBIX CXEM B ITIOJIAX paguou3iaydeHus. JKypHar

68

paanosnexrponuku. —2013. — Ne 6. — C. 10-15.

5. Hoobikun B./l., Kynpusuos A.H., Ilonomapen
B.I'., lycroB JI.H. Pagnosnexrponnas 6oprda: CruioBoe
MOpAKEHUE PAJUOIIEKTPOHHBIX cucTeM. — M.: By3oBckas
kuwnra, 2007. — 468 c.

6. HaymoB 10.E., ABaeB H.A., BegpexoBckuii M.A.
[TomexoycTOMUMBOCTD YCTPOHCTB Ha MHTETPAJIbHBIX JIOTH-
geckux cxemax . — M. : CoBerckoe paamo, 1975. - 216 c.

7. Keunes JI.H. IIpoexTupoBaHue NeYaTHBIX IJIAT
Ut TPOBOIT OBICTpOACHCTBYIONIEH ammapatypsl. — M :
00O I'pymma « U AT», 2007. — 616 c.

8. Mepuunkmuii B.IL., [Toso3ok FO.B. Cratuctuueckue
XapaKTePUCTUKN WHIYyCTPHAIBHBIX paguornoMex. — M. :
Panuo u cBs3p, 1988. — 246 c.

9. KpaBuenko B.W. I'po3o3amuTa pagrodaeKTpOHHBIX
cpeact. — M. : Panmo u cBsi3b, 1991. — 264 c.

10. Amononckuii C.M., l'opckuii A.H. PacdyeTs amek-
TPOMAarHUTHBIX TToeil. — M.: MapmipyT, 2006. — 992 c.

11. bouxoB K.A. Teopus # METOIBI KOHTPOJIIS SIEKTPO-
MarHUTHOH COBMECTUMOCTH MHKPO3JIEKTPOHHBIX CHCTEM
oOecrieueHns 0€30MMaCHOCTH IBIDKEHUS ITOE30B : JIHC. ...
n-pa TexH. HayK. 05.22.08 / MOCKOBCKHI HH-T. HHKEHEPOB
TpaHcm. — M, 1993. =379 c. : m.

12. Bochkov K.A. Principles of Achieving EMC of
Microelectronic systems controlling major sequences
of operations / K. A. Bochkov // Proceedings of 1994
International Symposium on Electromagnetic Compatibility
/ IEICE. — Tokyo : IEICE, 1994. — P. 610-613.

13. Bochkov K.A. Determination of EMC degree based
on probability models of microelectronic systems ensuring
railway traffic safety / K. A. Bochkov, 1. E. Zakharov, N.
V. Ryazantseva // Proceedings of International Symposium
EMC’98, Rome, Italy, 1998 / University “La Sapienza”.
—Roma : University “La Sapienza”, 1998. — P. 707-709.

14. BoukoB K.A., bepe3usaukuii 10.®., Pa3anuena
H.B. MiynbChl MOMEX B 3KBUBAJIEHTHOM IIPEICTABICHHUH.
[IpobneMbl 1 TePCIEKTUBHI PA3BUTHS YCTPOMCTB aBTOMA-
THKH, CBA3W M BBIYUCINUTEIBHON TEXHUKH Ha JKEJIE3HOIO-
poxuOM TpaHcmopre : ¢6. Hayd. Tp. / PI'Y TIC. — PocToB Ha
Hony : PI'V IIC, 1999. — C. 103-107.

15. Bepe3nsukuii FO.®. MeTtonp! HCIBITaHUI Ha TO-
MEXO03aIUIIEHHOCTh MUKPO3JIEKTPOHHBIX CHCTEM oOecIe-
YeHns 0€30IaCHOCTH JBIKCHUS TOE3I0B : aBToped. muc.

. KaHJ. TexH. Hayk / bemopyc. roc. yH-T TpaHcmopra.
— T'omens, 2003. — 24 c.

16. Komsarun C.U., Epsmes 1.U., Jlapumen M.A.
Heo0XoauMoCTh M MyTH COBEPIICHCTBOBAHUSA 3JIEKTPO-
MarHUTHBIX uctbiTanuil. Texaomormu DMC. —2010. — Ne 4.
—C. 22-26.



Functional reliability. The theory and practice

: l; 4
» 5 i i1
Bochkov K.A., Komnatny D. V.

MECHANISMS AND PROBABILITIES OF FUNCTIONAL
FAILURES OF MICROELECTRONIC ELEMENT BASE UNDER
ELECTROMAGNETIC PULSE INTERFERENCE

The paper considers computational and experimental methods for defining the probability of functional
failures for the electronic component base under electromagnetic pulse interference. The analysis of
the properties of the pulse interference random process and the physical mechanisms of interference
influence on electronic node elements is carried out. The ways of failure probability calculation based on the
concept of the probabilistic interference nature are elaborated. It is shown that the analysis of interference
influence enables to prove the choice of pulse equivalence conditions, which is vital for electromagnetic
compatibility.

Keywords: safety systems, functional failure, pulse interference, mechanisms of influence, failure
probability, pulse equivalence.

At present, microelectronic and microprocessor safety systems are widely applied in the
sector of energy, transport, chemical and petrochemical industries. The purpose of these
systems is to minimize and prevent the consequences of technological process malfunctions,
therefore they are critical information systems (CIS) which are subject to very high require-
ments of functional safety.

One of the reasons for functional safety reduction is functional failures under the pulse
electromagnetic interference influence on the element base. Data distortions occur at the lowest
level of the structural hierarchy — in integrated microcircuits — with extension to the higher
levels of a microelectronic and microprocessor system. The analysis of the functional safety
of a safety system as a whole, consequently, begins with the consideration of this problem in
relation to the devices of the lowest level of the structural hierarchy. Thus, there is a necessity
in computational and experimental methods for defining the probability of functional failures
in the element base [1].

To develop such methods, we should consider the properties of pulse interference. In general,
the interference is a random process which can be represented by [2, 3] (Fig. 1)

s() =Y, as, (t—kT —1,,0,,0.,,0...), (1)
f=—co
where s(?) is a random function, & is an enumerative variable, a; is a random amplitude of a
pulse, V; s is a function of a pulse form, 7 is time, s; 7'is the longest time for pulse repetition, s; ¢,
is random time of pulse occurrence, s, 0 <ty <7T'; 0, 0, 03 are parameters of a pulse form, 1/s.
As every pulse in (1) can cause a failure in the element base, it is logical to consider separate
process implementations (1) — in other words, separate pulses.
There are two possible mechanisms of pulse influence on the element base. Pulses of suf-
ficient energy may cause a failure in the element base due to overheat of p-n transits, which
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_5'({)“

[\ ‘

Fig 1. Random flow of pulse interference

leads to reduction of the wanted signal level [4, 5]. Pulses
with no such energy can have the voltage-time area which
is sufficient for the false switching of the element base [6,
7]. Consequently, a random process (1) shall be character-
ized by the laws of energy distribution, voltage-time area
and other pulse parameters. It is confirmed by results [8],
where the flows of pulse interference are proposed to be
described by distributions of the interval among pulses and
by pulse duration time, as well as by the probability of pulse
occurrence, whose parameter exceeds a certain level and by
average frequency of movement of such pulses.

It is known [9, 10] that the energy required for a failure of
a certain type of the element base is of low dispersion degree,
and thus it can be considered as energy constant. Immunity
of the element base to dynamic interference is described by
the characteristic of dynamic immunity which is expressed
by a hyperbolic curve [6, 7] (Fig. 2). In the coordinates of
U, t formula of this curve is

Ut = const = nS, 2)

where U is an amplitude of a pulse, V; t is pulse dura-
tion, s; 7 is a numerical coefficient, S voltage-time area of
apulse, V's.

U
A

T

Fig. 2. Typical characteristic of dynamic immunity.
I — permissible interference area,
II — area of intolerable interference

70

As per formula (2), for the points of the characteristic

§= Lkl = const. 3)
n
According to [7] the average characteristic of dynamic
immunity is true for the whole range of microelectronic
devices. Therefore, the S value in (3), the excess of which
causes false switching, also has a negligible low dispersion,
thus it also could be accepted as the constant one.
Accordingly, the energy and voltage-time area simulta-
neously characterize both — the interference levels and the
level of the element base immunity. And if a value of the
interference level using one of the ¥; parameters exceeds the
immunity level X; (¥; — X; > 0), the device failure occurs.
Since, according to the above, the immunity levels X; are
constant for this element base, the probability of failure of
the element base P; can be determined as the probability
of excess of the interference level over the immunity level
[11, 12, 13] (Fig. 3)

B = [ r()ay, )

where f(Y;) represents the density of distribution of the
interference level.

1)

X, Y,

Fig.3. Calculation of the probability of an electronic
device failure

Then in accordance with (4) it is possible to find the
probabilities of element base failures caused by different
influences:

b= ]; f(W)dW’
Prua = ]l“f(W)dW J f(8)ds, (5)

thr,act

D= | SV)W | 7(s)ds

thr,deact
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where p; is the probability of the failure by the pulse
of high energy; W is the interference energy, J; iAW) is
the density of distribution of the interference energy; Wy,
is the threshold value of the interference energy for this
element base, J; p,, is probability of false activation; S is
voltage-time area of interference, V-s; f(S) is the density
of distribution of voltage-time area of interference; Sy ot
is the threshold value of voltage-time area of activating
interference, V's; pageac 18 the probability of false deactiva-
tion; Sy deact 1S the threshold value of voltage-time area of
deactivating interference, V-s.

The formulas for the probabilities of false activation and
deactivation consider the simultaneous fulfilment of two
conditions: the energy of an interference pulse is less than
the threshold level, and the voltage-time area is larger than
the threshold value.

The advantage of this way of selection of interference
parameters and immunity is that the formulas for probabil-
ity calculation are significantly simplified in comparison to
other parameters of a strongly marked random character,
which are distributed by a certain law of a quite complicated
mathematical form.

The failure probability can also be found on the basis of
the notion of interference margin. The value of the interfer-
ence margin is the difference of specified values of the im-
munity level and the interference level u=X; — Y. Then the
failure probability can be found under formula [11]

P =] 1@

The determination of the laws of distribution density
J(Y), f(u) is made either by acquisition of statistics of pulse
interference flows at the site of the expected operation of the
system [11], or by computational and experimental methods
of the probability theory.

Pulses of high energy cause the failures of 1 —0 type [4].
Pulses of changeover interference cause the failures of 1—0
and 0—1 types [7]. If to consider the pulses with different
physical influences to be independent and incompatible
events, the probabilities of functional failures can be calcu-
lated by formulas with consideration of (5)

P1—>0 = pl + pzdeacn PO—>1 = pZact'

Having these probabilities, it is possible to make the
analysis of functional safety of microelectronic and micro-
processor CIS using the methods described in [1].

It should be noted that the considered analysis of inter-
ference influence on microelectronic and microprocessor
element base confirms the integral method of the search of
the parameters of equivalent interference pulses proposed
in [14, 15]. Equivalent pulses are the pulses which can
similarly influence the functional safety of CIS equipment.
The necessity to define the conditions of pulse equivalence
is explained by the fact that in practice the flow (1) could
contain the pulses of a different form. Switching interfer-
ence can occur in the form of exponential, bi-exponential

pulses, switching pulses, pulses in the form of a damped
sinusoid. In case of commutation with a curve there occur
pulse bursts in a form of a triangle or exponential curve. Ultra
broadband nonrandom pulses which should not be ruled out
under the current conditions can be bi-exponential, Gaus-
sian or cosine-square pulses. For the tests, the rectangular
pulses with the widest frequency spectrum are preferable
[11]. Such diversity of pulse interference complicates the
application of computational and experimental methods of
the analysis of CIS functional safety and confirmation of
the results of simulation by field tests. That is why there
is a necessity in the methods for reduction of the scope
of mathematical simulation and field tests with the aim
of time and cost reduction. This could be achieved by the
selection of such interference influences, the immunity to
which would implicitly indicate the immunity to other types
of interference. This approach can be implemented only in
case of pulse equivalency [14, 16]. In the integral method
the condition of pulse equivalence is the equation of the
energies and voltage-time areas of two pulses

W =W,
{Sl =5, .

It is obvious that the equivalent pulses here have similar
parameters specifying the consequences of pulse influence
on the element base in terms of faultlessness of informa-
tion processes in the system by the main physical means of
influence. As it is shown in [14, 15], at the input delivery
of circuits with lumped and distributed parameters of a
rectangular pulse and its equivalent pulse whose parameters
are calculated in accordance with (6), the sum of squared
deviation of responses is the least in comparison to other
known methods of definition of the conditions of pulse
equivalence. It is also shown that the spectra of both pulses
coincide with the accuracy which is sufficient for practical
applications. Thus, the integral method for the definition of
the conditions of pulse equivalence is the most appropriate
for the analysis of electromagnetic compatibility and func-
tional safety of CIS.

To sum up we can draw some conclusions.

Determination of the probability of failures of micro-
processor and microelectronic element base of 1—0 and
0—1 type can be made by analysis of the features of elec-
tromagnetic interferences which are the flow of random
events, and the mechanisms of interference influence on
the element base.

Among the parameters of interference pulses we can
mark out the parameters which simultaneously describe the
immunity of the element base and enable to note the more
simple formulas for calculation of the failure probability.

For appropriate simulation of the functional safety of
CIS equipment it is necessary to perform the analysis of
electromagnetic environment at the expected site of its
operation in order to find the distribution of probability pa-
rameters of pulse interference and their time characteristic.
It is explained by a significant influence of electromagnetic
environment on the CIS functional safety.

(6)
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MECHANISMS AND PROBABILITIES OF FUNCTIONAL FAILURES OF MICROELECTRONIC
ELEMENT BASE UNDER ELECTROMAGNETIC PULSE INTERFERENCE

The considered approach to the analysis of influence of
pulse interference on microelectronic and microprocessor
element base can become widely used for the development
of modern safety critical systems in transport, energy and
industrial sectors.
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DYHKUMOHAJIbHAAA BESOMNMACHOCTbL.TEOPUSA U MPAKTUKA

HoBoxxunos E.O.

NMPUHUMUNbI NOCTPOEHUA MATPULbI PUCKOB

Hacrosias ctates nocssieHa npobieme Bbibopa rnapamMeTpoB, 00eCneqYnBaloLLyX NOCTPOEHNE MATPULbI
PUCKOB. BbisiBIeHbI OCHOBHbIE acrieKkTbl, BVSIIOLME HA MOrPeLIHOCTb NMPeACTaBIeHVsT PEe3YIbTaToB MaTpu-
Libl PUCKOB, Ha YaCTHOM MPUMeEPE rNoka3aHo MOCTPOEHNE MaTpULbl C MUHUMAJIbHOM /151 3a4aHHbIX YCJ10BUN
rMOrpeLIHOCTbI, 0003HAYeHbl HaNMpPaBAeHUs] AaJIbHENLLINX NCCIEA0BaHWI.

Kno4eBble cnoBa: puck, mMatpuvua pPUCKOB, MOrPEeLIHOCTb OLIEHKMN PUCKA, HacToTa HEeXenareslbHOro Co-
ObITUSI, pa3mep rnocaAenCTBUI HEXeNaTeslbHOro cobbITuS.

[TprMEeHUTENBHO K TEXHIYECKUM CHCTEMaM PUCK PaCCMaTPUBAETCS KK COUCTAHUE BEPOSIT-
HOCTH (MJTH 4aCTOThI) HEXKEJIATEIIBHOTO COOBITHS U pa3Mepa ero mociencteuii [1]. M3mepu-
TEJIeM PUCKa SIBIISIETCS] YPOBEHb PUCKA, KOTOPBIH OMpeIeNsieTcss HEKOTOPhIM (DyHKIIHOHATIOM,
CBSI3BIBAIOIINM BEPOSATHOCTH (MJIM YacTOTY) HEXKEIAaTeIbHOTO COOBITHS M MaTeMaTHYecKoe
OXHJIaHKE pa3Mepa mocaeaCTBUH (yiepOa) OT BOSHUKHOBEHUS JaHHOTO co0bITHA [ 1]. Hanbo-
Jiee 4acTo JAaHHbIN (PyHKIIMOHAJ TPE/ICTABIISET COOO0 MPON3BE/ICHNUE YaCTOThI BOSHUKHOBEHHS
HEXKeNaTeIbHOTO COOBITHSI M CPETHETO pa3Mepa ero MocieACTBHi [2, 3]:

R=FxC.

OpnHaxo, U1 33/1a4 TI0 00paboTKe prcKa MPeICTaBIIsIET HHTEPEC HE TOJIBKO 3HAYCHUE YPOBHS
pHUCKa, HO U COOTHOLIEHHE €r0 COCTABIIIOLIMX — YaCTOThI M nocaencTuil. Hanpumep, nBa pu-
CKa MOTYT MIMETh OJJAHAKOBBI YPOBEHb, HO y IIEPBOTO BHICOKAS YACTOTA COOBITHIT M HEOOBIION
pa3Mep MOCIEICTBHIH, a Y BTOPOTO — peIKHe COOBITUS CO 3HAYUTEIBHBIMHU ITOCIIEACTBUAMIE. B
MIEPBOM CiTy4ae 00paboTKa pUCKa MOXKET 3aKIF0YAThCS B CHIPKCHUH YaCTOThI COOBITHSI, & BO
BTOPOM, HallpAMep, MOXKET MCIIOIB30BAThCS Mepeada pucka (CTpaxoBaHue).

B cBsi3u ¢ HEOOXOMMMOCTBIO OTOOPaXKEHHsI KaK BEJIMYMHBI PUCKA, TAK U COYETAHHS €ro
KOMITOHEHTOB, Ha MPAKTHKE IIMPOKOE PACIPOCTPAHEHHE TONYUYHIN J[Ba CPEICTBa: TpaduK
pHCKa B KOOPAMHATAX «9aCTOTa-MIOCIIEACTBU) U MaTpulia pucka. I[Tpu aTom mMarpuna pucka
cunTaercs HanOojee yIOOHBIM M HATJIAIHBIM MHCTPYMEHTOM, KOTOPBIN HCIIONB3YeTCs s
TIOAJICPKKU TIPUHATHUS PELICHNUS B CUCTeMax YIpaBieHus puckamu. OHa MpeacTaBiseT co-
6011 TabmuIy stueeK, 0TOOPAKAIOILYI0 COYETaHUE YACTOTHl BOSHUKHOBCHHS HEXKEIIATETILHOTO
COOBITHS U TSDKECTH €r0 MOCIEICTBUIT 1 II03BOJISICT B HAVISLIHOMN (hopMe ponH(pOPMHUPOBaATH
JMLA, TPUHUMAIOIIUE PEIIeHHs], 00 yPOBHSIX PUCKOB JJIsl paccMarpruBaeMoro coowitust. [1a-
paMeTpsl MaTPHUIIBI 3aBUCAT OT O0JIACTH €€ TPHUMEHEHHS.

Marpurna pucka UMeeT CIeIyIoNie OCHOBHBIC TTapaMeTpPHI:

- KOTM4ecTBO NN KaTeropuii (MHTepBaJIOB 3HAYCHHUI) pUCKOB. B HCTOYHNKAX pEKOMEHAYeTCs
ucnone3oBanue 3-x [2, 4] wm 4-x [1, 2, 5, 6] xkareropuii puckos. B wactnoctu, TOCT P 54505
[1] pexoMenayeT 4 KaTeropun PUCKOB (PUCK He NpUHUMAeMblI 8 pacyem, OONYCIMUMbLU, He-
orcenamenvHulli, Heoonycmumuiit). COOTBETCTBEHHO, /Ui N MHTEPBAJIOB 3HAUCHHUH PUCKOB
TpeOyeTcs 3a1aTh N-1 TpaHUYHBIX YPOBHEH PUCKOB (TpaHMIIBI KpaifHUX 00JIacTel, Kak mpa-
BIJIO, HE OTPAHUYMBAIOTCS): R(; Ry;...; Ry.1. VIX 3HaUCHUS ONpeACISIOTCS, UCXOS U3 MAKCH-
MaJIbHOTO ¥ MHHUMAJIBHOTO 0TOOpa)kaeMBbIX Ha MaTpHIlE 3HAYCHNUH YPOBHS PHCKa, a TAKKE B
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3aBUCHMOCTH OT BBIOpaHHOM IIKAJIBI pHCKa (paBHOMEpHas,
JorapuMudecKas WK JIpyrasi HepaBHOMEpHasl [IKaJa).
OCHOBHBIM IPaHUYHBIM YPOBHEM, KaK IPaBUIIO, SBISETCA
JIOITYCTHMBIH YPOBEHb PHCKa (3HAUCHMSI PUCKA BBIIIE JaH-
HOTO YPOBHSI CUNTAIOTCS] HEIPHEMIIEMBIMH), TOT YPOBEHb
33/1a€TCsI U SIBJIICTCS] OCHOBHBIM ITPH (POPMUPOBAHUH HIKAITBI
puckoB. Kareropusi puckoB Ha Marpuiie 0ObIYHO 0003Ha-
4yaeTcs ONpPeJEeNICHHBIM LBETOM, IPUCBAaUBAEMBIM STUEHKE,
KOTOpasi IPUHAMJIEKUT K TaHHON KaTeropuw;

- KOJINYECTBO /1 UHTEPBAJIOB 3HAUCHNUH YaCTOT COOBITUS
(COOTBETCTBYET KOJIMYECTBY SUEEK MAaTPHIIBI IO BEPTHKAIIH).
I'OCT P 54505 [1] pekomeHayeT 6 HHTEpBaJIOB: COOBITHE
manoseposimuoe, Kpaiine peoxoe, peokoe, CiyuaiiHoe, ge-
poamuoe, uacmoe. JIJi m UHTEPBAIIOB LIKAJIbl YaCTOT TPe-
Oyercst 3a7aTh m+1 rpaHNYHBIX 3HAYCHUH, KOTOpBIE OYIyT
ONpENeNAThCS 33JaHHBIMA MUHHMMAJIbHBIM M MaKCHUMaJlb-
HBIM 3HQUCHUSIMH YaCTOTBI COOBITHSI, & TAK)Ke BEIOPAaHHBIM
MacHTaboM Kbl 4acToT;

- KOJIMYECTBO /1 MHTEPBAJIOB 3HAYEHHH pa3MepoB I10-
CIIEZICTBHI COOBITHS (COOTBETCTBYET KOJMYECTBY SUCECK
Mmarpwuis! 1o ropuzonTain). OCT P 54505 [1] pekomenayer
4 uHTepBasa: pasMep MOCIEACTBUN He3HauUmenbHbll, He-
Cywecmeentblll, Kpumuyeckull, kamacmpoguueckuil. J{ns
1 MTHTEPBAJIOB MIKAJIbI OCIEACTBHH TpeOyercs 3a1ars n+l
TPAaHUYHBIX 3HAYEHUH, KOTOpBIE OYIyT ONMpPEAEsIThCS 3a-
JJAHHBIMM MHHUMAJIbHBIM U MaKCHMAaJIbHBIM 3HAYEHUSMH
pa3MepoB TOCIEACTBUH COOBITHS, a TaKKe BHIOPAHHBIM
MacHITaboM Kbl MOCIEACTBHMA.

PaccmoTpum rpaduky prcka B KOOpJMHATAX «JacToTa-
TIOCIIEACTBYS» B IMHEHHBIX (puc. 1a) n morapudmMuuecKux
(puc. 16) KoopauHaTax, IPUHSB, YTO PUCK OLICHUBACTCS KaK
MIPOM3BEICHHE YaCTOThI HEXKEJIATEIIEHOTO COOBITHS HA pa3-
Mmep ero nocnencTBuid. Ha rpadmkax rmokazaHsl JMHUH, CO-
OTBETCTBYIOIINE TOCTOSTHHBIM YPOBHSIM pHCKa R = const.
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Cpeanunii pazMep MOCIEACTBUI COOBITHS, ThIC. PYO.

a)

3agadeil mepexoaa oT rpaduKa K MaTpuIe pucKa sBiIs-
€TCsl PACIIONIOKEHNE SYECK MAaTPHUIIBI HA KOOPAMHATHON
IJIOCKOCTU U MPUCBOCHUE SUYEHKAM ONpEAEICHHON Kare-
TOPUH PHCKA.

U3 rpaguxos Ha puc. 1 cienyer, 4To gorapupmMudecKui
MacmTal SBISAETCS MPEINOYTUTEIbHBIM 110 CIIETYIONINM
COOOpaKCHHSIM:

- B JINHEHHOM MacmTade JUHUU R = const sSBISIOTCS
runepboramMy, a B JIOrapu()MHUIECKOM OHH CIPSIMIISIOTCS;

- Torapu(MHUYECKHIH MacITad Mo3BoJISET UCTIOIb30BaTh
CYILIECTBEHHO OoJIee MMPOKUI TMaa30oH 3HAYCHNH YacTOTHI
U TIOCHECTBH.

Takum o6paszom, najee 1eaecoodpa3Ho paccMaTpruBaTh
rpaduK pUCKa «9acTOTa-IIOCIIE/ICTBHSD) B IOTapU(PMIIECKIX
KOOpJIMHATAX M €T0 MPHUBSA3KY K SUEHKaM MaTpHIlbl PUCKa,
B KOTOPOH IIIKaJIa PUCKa, @ TAKKE IIKAJIBI YaCTOT U MTOCTIC-
CTBHH MMEIOT JIoraprupMUIecKuii Macmrao.

Cremyer OTMETUTb, YTO MAaTPHIA PUCKOB 00JagacT ps-
JIOM HE/I0CTATKOB, NIABHBIM M3 KOTOPBIX SIBIISICTCS BEICOKAs
MOTPEIIHOCTh OLIEHKH pucka [7]. IlosToMy 1enbio JaHHOU
CTaThU SIBJIETCS PACCMOTPEHUE MOAXOI0B K OCTPOCHUIO
MaTpHIBl PHCKOB, MO3BOJISIONINX CHU3UTH MOTPEHIHOCTD
MIPEACTaBICHNS PE3YJIbTATOB INPH 33aJaHHBIX IapaMeTpax
MaTpHUIBL.

[TapameTpsl sueHKH MaTpPULBl B JOTapU(PMUIECKUX
KOOPJMHATaX COOTBETCTBYIOT CIEAYIOIUM IMOJIOKEHHUIM

(puc. 2):
S

r. c
2 2
logk = logk —t logk )
h 1 G
Tae 7y, ¥, — MUHAMAJIbHBIH U MaKCHUMaJIbHBIH YPOBHH
PHUCKOB, OTOOpa’kacMbIC B STUCHKE;
1,/ — MEHUMaITbHAST 1 MAKCUMAaJIbHASI 9aCTOTA COOBITHS,
oTtoOpaxkaeMasi B stuCHKe;
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CpenHuii pa3Mep NoCaeaCTBUI COOBITUS, ThIC. PYO.
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Puc. 1. I'paduku prucka
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¢y, ) — MUHUMAJIbHBI M MakCUMAaJbHBIH pa3Mep Io-
CIIEIICTBUH, OTOOpaKaeMbIi B TUCHKeE.

fro g

't

fi---
C!I C'Z

Puc. 2. TTapameTpsl sueiiky MaTpHUIIBI pUCKa

[TpumeM ycIOBHBII Iar prucKa sieHKH B Jorapupmde-
CKHX KOOPJMHATaX PaBHBIM €IUHUIIE:

v
2 _
log, ==1
h
Torna ycnoBHele IIaru sYEHKK MO MIKAJNE YacTOT U MO-
CIIEZICTBUI OyIyT COOTBETCTBEHHO PaBHBbI:

o = log, Q; B =log, C_Z
1 G

HpI/I 9TOM JOJI’)KHO BBITIOJIHATHCS YCIIOBUC
atB=1. )

B paccmarpuBaemom ciaydae OTHOCHUTENBHBIN IIar
STYCHKY TI0 IITKAJIC PUCKOB OYIIET paBeH k, a OTHOCUTEIBHBIC
IIary s4eifkyu 1o MiKaje 4acToT M HOciedcTBUil — k* u kP
COOTBETCTBEHHO. [Ipu 3TOM AMana3oH 4acTOT, AMANa30H
MOCJICAICTBUN U JMAINa30H PUCKOB MAaTPHUIIBI OYIyT COOT-
BETCTBEHHO PaBHBI:

kocm; kﬁn; k((xm-%—[}n)' (2)

O4eBHIHON TIPOOIEMOI IPH HATIOKCHUH SIYCCK MATPH-
I[bI PHCKOB Ha TpaUK SBISCTCS TO, YTO MPSIMBIC, KOTOPHIC
Pa3AesaI0T KOOPAWHATHYIO TUIOCKOCTh Ha HECKOJBKO 00-
JacTeil (MHTepBajOB) 3HAUCHUN PUCKA, UMCIOT HAKIIOH.
BcenenctBre 3TOro HEKOTOPBIC STYCHKU MATPHUIIBI OYIyT
pa3iessThCs JaHHBIMU MPSIMBIMU Ha YacTh. Takue suciiku
OyayT oxBaThIBaTh JiBe (Mim OoJiee) 0OJMACTEeH 3HAYCHUIA
PHUCKOB, MTOTOMY BO3HHKAIOT CJIOKHOCTH C MIPUCBOCHUEM
9THM sTYCHKaM OTPE/ICIICHHOMN KaTeropun prucka. B Hanbomee
HEOIaronpUsATHOM CIIydae siuciika MOXKET paseisaThes Ha
JIBa CCTMEHTA OJIMHAKOBOMW IUIOIIAIU, M3-3a YETO HENb3s
TOYHO OTPEJICIUTh, K KAaKOW OOJIACTH 3HAYCHHI PUCKOB
OTHOCHTCSI OOJIBITTHCTBO TOYCK, PACIIOJIOKCHHBIX BHYTPH
JIAHHOM STUEHKHU.

CrenoBaresbHO, MEPBOM 3a7aueil siBsieTCSl oOnpene-
JICHHE TAaKMX 3HAUCHHUI TAHT'CHCA yIlla HAKJIOHA MPSIMBIX
R = const, Ipu KOTOPBIX KOJIMYECTBO SYCCK MATPHIIBI,
pasensieMbIX ToroiaM Oy/leT OTCyTCTBOBaTh (Min Oyaer
MUHHUMAaJbHBIM).

B pesynprate aHanu3a ObUTa BBIIBUHYTA THIIOTE3a, YTO
TaHTCHC YIJIa HaKJIOHA, IPH KOTOPOM OyIYT OTCYTCTBO-
BaTh SUCHKH, pa3jICICHHBIC MOTOJAaM, BBIPaKACTCs KaK

OTHOIICHUE HaTypalubHBIX uncen 1:2; 2:3, 1:4; 3:4; 2:5;
4:5 ¥ T.1., IpUYEM OTHOIMICHNE JIByX HEUETHBIX UHCET HE
MOJIXO/SAT, MOCKOIBKY MPH 3TOM CYIIECTBYIOT SUCHKH,
paszzmensieMble HaNoJIOBUHY. JlaHHas runoTe3a Obu1a mpo-
BEpEHA IIyTEM MMHUTAHUOHHOTO KOMIBIOTEPHOTO MOJE-
aupoBanus. Jlyd, Berxogsmuii u3 Touku O TOX yIJIOM v,
MIPOXOJUT Yepe3 sTUeHKH, PACTIOT0KEHHBIE HA TNIOCKOCTH
(ucnonmp3oBanacy matpuma 100x100 KkBagpaTHBIX SUEEK
CO CTOPOHOH, paBHOU 1), IpU ITOM HEKOTOpPBIE STUCHKH
pasgenstorcs TydoM Ha aBe dacTu (puc. 3). Tanrenc
yria HakioHa u3MeHsics ¢ marom 0,001 B auama3oHe ot
0 mo 1. B xauecTBe KpUTEPHS OLEHKH HCIIOIB30BAINCH
HanOOIBIINE JOTH TUIOMIATN BCEX Pa3ACIsiEeMBIX TyUOM
A9eeK, U3 KOTOPHIX BRIOWPATOCh Hauxymee (MeHbIIee)
3HaYCHHE.

O -
17 --

Puc. 3. Cxema pazaeneHust sT9eeK JTyIOoM, TTPOXOISIIIM
O] Pa3IMIHBIM YTIIOM

B pesynbrare moiydeHsl 3HaYCHUS, IPEACTaBICHHBIC B
Tabmme | (mpuBeaeHBI Pe3yIBTaTh, B KOTOPHIX HAUXY/AIICE
3HAUEHUE JIOJIM IUIOUIAM HAaHOOJIBIIEr0 CeTMEHTa pasJie-
JICHHBIX sueek npessimaet 0,599).

Taomuna 1. Hanxyzuuee 3HAYCHHUE NO0JU IJaoImaaun
Han0OoJILIIEr0 cerMeHTa AYEeKN OT TAHIeHCa yria
HaKJIOHA

Tanrenc yria Hauxynmiee 3HaueHue 1011 1J10-
HAKJIOHA A1 HAN0O0/IbIIero CerMeHTa

-1/2 nmm -2 0,75

-2/3 wim -1,5 0,6667
-1/4 nmu -4 0,625

-3/4 wm -4/3 0,625

-2/5 wmu -2,5 0,6

-4/5 nmu -1,25 0,6

W3 npencraBieHHbIX B TaOIuUIEe 1 pe3ynbTaToB CleayeT,
4YTO Hambosee OJIATONPUATHOE Pa3[C/ICHUE STYCCK UMEET
MECTO MPU TaHTeHCe yTiia HakjIoHa tg y =—0,5 unmn tgy =-2.
[Ipu nanpHENIIIEM paCCMOTPEHHUN TaHHBIE 3HAUCHUS OyIyT
HCIIOJIb30BaHbI KaK 00eCIIeUnBaIOIINe HAn00Iee BHICOKYIO
TOYHOCTb MPEJCTABICHHUS PE3YJIBTATOB.
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Bropotii 3agadeii ssBisieTcst BEIOOP IIara Mek Ty HeCKOJb-
KHAMH TPSIMBIMH, TIPOXO/ISIIINMH T10 TIFIOCKOCTH € STIeHKaMu
U Pa3IeNIoNINMHy TIOCKOCTh Ha 00acTu 3HadeHwid. [llar
MOKHO M3MEPATH Kak MO TOPU30HTANN (dg, puC. 4), Tak u
Mo BepTukamnu (d,).

dB

Puc. 4. Topu3oHTanbHbIN MIar MEX1y NpsMbIMH R = const

AHaJ3 1MoKasaj, 4To BepOsITHOCTh p TIPHHAIICKHOCTH
000 TOUKH B stueiike TpeOyeMoil 001acT MoaYHHSAETCS
3aKOHY:

- i tg y = -0,5:

i

I'pacdmk manHOI 3aBHCUMOCTH TS tg Y = -2 IPEICTABICH
Ha puc. 5.

W3 rpaduka Ha puc. 5 ciemyer, 4TO ONTHMAIbHOE
3HAUYEHHWE IIara dﬁ OyIeT HaxXOAWTHCSA B Iuama3oHe oT |
JI0 5, TOCKONBKY 3HaYeHUs p, MeHbmue 0,5, He TT03BOS-
IOT OJTHO3HAYHO COIOCTABUTH STUEiKe 00JaCTh 3HAYCHUN
pucka, a 3Hadenus p ot 0,5 mo 0,75 He obecredmBaroT
JIOCTOBEPHOCTH TPEACTaBICHHUS pe3ynbTaToB. C ApyToi
CTOPOHBI, B O0JIACTH 3HAYE€HUH dp, TPEBBINAIOIKX 5,
(YHKIIHS IEpEeXOIUT B HACKHIICHNE U 3HAYCHHE p YBEIH-
YUBACTCS HE3HAYUTEIFHO (HET CMBICIIA BEIOMPATh OOJIBbIIITE
3HaYeHus dp).

Takoke cleayeT OTMETHTh, YTO YeM BHIIIC 3HAYCHHUE IIIara
dp, TeM OOINBIIAs PA3MEPHOCTH MATPHIIBI PUCKOB IOTPEDY-
eTcs ISl TOrO, YTOOBI «BMECTHUTBY 3aJaHHOC KOJIUYECTBO
KaTeropuii pUCKOB (YTOOBI B MATPHIIE TPUCYTCTBOBAJIA XOTS
OBl OfHA sUeiika KaXI0i Kareropuu). Takum oO0pa3zoM, OT
3HA9IEHUA (g 3ABMCUT COOTHOIIEHNE B MATPHIIE KOJTMIECTBA
STYEeK Pa3IMIHBIX KaTeTOPHH.

MakcumanbHoe 3Ha9eHHE dp, TPH KOTOPOM B MAaTPHIIE

p=dy, 0<dy<05 Pa3sMEpHOCTBIO 711 X 71 TIPEICTABICHO 33laHHOE KOIMICCTBO
-anstgy =-2: 1 N (N > 2) xareropuil pucka s TaHI€HCOB yIVIa HaKJIOHA
p=1- Ad, , dy>0.5; -0,5 u -2 ompenensercs BRIpaKCHUEM:
E 1
Q
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Puc. 5. 3aBHCHMOCTD BEPOSTHOCTH MPUHAICKHOCTH TOYKU TpeOyeMoi 00IacTH OT Imara MeXIay TpaHuaMu o0macTei

76



APUHUMUNBI NOCTPOEHNSA MATPULIbI PUCKOB

0,5 m+n-2
-mitgy=-2:d, < —————; 3)
gY N_2
2m+n—4
N-2
J171s1 KOpPEKTHOM HHTEpPIPETALIUN YPOBHEN PUCKOB JIOJK-
HO BBITIOJIHSITBCS] COOTHOIIEHHUE

-astgy=-0,5:d; <

ady = Bedp,

e o-d, = B-dp — yCIOBHBIH IIaT MIKaJIbl PHCKOB Ma-
TPULIBL

OTHOCHUTENBHBII [Iar OIKaJbl PUCKOB MaTPHIBI HAXO-
JIUTCSI U3 yCIIOBHS:

K = kP = ko, 4)

IMockonbky d,, = —tg y-dp, TO OTCIONA CIEMYET, YTO

gy = —E. ®)
o

Crnenyer Takxke OTMETHTh, YTO OTHOCHUTEIBHBIN mar K
MEXIy TPaHUIIAMH KaTeropwii (00IacTei 3SHaYCHNH ) PIICKOB
B 00IIEM cIydae MOXKET OTIMYAThCsl OT OTHOCHTEIBHOTO
mara k stdeKHy 1Mo IIKaJie PUCKOB U 3aBUCHUT OT 3HAUCHMS

OTmenpHON 3amadeil SBIACTCS MPUCBOCHUE YHCIOBBIX
3HAYEHUH MIKaJaM YacTOT M MOCIEACTBHH, MPUBA3aHHBIX
K TPaHUIIaM stueek MaTpuisl. [Ipn 3ToM 0CHOBHBIM Tpebo-
BaHMEM SIBIISIETCS] 0OeCTIeYeHHE HEOOXOAMMBIX THAMa30HOB
YacTOT U MOCJIEICTBUI.

PaccMOTprM NpHUMEHEHNE BBIMIEH3IIOKEHHBIX MTOJI0MKE-
HUH Ha TpUMepe TOCTPOSHHS TUTIOBOH MaTpHUIIHI prcka [1],
HUMEToIIei 4 KaTeropyu PICKOB U Pa3MepPHOCTh 6x4 (N =4,
m=6,n=4).

[Ipu BEIOOpE TaHTEHCA yITIa HAKJIOHA IPSMBIX R = const
CJIeIyeT yYUTHIBATh, YTO B COOTBETCTBHH C (2) yCIIOBHEIC
JIMana30Hbl 9acTOT U TOCIJEICTBUI MaTPHUIBI PaBHBI Ol
u pBn.

Cormacuo (5), mpu TanreHce yria HakioHa —0,5 Oymer
BEITTONTHATRCS cooTHomenne o = 2-f3. C yuetom (1) momy-
gaeMm, 9To B 3TOM ciydae o = 2/3 u 3 = 1/3, a ycroBHBIE
Mana3oHbl YacTOT U rmociencTsuid — 4 u 1,333.

B cmyuae BrIOOpa TaHTEHCa yTiia HaKJIOHA —2 FIMEEM:
o = 1/3, p = 2/3, ycnoBHBIE TUAMa30HBI YaCTOT U TOCTE-
cTBUil — 2 u 2,667. Bropoii BapuaHT sBIsIeTCS Hambomee
MPEIMOYTHTEIBHBIM, ITOCKOIbKY YCIOBHBIE AMANA30HBI
IIKaJI OTJINYAIOTCS MEHEE CyIiecTBeHHO. [losromy mis
JTABHEHIINX PAacUeTOB IPUHUMAEM tg y = —2.

C npumenenneM (3) HaXOIUM MaKCUMaJIbHOE 3HAYCHUE
mara dg, TP KOTOPOM MaTpHIa 3aJaHHON pa3MEPHOCTH
OXBAaTHIBACT 4 KaTETOPHH PUCKOB:

< 0,5m+n-2 0,5-6+4-2

dy < 2,5,
N-2 4-2

MunnmManeHOE 3HaYEHNE dg IPUHIMAEM PABHBIM 1.

Ha puc. 6 a-r moka3aHbpl SYCHKH MaTPHUITHI C 3a/TaHHBI-
mu mapameTpaMu npu dg = 1, dg = 1,5, dg =2 mdp = 2,5
cooTBeTcTBeHHO. CornacHo (2), YCIIOBHBIC IIard IIKaJIbI
pHMCKa [T TaHHBIX MaTPUI] paBHBI COOTBETCTBEHHO 0,667,
1; 1,333 u 1,667. TouHOCTH MpEACTABICHUS PE3YITHTATOB
(omeHMBaETCSA BEPOSTHOCTHIO TOIMANAHUSA TOYKH B CO-
OTBETCTBYIOIIYIO 00NTacTh 3HAUCHMII), KaK CIEAYeT U3
rpaduka Ha puc. 5, cocrasuser 0,75; 0,833; 0,875 u 0,9
(cwm. puc. 5).

B) r)
Puc. 6. Sueiiku MaTpuIs! puckoB 6x4 npu tg y = -2
u dﬁ =1;1,5;2;2,5

C TOUKM 3peHust ya00CTBa IPAKTUIECKOrO NPUMEHECHHUS
MIPEANIOYTUTEIBHON SBIISIETCSl MaTpuUlla Ha puc. 6 6. B neit
pacmpenesieHue siYeek 1Mo o0JacTsIM 3HaYeHHl PHCKOB
OCYILIECTBJIEHO Hauboyee paBHOMEPHO, a TaKKe, B COOT-
BETCTBUH C (4), OTHOCUTENBHBIH mar K IIKaibl PUCKOB
MaTpHIbl COBIAAET C OTHOCHTENIBHBIM ILIAroM k PHCKOB
stuerikn. Takum o0paszoM, 1Sl JaibHEHIIEro NpuMeHeHHs
npumem dg = 1,5u K= k.

PaccmoTpuM nprcBoeHNE YNCIOBBIX 3HAUCHUH IIKaIaM
YacTOT M MOCJIEACTBUH JUISI MaTPHUIIbI C BEIOPAHHBIMU I1a-
pameTpamy MpHU YCIOBUHU, YTO HA IIKaJe PUCKOB 3a7aHO
TOJILKO 3HAYEHHUE R, COOTBETCTBYIOLIEE TPAHULIE MEXKTY
KaTerOpUsIMU PUCKA «HEXKENAaTeIbHbII U HETOMyCTUMBII
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NMPUHUUMNbI NTOCTPOEHUSA MATPULLbI PUCKOB

YacTtora coOLITHR

YACTOE

BEFOATHOE

CAYUARHOE

PEJKOFE

KPANHE PEIKDE

MAJNOBEPOATHOE

HEIHAYHTEARHWA | HECYHIECTREHHKIA CYIECTREHHKIR

KPHTHYECKHA

¥ nenwHeii yuepd

Puc. 7. Bua marpuust puckos 6x4 npu tgy =-2udg = 1,5

(ocTanbHBIC TPAHUYHBIC 3HAYCHHSI KATCTOPHI PUCKOB MOMTY-
4aroTcs ¢ HCmoib3oBanueM kodddummenra K) (puc. 7).

JIJst IPUBSI3KYM YMCIOBBIX 3HAYCHHUU K IIKaJaM MaTpH-
bl TOTPEOYIOTCS BEIOOPKU 3HAYCHUH YaCTOT COOBITHS W
VAETHHOTO pa3Mepa IMOCISICTBHHN 32 HECKOIBKO HHTEPBAIOB
HAOIIONCHUS. DTO MO3BOJIUT CTPOUTH TOYKU HA TAHHOW
MarpuIie, COOTBETCTBYIOIINE YPOBHIO PHUCKa 32 JI000H BbI-
OpaHHBII HHTEPBAT HAOTIOICHUS.

OTHOCHUTENBHBIA 1Hana3oH A 4acToT (¢ y4eToM Ko-
3 (QUIUEHTOB 3amaca dy,, U dpy,) BBIYUCISACTCS MO BBI-
paXCHHIO:

= G F ,
__min
Ainin
1€ Fin, Fmax — MUHAMAIBHOE U MAKCUMAJIbHOE 3HaUe-
HUSI YaCTOTHI HEXKEIIATeIILHOTO COOBITHS B BBIOOPKE.
OTHOCHTENBHBIA JHana3oH B mocieacTBuid (¢ yueToM
k03¢ durreHToB 3anaca b, ¥ b,,;,) OIICHUBACTCS O aHa-

JIOTHYHOU (hopmyIe:

b C
B = Jmax max
C'min ’
b

e Cpins Cinax — MAHAIMAIIEHOE U MaKCHMAJIBHOC 3Ha-
YEHUS YAENIBHOTO pa3Mepa MOCIEICTBUN HEXeNaTeIbHOro
COOBITHS B BEIOOPKE.

HeoOxoamMblii OTHOCHTENBHBIH IIar IIKaJIbl PUCKOB
HAXOIUTCS U3 YCIOBHH, IPHU KOTOPBIX 0OJIACTh JAaHHOW
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MaTpHULIbI ONAJal0T TOUKH, COOTBETCTBYIOIINE MUHUMAIIb-
HOMY U MaKCHUMaJIbHOMY YPOBHIO pUCKa ISl 3aJaHHBIX
BBIOOPOK 3HAYCHHUI YACTOT COOBITHS U YICTHHOTO pa3Mepa
MOCJICCTBHIA:

[ 1
2
K> fmax .Cmax .amax bmax o
Réiil
]
-
—40-3
K> fmin ) Cmin ob
L Réii'l' : amin : bmin

e R o, — IOIyCTUMBIH yPOBEHb PHUCKa;

o = 1/3 — yCcIIOBHBII IIar MIKaibl 4acToT;

3 = 2/3 — yCTIOBHBII TIAT ITKAJIBI TOCIICICTBHUH.

ObocHoBanue onpeaeneHus K03((UIMEHTOB 3araca
TTOJUIEKUT OTAEIBHOMY PacCMOTPEHMIO. sl TECTOBBIX
pacyeToB MCHOIB30BATHCH 3HAYCHUS Uy = Doy = 2 |
Amin = bmin = 1a5

Ecnu koaddurment K BbIOpaH 1o nepBOMY U3 JIBYX BbI-
IIeyKa3aHHbIX YCJIOBHH, MPUBSA3KA IIKAJI MaTPHIBI IPOBO-
JUTCS, HAYMHAS C MAKCUMAJbHBIX YPOBHEHN A3 U B,:

R ,[((7?l $) ¢
A3 = Fmax : amax ! o s
Fmax : C'max " iax .bmax
R 'K(a $) b
BZ= max ~ “max p

Fo-Co-ay b

max



NPUHLUNbI NTOCTPOEHUSA MATPULIbI PUCKOB

[pu Be1OOpe K 110 BTOPOMY YCIOBHUIO MPUBS3KA ITPOBO-
JIUTCS, HAYMHAsl ¢ MUHUMAaJbHBIX YPOBHEN A 3 U B y:

o

F. (ay bR -K®*)

A73 = = s
amin Fmin ’ Cmin
i
C.. [ bpn R -K&¥)
372 — min_ mon min
bmin F min Cmin

Hanee onpeneistoTcss OCTajJbHbIe YPOBHH IIKAJT 110
dopmymam:

A, =4 'K(_a)§ 4, =4-K%
B_ =B 'K(_ﬁ); B, =B K",

JIuHelHbBIe KOOPIMHATHI TOUYKH C YACTOTOH f 1 pasMepoM
MOCTIEICTBUN ¢, B BHJI€ CMEIICHUS, OTCUUTHIBAEMOTO OT
JICBOTO HIDKHETO yIiIa s9eeK MaTpHIbl (CM. puc. 7), pac-
CUHUTHIBAIOTCS 10 CIEAYIOIINM BRIPKEHHSM (3a 1 mpuHATa
IIMPYHA U BBICOTA STYCHKHN):

a=Ltog, | L} b=Liog, [ |
o A, § B,

TJIe @ — CMEIICHHUE TI0 OCH YacTOT (TI0 BEPTHKAIIH);

b — cMeIIeHne 10 OCH TTOCIEACTBUH (IT0 TOPU30HTAIIH).

Taxwum 06pa3oM, GopMUpyeTCss MATPHUITA PICKOB, TIO3BO-
JISIFOTIAst OTOOPAYKATH PHCK B KOJTMYESCTBEHHOM BBIPAKEHHU
C KOHTPOJIHPYEMOM TIOTPELIHOCTHIO.

B pamxax maHHOI cTaThy OBUTH PACCMOTPEHBI OCHOBHBIC
ACTIEKTHI TTOCTPOCHUS MATPHUIIBI PHCKOB, OKA3BIBAIOIINE
BIIMSTHUE HA ITOTPEITHOCTD MTPECTABICHHUS pe3ynbTaTtoB. Ha
TIPUMEpE YACTHOTO CIydasi TOKa3aHO IPUMEHEHHE JaHHBIX
oaX0A0B. Pacmmpenne paccMOTPEHHBIX MOAXOI0B HA Ma-
TPHIIHI PUCKOB C APYTUMH MMapaMeTpaMu, yTOYHECHHE TIPABHIT
ITOCTPOCHUS MAaTPHI] PUCKOB U KPUTEPHEB BEIOOpA MX Mapa-
METPOB SIBIIIETCA 3ajaueil JalbHEHIINX UCCIIEA0BaHUH.
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Functional safety. The theory and practice

Novozhilov E.O.

GUIDELINES FOR CONSTRUCTION OF A RISK MATRIX

The paper deals with the issue of selecting parameters that secure the construction of a risk matrix. Main
aspects affecting the error of presentation of risk matrix results are identified. The construction of a risk
matrix with minimum error for given conditions is shown by means of a particular example. Directions for
further research are outlined.

Keywords: risk, risk matrix, risk estimation error, undesirable event frequency, severity of consequences
of an undesirable event.

In respect to technical systems, the risk is considered as a combination of probability (or
frequency) of an undesirable event and degree of severity of its consequences [1]. The measure
of arisk is a risk level which is determined by certain functionality linking the probability (or
frequency) of an undesirable event and the expected value of the severity of consequences
(damage) of this event [1]. Typically, this functionality represents the multiplication of the
undesirable event frequency by the average amount of its consequences [2, 3]:

R=FxC.

For the aims of risk treatment, however, it is not only a risk level that is of interest, but also
proportion of its components —frequency and consequences. Two risks, for example, may be
of the same level, but the first one can be related to high event frequency and low degree of
consequence severity, and the second one can refer to rare events with serious consequences.
For the first case the risk treatment can involve the event frequency reduction, and for the
second case it is possible to apply for risk transfer (insurance).

Due to the necessity of representing the risk value as well as the combination of its compo-
nents, two means have got a wide application: a risk graph in the coordinates of «frequency-
consequences» and a risk matrix. The risk matrix is considered as the most practical and
illustrative tool used for decision making support in risk management systems. It has a form
of cell table that represents the combination of the frequency of an undesirable event and the
severity of its consequences and makes it possible to provide authorized decision-makers with
visual information on risk levels for event in question. The parameters of a matrix depend on
the field of its application.

A risk matrix has the following main parameters:

- number N of categories (value intervals) of risks. References recommend to use 3 [2, 4]
or41,2,5, 6] risk categories. In particular GOST R 54505 [1] introduces 4 risk categories
(negligible, acceptable, undesirable, unacceptable). Consequently, for N of risk categories it
is required to set N-1 of boundary risk levels (boundaries of the far regions are generally not
limited): Ry; Ry;...; Ry.;. Their values are determined based on maximum and minimum risk
level values indicated by the matrix, as well as depending on the selected risk scale (linear,
logarithmic or other nonlinear scale). The main boundary level is normally an acceptable
risk level (risk values above this level are considered as inadmissible). This level is set and
remains the main level when constructing a risk scale. A risk category on a matrix is normally
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Fig. 1.

denoted with a particular color assigned to the cell relative
to this category;

- number m of value intervals of event frequencies (cor-
responds to the number of matrix cells vertically). GOST
R 54505 [1] introduces 6 intervals: the event may be incred-
ible, improbable, remote, occasional, probable, frequent.
For m of frequency scale intervals it is required to set m+1
of boundary values, which shall be determined by given
minimum and maximum values of the event frequency, and
by the selected frequency scale range;

- number 7 of value intervals of event consequences (cor-
responds to the number of matrix cells horizontally). GOST
R 54505 [1] introduces 4 intervals: consequences may be
negligible, insignificant, critical, catastrophic. For n of con-
sequence scale intervals it is required to set n+1 of boundary
values, which shall be determined by given minimum and
maximum values of event consequences, and by the selected
consequence scale range.

Let us consider risk graphs in linear (Fig. 1a) and loga-
rithmic (Fig. 1b) «frequency-consequences» coordinates
assuming that the risk is estimated as multiplication of
the undesirable event frequency by the degree of its con-
sequences. The graphs show the lines corresponding to
constant risk levels R = const.

To change the graph into the risk matrix, it is required to
array matrix cells on the coordinate plane and to assign the
cells to a certain risk category.

According to Fig. 1 graphs, the logarithmic scale is pref-
erable due to the following reasons:

- in linear scale the R = const lines are hyperbolic, but in
logarithmic scale they go right;

- logarithmic scale allows to use much broader range of
values for frequency and consequences.

Therefore, it is reasonable to consider the risk graph
«frequency-consequences» in logarithmic coordinates and
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Risk graphs

its reference to the cells of a risk matrix where the risk scale
as well as the scales of frequency and consequences are
presented in logarithmic format.

It should be noted that the risk matrix does have a number
of disadvantages, and the main one is a high degree of error
of risk estimation [ 7]. Thus the aim of this paper is to analyze
the approaches for construction of a risk matrix enabling
to reduce the error of results presentation under the given
matrix parameters.

The matrix cell parameters in logarithmic coordinates
correspond to the following formula (Fig. 2):

log, e log, & +log, C_z’
I’i 1 1

where ry, r, are minimum and maximum risk levels

represented in a cell;
f1, /> are minimum and maximum event frequencies
represented in a cell;

¢y, ¢, are minimum and maximum consequence degree
represented in a cell.

.

}
C1 (8))

Fig. 2. Parameters of a risk matrix cell

Let us take the relative array pitch of a risk cell in loga-
rithmic coordinates as being equal to entity:

logkr—2=l.
Ul
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Then the relative array pitches of the cell of the scale of
frequency and consequences will respectively be equal to:

o = log, Q; B =log, C_z
1 G

In this case the following condition must be met

atp=1. (1)

In case under consideration, the relative array pitch of the
risk cell shall be equal to %, and the relative array pitches
of the cell of the scale of frequency and consequences shall
be k* and kP respectively. Meanwhile the range of frequen-
cies, the range of consequences and the range of risks of the
matrix shall be equal to:

kotm; kﬁn; Jlom+Bn) (2)

The obvious problem when overlapping the cells of the
risk matrix onto the graph is that the right lines dividing the
coordinate plane into several ranges (intervals) of risk values
do have a slant. As the result, several matrix cells will be
divided by these lines into parts. Such cells will cover two
(or more) ranges of values, which leads to difficulties when
assigning these cells to a certain risk category. In the most
unfavorable case, a cell may be divided into two segments
of equal space, this preventing us from precisely defining
what range of risk values most of points allocated inside
this cell belong to.

Consequently, the first task is to define such values of
R = const slope ratio, that will conduce to no matrix cells
divided in half (or very few of them).

The analysis has lead to a hypothesis that the slope ratio
with no divided cells is formulated as the ratio of natural
numbers 1:2;2:3, 1:4; 3:4; 2:5; 4:5, etc., and the ratio of two
odd numbers is not useful as it implies the cells divided in
half. This hypothesis has been checked by means of com-
puter simulation modeling. The half line going from the O
point on the y angle runs through the cells located on the
plane (100x100 square cell matrix with the side equal to

0

Fig. 3. Division of cells by a half line running
at different angles
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1 was used), and several cells are divided by the half line
(Fig. 3). The slope ratio changed with a pitch of 0.001 within
the range from 0 to 1. As the estimation criterion we used
the largest space areas of all divided cells, from which the
worst (the least) value was chosen.

As aresult, we received the values given in Table 1 (these
are the results with the worst value of space area of the
divided cells largest segment exceeding 0.599).

Table 1. The worst value of space area of the cell
largest segment of slope ratio

Slope ratio The worst value of space area
of the largest segment

-1/2 or -2 0.75

-2/3 or-1.5 0.6667
-1/4 or -4 0.625

-3/4 or -4/3 0.625

-2/5 or -2.5 0.6

-4/5 or -1.25 0.6

As it follows from the results listed in Table 1, the most
favorable cell division goes with the slope ratio of tg y=-0.5
or tg y =-2. For further consideration these values shall be
used as the values of the highest precision of the results
presentation.

The second task lies in selection of array pitch between
several right lines running on the cell plane and dividing the
plane into ranges of values. The pitch can be measured both
horizontally (dp, Fig. 4) and vertically (d,,).

_pl (I’B I

Fig. 4. Horizontal pitch between R = const lines

The analysis showed that probability p of reference of any
point inside a cell to the required range follows the law:
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Fig. 5. Correlation between the probability of the point reference to the required region
and the pitch between the region boundaries

- fortgy=-0,5:

p=1 2d, , dy>1.

The graph of this dependency for tg y = -2 is shown in
Fig. 5.

The graph of Figure 5 shows that the optimal pitch value
dg will be within the range from 1 to 5, as the p values
which are less than 0.5 do not allow accurately relating the
cell with the region of risk values, and the p values from
0.5 to 0.75 do not provide the presentation of results in an
accurate way. On the other hand, if the values of the range
dg do exceed 5, the function passes into saturation and the p
value increases insignificantly (it makes no sense to choose
large dg values).

It is also worth mentioning that the higher the pitch value
dg s, the bigger risk matrix shall be required to «cover» the
given number of risk categories (so that there would be at
least one cell of every risk category in the matrix). There-
fore, it is the dj value that determinates the correlation of the
number of cells of different categories in the matrix.

The maximum dg value under which the m x n matrix
shows the given number N (N > 2) of risk categories for the
slope ratio -0.5 and -2, is formulated by:

fortgy=-2:d s%; 3)

2m+n—4

-fortgy=-0,5:d, <
gy N_2

For proper interpretation of risk levels it is necessary to
observe the correlation

a’da = B dﬁa
where o-d, = B-dg is the conditional pitch of scale of
matrix risks.
The relative pitch of a risk matrix is found from the
condition:
K = k™ = o, (4)
As d,, = —tg y-dg, then it follows that
ey =-2. )
o
It should also be noted that the relative pitch K between

the boundaries of risk categories (regions of values) in
general can differ from the relative pitch & of a cell of the
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risk scale, and it depends on the dj value.

A separate task consists in the assignment of values to
the scales of frequencies and consequences attached to the
matrix cell boundaries. And the main requirement here is
the provision of necessary ranges of frequencies and con-
sequences.

Let us consider the application of the above guidelines ex-
emplified by the construction of a typical risk matrix [1] with
4 risk categories and size of 6x4 (N=4,m =6, n =4).

When selecting the slope ratio for R = const lines it is
should be taken into account that in accordance with (2) the
relative ranges of frequency and consequences of a matrix
are equal to a-m and B-n.

As per (5), for the slope ratio of —0.5 the correlation
o =2-B will be observed. Considering (1) we get that in this
case o = 2/3 and = 1/3, and relative ranges of frequency
and consequences are — 4 and 1.333.

In case the slope ratio has been chosen as being equal to
—2 we have: a = 1/3, § = 2/3, relative ranges of frequency
and consequences are — 2 and 2.667. The second variant is
more preferable as the relative ranges of the scales differ
less notably. That is why for further calculations we will
usetgy=-2.

<) d)
Fig. 6. Cells of 6x4 risk matrix with tg y =-2
anddp=1;1.5;2;2.5
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With the application of (3) let us find the maximum value
of'the pitch dp, with which the matrix of given dimensional-
ity covers 4 risk categories:

g OS5 min=2_056+4-2
B N-2 4-2

The minimum value of dg shall be taken as being equal
to entity.

Figures 6 a-d show the matrix cells with the given
parameters with dg = 1, dg = 1.5, dg = 2 and dg = 2.5
respectively. According to (2), relative pitches of the
risk scales for the present matrices are equal to 0.667;
1; 1.333 and 1.667 respectively. As it appears from the
graph in Fig. 5, precision of the results presentation
(estimated by the probability of the point hitting the
respective region of values) is 0.75; 0.833; 0.875 and
0.9 (see Fig. 5).

For the convenience of practical use the matrix shown
in Fig. 6 b is more preferable. Distribution of the cells by
the risk value ranges is steadier, and besides, as per (4), the
relative pitch K of the matrix risk scale coincides with the
relative pitch & of the cell risks. Thus for further application
let us assume dg = 1.5 and K = k.

Let us consider the assignment of numerical values to the
scales of frequency and consequences for the matrix with
the selected parameters provided that on the risk scale we
set only R,4q Value, corresponding to the boundary between
the risk categories «undesirable» and «unacceptable» (other
limit values of risk categories are received with the use of
K coefficient) (Figure 7).

2,5.

To assign numerical values to the ranges of a matrix we
need the samples of values of event frequencies and total
amounts of consequences gained by several intervals of
observation. It will give the opportunity to draw points on
this matrix that correspond to a risk level for every selected
interval of observation.

Relative range 4 of frequencies (considering margin fac-
tors apma, and a,,;,) is calculated by the formula:

A= amax K max
= —F 3
min
a

where F;,, Finax are the minimum and maximum values
of frequency of an undesirable event I a sample.

Relative range B of consequences (considering margin
factors b, and b,,;,) is calculated by the similar formula:

b, C
B - max max

Cmin ’
b

min

where Cp;, Cinax are the minimum and maximum values
of the total amount of consequences of an undesirable event
in a sample.

The required relative pitch of the risk scale is deduced
from the provision that the region of this matrix includes
the points corresponding to the minimum and maximum risk
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Fig. 7. 6x4 risk matrix with tgy=-2 and dg= 1.5

levels for the assigned samples of the values of frequencies
and total amounts of consequences:

1

K > fmax ) Cmax ) amax i bmax ﬂ
- R

ai

1

K > fmin i Cmin e
- Ry -a b

11 min

where R,q44 is the acceptable risk level;

o = 1/3 is the relative pitch of a frequency scale;

B = 2/3 is the relative pitch of a consequence scale.

Principles for defining margin factors should be considered
separately. For test calculations the values a,,x = byax = 2
and a;, = by, = 1.5 were used.

If coefficient K is selected by the first of two above men-
tioned conditions, the matrix scales are assigned beginning
with maximum levels 45 and B,:

@4)
R}loﬂ .K

max : max !
Fmax : Cmax ! amax ! b

max

R ,]{(a $)
Jo1n

max : max '
Fmax : Cmax : amax : b

max

When choosing K under the second condition the assign-
ment is done starting with minimum levels 4_; and B.,:

Fmin amin.bmin'R _K(‘*‘}g ) ’
A—B = s
amin F min Cmin

=

C. [ bpn R -K**)
Bo=7 F_-C_

min min

Afterwards the other scale levels are defined by for-
mulas:

4, =4 'K(_u); 4, =4-K%
B_ =B 'K(_B); B, =B 'KB~

Linear coordinates of the point with frequency f and
consequences ¢, in the form of displacement measured
from the bottom left corner of matrix cells (see Figure 7),
are calculated by formulas (width and height of the cell are
taken as being equal to 1):

1 f 1 c
=—1 -, =—1 — |,
a ocng(A_J Bogk(BzJ
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where a is the displacement on the frequency axis (verti-
cally);

b is the displacement on the consequence axis (horizon-
tally)

Therefore, the risk matrix gets constructed that helps to
present the risk in a quantitative way with a controllable
error.

The paper has investigated the main aspects of construct-
ing a risk matrix affecting the error of results presentation.
The application of these approaches has been exemplified by
a particular case. Their extension to matrices with different
parameters, the specification of the rules for construction of
risk matrices and criteria for selection of their parameters
are the subjects for further research.
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— He 6onee 1000 3HakoB ¢ Npobenamu.

NOoANMUCKA HA XXYPHAJ1 <HAOEXHOCTb»

Mopnucartbes Ha >xxypHan B 2016 rogy MoXHO:

e Yepes areHTcTBO «PocnevyaTb» — uHaekc 81733;

e o katanory «[Mpecca Poccuun» arentctea «Knura-Cepsuc» — nngexc 11804;

e Yepes pegakumio Ha ntoboi cpok
Ten.: 8-916-105-81-31
e-mail: E.Patrikeeva@gismps.ru
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A letter from the organisation where the author (s)
works or from the author (s) personally with the paper
offered for publication should be sent to the de facto
editorial office address: 107078, Moscow, 5 Orlikov
lane, Office 755, LLC JOURNAL DEPENDABILITY” or
e-mail: E.Patrikeeva@gismps.ru (in scanned form).
For journals of the publishing group of “IDT PUBLISH-
ERS” the paper offered for publication should be sent
to the address: 105005, Moscow, 15 Quay of Aca-
demician Tupoleyv, building 29, LLC “the publishing
house Technology» or e-mail to: knstas@yahoo.com
<mailto:knstas@yahoo.com> (in scanned form).

The letter should be attached to a paper text containing
the summary and keywords, information on authors,
bibliographic list, and one complete set of figures. All
listed items are to be presented in an electronic form
(on CD or via the e-mail address provided above).
Attention! Titles of papers, names of authors, sum-
mary and keywords must be presented, in Russian
and English languages, according to the requirements
of the Higher Attestation Commission. The information
on each author should contain the following standard
data:

e Surname, name, patronymic;

e Scientific degree, academic status, honorary title;

e Membership of relevant public unions, etc.;

¢ Place of employment, position;

e The list and numbers of Journals of IDT Publishers
in which papers of the author have been previously
published;

e Contact information.

Texts should be presented in Word 97-2003 format

in a 12-point typeface; the text should not be format-
ted. Paragraphs should be arranged by pressing the
“return” key. The text of the paper should be double-
spaced on pages of A4; on the left there should be a
margin of 2 cm; pages should be numbered, the «first
line indent» is obligatory.

All alphabetical designations represented in figures
should be explained in the body text or in a legend.
Inconsistencies between designations in figures and
in the text are inadmissible. Numbering should only
be applied to those formulas and equations that are
referred to in the text.

Simple formulas appearing directly in the text (for
example, m?, n?, ¢ =1+ DDF - A,), and the Greek
letters and symbols, for example, B, © may be typed
using the Symbol font. When it is not possible to type
directly in the text editor, use the “Microsoft Equation”
formula editor (available with the complete installation
of Microsoft Office) or the “Mathtype” formula-editing
program. Representation of formulae in the text in the
form of images is not admissible. Photos and figures
for papers should be provided in individual files with
extension TIF, EPS or JPG with a resolution of not less
than 300 dpi. The list of literature referred to in the
paper (bibliography) is presented according to order
of citation and provided at the end of paper. Refer-
ences to the literature in the text are marked by serial
numerals in square brackets.

To authors that are published in journals

of “IDT Publishers”.

In addition to the journal, information on each author
will be presented at the techizdat.ru site in the «Auth-
ors» section on the individual web page.

Authors of papers for publication have the oppor-
tunity to send an electronic photo and additional
material to appear on this individualised Internet-
business card. At their own discretion, authors can
present more details about themselves, interest-
ing examples and stories of solutions to technical
problems, about contemporary problems according
to subjects of corresponding journal, etc. This ma-
terial should not exceed 1000 characters including
spaces.

SUBSCRIPTION TO THE JOURNAL «DEPENDABILITY»

It is possible to subscribe to the journal for 2016:

e Through the agency «Rospechat»

— for the first half of the year: an index 81738;

e Under the catalogue “Press of Russia” of the agency «Books-services»:

— for half a year: anindex 11804;

* Through the editorial office:
— for any time-frame

tel.: 8-916-105-81-31; e-mail: E.Patrikeeva@gismps.ru
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KYPHAA HSOAETCS IIPH YYACTHH U ITIOOOAEPKKE

OTKPBITOI'O AKILIMOHEPHOT'O OBIIECTBA (HAYYHO-UCCAEOOBATEABCKUM U ITPOEKTHO-
KOHCTPYKTOPCKUM MHCTUTYT UHOGOPMATUSAIIMN, ABTOMATU3AILIUU U CBA3U HA
KEAEBHOAOPO2KHOM TPAHCIIOPTE»

(OAO <HMHAC»)

OAO «<HHHAC» — Benyuiee npearpuarre OAO «P2K/I»

B 00AaCTH CO3AaHHS KOMIIAEKCOB M CHCTEM ObOecIlleYeHNs
0€e30IIaCHOCTH [BUIKEHUs, VIIPABAEHUS [IBUKEHHEM,
reonH(OPMAIIIOHHOTO  O0eCHedYeHus, MOHUTOPHHTA
COCTOSIHUS IIOABHKHOIO COCTaBa U HHQPPACTPYKTYPHI
3KEeAE€3HBIX I0POT

IIean:
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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
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