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Abstract

An explicit form of reliability and economical stationary performance indexes for monotonous multicompo-
nent system with regard to its elements’ maintenance has been found. The maintenance strategy investigated
supposes preventive maintenance execution for elements that has attained certain operating time to failure.
Herewith for the time period of elements’ maintenance or restoration operable elements are not deactivated.
The problems of maintenance execution frequency optimization have been solved. For the model building
the theory of semi-Markovian processes with a common phase field of states is used.
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1. Introduction

In the process of a complex engineering system opera-
tion its components’ characteristics are deteriorating.
One of the methods of system stationary performance
indexes improvement is the preventive maintenance of
its components. From a large number of monographs and
scientific papers dealing with mathematical aspects of
systems’ maintenance the works [1-8] should be singled
out. Among other subjects, the single-component system
maintenance strategy known as “Depending-on-age res-
toration” [2] or “The rule of preventive replacement”
[1,5] is investigated in them. The essence of this strategy
is the following. The system is restored after its failure.
If it has been operating without failures for the given
time period 7, its maintenance is carried out. For this
strategy the rates of operation expenses and the availabil-
ity function have been found, the problem of definition
of maintenance execution optimal periodicity has been
solved. In the present paper this maintenance strategy is
generalized for multicomponent systems with monoto-
nous structure [2]. The examples of the systems with mo-
notonous structure are serial, parallel, parallel-serial,
serial-parallel, and bridge ones.

The goal of the present article is to define optimal val-
ues of monotonous multicomponent system’s compo-
nents operating time for the maintenance execution with
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the purpose of gaining best stationary reliability and eco-
nomical characteristics of the system.

2. The Problem Definition and Mathematical
Model Building

Let us consider N-component system with a monotonous
structure [2]. Such systems as serial, parallel, bridge sys-
tems, “P of N’ systems, the ones with the whole-seg-
regated redundancy fall into category of the system in-
vestigated.

The failure-free operation time of system’s i-element
is a random value (RV) ¢, with distribution function

(DF) F(t)=P(a, <t),i=1,N . The failure indication of

element is carried out instantly and its emergency resto-
ration (ER) which lasts random period of time S, with

DF G (t)=P(B <t), i=1,N begins. If system’s i-ele-
ment has been operating without failures for the given
time period 7,, then its maintenance, the duration of

which is RV A7 with DF G/ (t)=P(B/ <t) is to be

executed. It is assumed that all the RV are independent
and have an absolutely continuous DF and finite assem-

bly averages Ma,,M f.,M B’. There is no restoration
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queue. Both after maintenance and after ER all the reli-
ability characteristics of elements are completely re-
stored. The operating time to failure level 7, for sys-
tem’s i-element maintenance is determined both after
maintenance and after ER. Elements’ deactivation and
activation in the system are carried out instantly. The
income per time unit of system’s good state, expenses
per time unit of emergency restoration and of system’s i-

element maintenance are equal respectively ¢/, ¢, and
¢’ i=1LN.

The system is in up state only then when at least one
of the serial structures of minimal path [2] is also in up
state. The system is considered to be in down state when
at least one of the parallel structures of minimal section
[2] is in down state (owing to its elements’ maintenance
or ER). It is assumed that neither ER nor maintenance of
any element results in deactivation of the operable ele-
ments that are functionally connected with the failed
component and do not belong to any other up-state path.

The task is to determine the following system’s per-
formance indexes: stationary steady state availability
factor K, (z,,...,7y), mean specific income S(z,,...,7y)
per calendar time unit, and mean specific expenses
C(ty,...,Ty) per time unit of system’s good state. It is

also necessary to determine the values of elements’ oper-
ating time 7,. On attaining these values elements’ main-
tenance should be executed to optimize the above-
mentioned system performance indexes.

Time diagram of system operation is shown in Figure
1.

Let us describe the system operation by means of se-
mi-Markovian process &(¢) with discretely continuous

phase field of states [9,10]

E ={i3;“>;, i=1,N}

where the components of vector d = (d,,...,d, ) indicate

Figure 1. Time diagram of multicomponent system opera-
tion without deactivation of elements with regard to their
maintenance in age.
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physical state of elements: d, =1 — k points out that 4-
element is in up state, d, =0 indicates ER state of it,
d, =2 signifies its maintenance state; i is the number of
element, which was last to change its physical state. The
components of vector " record time period between

the moment of i-element’s last state change and the near-
est moments of the rest of elements’ state change respec-

tively (x, =0) . If d, =1 then X, is time till the next
emergency failure of k-element. The components of vec-
tor u = (u,,...,u, ) are equal to the values of respective
elements’ operating time from the moment of their ER or
maintenance. If d, =2 then it is considered that u, =7, .

At the moment of i-element’s up state restoration after its
maintenance or ER its operating time is equal to zero:
u,=0.

Time periods of system’s dwelling in its states are de-
fined by ratios:

_ ()
97—«);—7,' AA X A (Tk_uk)’

idx k=i " kel

where A is a sign of minimum; Q! is a set of numbers

of vector d components that are equal to 1,

a, d =1,
}/I_(d') = 'BI_’ di :O’
P d =2.

Let us describe the probabilities (probability densities)
of embedded Markovian chain (EMC) {¢,, n>0} tran-

sition. It is necessary to note that i-element can change
its physical state 1 into the state 0 (ER) and into the state
2 (maintenance) but the states 0 and 2 can be changed
only into the state 1.

k#i

Let us indicate z, = A x, /\klg\11 (7, —u,) and let Q,
€Qy

Q] be sets of numbers of vector d components that are

equal to 0 and 2, respectively. The state i%mu, i=LLN
admits the following transitions:

— == ., .
1) to the set of states id" x u’, d/#2 with the prob-

(i) =
ability density of transition pfg,’f“,“ =y (z, - y),
where y <z, ' (-) is the density of probability dis-

tribution of RV 7%’

’

d, =d, xk' =x,—(z,—y), k#i,
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1
u +z,—-y, keQ,,

u, = u, keQ),
Tes keQ;
k#i,
. 1
vz, ieQ,,
U= . 0 2
0, ieQ,UQy;

7 D= / .
2) to the set of states id' x" 'u', d,=1, d/=2, with

L. . S —
transition  probability P’E",jﬁ)," =Fi(r;—u;), where
iax u

’

!
d, =d,,x, =x, -1, k#1,
1
u, +7,, keQ,,
’

_ 0
u, = U, keQ,,
2,
Tt keQy;

—H—

3) to the set of states jd' x' u', j+#i, with the

jI;(/)

-
u

probability density of transition p =y (z,+y),

iax"u
where

y>0,d,=d k#j,x =y, x, =x,—z, k#i,],

i

u;+z, jeQl, d;#2,
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Theorem. The stationary distribution p(-) of EMC
{&,,n>0} is defined by the following expressions: as

the Equation (1).

One can check this statement validity by the direct
substitution of expression (1) to the set of integral equa-
tions, determining the stationary distribution of EMC.

3. Definition of System Stationary
Characteristics

Let us divide the phase field £ of system states into two
non-overlapping subsets £, and E ; E, is a subset of

up states, £_ is a subset of down states:

E :{iwa,zea, i:I,_N} ,

.

Here D, (D_)- is a set of vectors d the components

E :{%(”Z, deD, i=1N

of which are equal to the codes of physical states of
(down) states E, (£_). One should note that element’s

maintenance is referred to the down states.
Mean stationary operating time to failure 7, , mean

stationary restoration time 7, and stationary steady state
availability factor (SSAF) K, will be defined with the
help of formulas [9,10]

u;, = 75 jeQl, d;=2,
. m(z)p(dz
0, jeQlu?, . EI )p(dz)
u, +z, keQl, " j p(dz)P(z,E.)
' E,
w, =1 u, keQl), k=j
: [ m(2)p(dz)
7., keQp, 7ok )
Let us assume that the conditions of stationary distri- E.[ pUz)P(z,E,)
bution [9,10] existence and uniqueness for EMC B T
{&,,n>0} are fulfilled. The following theorem takes K, = 7 J: 7
place. o
- =P = .
P H i@ )Gr(x,) H Sy +x,) H Gr(x ) (7,), i ¢ Q:i’ x, =0,
keﬂg keQb keﬂfl
plidx"u)-
= =P = . .
P H i@ )Gi(x,) H Jilu, +x,) H Gi(x)F (1), i € Qiza i=LN, (1)
kEQS kel kEQ?]
k=i
-1
1 N N [ %k ___ J—
p=5| 2 TI| [ Fwddu +MBLF(5,)+ M B Fi ()
Copyright © 2010 SciRes. 1M
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where p(-) is the stationary distribution of EMC
{&,,n>0}, m(z) are mean time periods of system’s
dwelling in its states, P(z,E,) (P(z,E.)) are pro-
babilities of EMC {&,,n >0} transition from down (up)

states to up (down) states.
With regard to the stationary distribution of EMC (1)
the Formula (2) is transformed into:

> 179 @)

deD, k=1
T (7)5sTy) = ~ R 3)
DIEDIN | EANCY
deD) jeG(d) k=1
k#j
T (1),...Ty) =

Y (154

deD_ k=1

N — N
d, d,
1Y FEEIITY o+ Y Fiapl 5% @)
deD! | jely(d) k=1 jely(d) k=1

k#j k#j

4)
N
2 HTk(d“(z'k)
z HTk(d”(rk)
deD k=1
N
Z HTk(dk)(Tk)
= dED+ k=1 (5)

E)

[5G0+ T )+ T(,))

k=1
T
1" () = [ Fi(oyt,
0
72(0)(71() =F ()M p,,
()= Fx(z )M B! .
Here D; is a set of system’s borderline physical up
states, that is a set of such vectors d e D, that any com-

ponent change from 1 to 0 or to 2 transfers vector d to
the set D_; G(d) is a set of such numbers of vector
de D! components that any component change from 1
to 0 or to 2 transforms vector d to the set D ;D'isa
set of system’s borderline down states, that is a set of

such vectors d € D_ that any component change from 0
or 2 to 1 transforms vector d to the set D

+

I,(d)(1,(d)) is a set of such numbers of vector deD'
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components that any component change from 0 (2) to 1
transforms vector d to the set D, .

Remark. If passive strategy of elements’ maintenance
is executed, i.e., elements’ maintenance is not carried out,
then the Formulas (3)-(5) coincide with respective sta-
tionary characteristics of restorable systems [9,10]. It
becomes clear when taking into account that:

MPB,, d, =0,
lim 7% (z,)={ Ma,, d, =1,
e 0, d =2

s k .

Let us define system stationary characteristics 7, (z,,
Ty ), I (7,..57y), K, (7,,...,T)) using SSAF K,(z;) of
elements that are defined by Formulas [1,2]:

Tff[(s)ds
Ki (Ti) = - 0
[ F(s)ds+M B! F(z,)+ M BF(x,)
0

,i=LN.

Let M,,...,M, be all the different sets of elements of

system paths [2]. One should note that according to the
definition the elements not belonging to the set of ele-
ments of path is in down state, i.e., are in a state 0 or 2.

M), i=1,0" are the sets of borderline paths elements;

GM)), i= 1@’ is a set of borderline path M/ elements

that correspond to the numbers of elements, the transition
of which from up to down state, leads to the whole sys-

tem failure. The sets @, i =1,_s are the ones of section
elements; @], i =Gare the sets of borderline section

elements; I(D)), i :ﬁ is a set of borderline section
®! elements that correspond to the numbers of the ele-

ments, the transition of which from down to up state
leads to the whole system restoration.

Formulas (3)-(5) transformation of averages products’
sums and some other elementary transformations lead to
the following result:

ZM: H Kn(Tn)H (I_Kn(fn))

T2 7y) = " . (6)
. H Kn(rn)H(l—Kn(z'n))
neM; ngM;
i=1 jeG(M}) T/(l) (Tj)
s N
Z H Kﬂ (T" ) H (1 - Kn (Tn ))
T7 (Tl ,...,TN) _ i=1 ngd; - ned; , (7)
s H Kn(z-n)H (I—K"(T"))
negd; ned;
i=1 jel(®}) T]-(O) (z))+ T,-(Z) (z;)
M
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K, (7,0 Ty) = i [1K.G@)]](1-K,(z))

i=l neM; neM; (8)
= ¢(K| (Tl ):-"»KN (TN))'

Here the structural function of the system ¢(z,,...,z,)
is given in a disjunctive normal form but it can be intro-
duced in many different equivalent forms, for example,
in a linear one [2,11].

To define mean specific income S(z;,...,7,) per cal-
endar time unit and mean specific expenses C(z,,...,7y)

per time unit of system’s good state, the formulas [12]
will be used

[m@)f,(2)ptdz)  [m(2)f.(2)p(dz)
S== C== ©)
[m(2)p(dz)

[ m(z)p(dz)
E+
where f,(z), f.(z) are the functions defining income

and expenses respectively in every state.

With regard to indications introduced in the model
building part of the article the functions f,(z) and f.(z)
gain the bottom form:

After some transformations the Formula (9) will be as
following:

N
S(,ty) =2.5,(7,) 5
i=1

X G ()K,(7)

C(tyesTy )= ) ————, 10

( : N) ;Ku(rl,...,r]v) (10)
T )= T (2)—c"T? (2,

Where Si(Ti)=Cl i (Tz) cz i (Tz) Cl i (Tz) iS mean

0@+ () + 17 (7))
specific income of i-element per calendar time unit and

(o) GT @)+ T @)
(5)=0

are mean specific expen-

ses per time unit of i-element’s good state. One should
note that in [2] the value of mean specific expenses

C,(7;) is called “operating expenses rate” and is pre-

sented in the following form:

C (Ti ) = cipMﬂip]p(Ti) +eMBI, (7)),

where
1 E(z,
Ih(Ti):M(T):Tk_ ) ’
h\%i IF;(S)dS
0
F(z,
1 (7)= ! = (#) are respectively an average
pr M (T) Tk
P [ F(syds
0

number of ER and maintenance per time unit; M, (7,),
M ,(z;) are assembly averages of time period between

ER and maintenance of i-element.

Hereafter let us write down stationary characteristics
of multicomponent systems with concrete structures and
with regard to their elements’ maintenance in age.

Stationary characteristics of serial system. The
block scheme of N-component serial system is shown in
Figure 2.

Let us use the ratios (6)-(8). The system has a single

borderline path: M, :M]’ ={1,2,...,N}. Emergency
failure of any element or its maintenance leads to the
whole system failure, that is why G(Ml,) ={1,2,..,N}.
The structural function of the system ¢(z,,...,z, ) is the fo-

N
llowing one: ¢(z,,...,zy) = | z,. Thus, mean stationary
k=1

1 2 N [—

Figure 2. Block scheme of serial system.

Y- o, { ,-3;“);}, i=LN, if Q. =0,

ke keQ

£(2)

kel ke keQ?

Zc,?—ch—Zc,f, ze

{ﬁ”;}, i=LN, if Q%0

S+ Y el ze{ idx"u } i=LN, if QLU %2,

f (z) _ ) ke keQ
<

——(i)—

0, ze{idx u},i=1,_N, if QUQ;=0.
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operating time to failure 7, (z,,...,7,), mean stationary
restoration time 7 (7,,...,7,) and stationary steady state
availability factor of the system K (z,,...,7,) are defined

by the following expressions:
-1
LA

T+(T1’.”’TN):|:;T_(T(T_):| = Zl|:JLF1(t)dt:| .

{ i Kl.(rl.)] -1
T_(z’l,...,r,\,):"ZIN—1
27

=1 (T)

i

7,

[ Fi(s)ds+ MBI Fi(r,)+ MBF(z)

N
I -1
i=1

T F(s)ds
0

i{f F,(s)d{l

i=l] ¢
N
K, (t),....Ty) = HKl. (z;)
i=1
[ F(s)ds

N
— I I 0
L 17

[ F()ds+ MBI E () + MBF(z,)

The system mean specific income per calendar time
unit and mean specific expenses per time unit of sys-
tem’s good state are estimated with the help of ratios:

St Ty) = iS; (Tf)’
C(r)yeenTy) = ﬁ:,\,q&’
= HKn (Tn)

n=1

n#i

Stationary characteritics of parallel system. In Fig-
ure 3 the block scheme of N-component redundant sys-
tem of integer multiplicity with active reserve is shown.

The system has a single borderline section: @, = CDI,

=7 (<I),’) ={1,..,N }. In this case the structural function
of the be &(z,....zy)

N
=1-] [ (1-z,). According to the Formulas (6)-(8), (10)
k=1

system  @(z,,...,zy) will

system stationary performance indexes are defined by the
equations:

Copyright © 2010 SciRes.

{ﬁ(l—Kﬂ (Tn))}l -1

n=l1

i 1
=70+ T ()

J=tEg

T (7),....Ty) =

S FE@dsMBTEE)+ MBEG)
[1° -1

m MPBIE()+MBFE()
Y[ MBE@)+MBER)]

i=

1
v 1

2

STO)+T (1))

T (7),.0sTy) =

= [ﬁ[M,BipFi(Ti)‘*'MﬂiE(Ti)Jl}_ >

i=1

K, (7,....T7y) = l—ﬁ(l—Kn(rn))

n=1

[ MPEC)MBE@)

- f F(s)ds +M B/ F(z,) + M BF(z)

i

N
S(t)5enTy) = ZSf (Ti)’
in1

C(Tl,...,TN) :i C]:;'(Ti)Ki(Tf)

izll—H(l—Kﬂ(rn))

Stationary characteristics of parallel-serial system.
The block scheme of parallel-serial system is shown in
Figure 4.

It includes L serial chains with parallel connection.
Each i-chain consists of N, elements in series. In this

instance the structural function of the system ¢(z,,,

s Zpy, ) 18 as follows:

L

Figure 3. Block scheme of parallel system.
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_ G g S ﬁ
I 21 22 |l— wma: 2N,

Figure 5. Block scheme of serial-parallel system.

o
3

L | 11 e ... — I

Figure 4. Block scheme of parallel-serial system. . v,
P22y, ) = H[l -1]a-z,, ] According to (8),
i=1 n=l1

(10) system stationary characteristics can be estimated
in the following way:

P21 2,y, ) = 1= H[l Hsz The ratios (8), (10)

for stationary characteristics estimation of this structure
are transformed into the following expressions:

L N
Ku (TIIJ"'3TNLL) = H[l _H(l _K”i(T’”))
i=1 n=1

%/

L

N;
Ktt(Tll""’TLNL)ZI_H(I_HK"”(T"”)J’ L N
i=1 n=1 S(Tll,...,TNLL):Z ZSni(Tni)’
i=l n=1

L N;

S =20 35 (7)) LN Gz, K ()
o Tnt ni Tnl
LNC @) =2 X5 :

: H1(Tl )Km(T ) =l n=1

C(TII’ TLN z N H H H(l Km(Tnl))

i=1 n:ll H(l K”,(T, ) i=1 n=1
=1

where Km.(rm.),Sni(rm.),Cm.(rm.) are stationary

where K, (r,.n ), S, (r,.n ), C, (r,.”) are stationary SSAF,

mean specific income of i-chain’s n -element per calen-
dar time unit and mean specific expenses per time unit of
this element’s good state respectively:

SSAF, mean specific income of i-unit’s 7 -element per
calendar time unit and mean specific expenses per time
unit of this element’s good state respectively:

@]
K (T )_ T(l)(Tm) K .(T ,): T (Tm)
L @)+ T @)+ T @) ) e TP e T )
O (0) (2)
T(l)(T ) c. T(O)(T ) C‘DT(Z)(T ) S (T )_ /117—;11 (Tni) CIHT;H (Tni) c:zTnl (Tni)
S[n (T’.n)_ ln in 1 in in (z)n in 1211 in in , ni ni ] — T(l)('z' .)+T(,0)(T ,)+T(2)(T )
Tz(n)(z—in)_i_]:(n)(rin)—}_];(n)(Tin) " " " " " "
Tz, )+ T (x,,
c ( ) m]:(,lO)(T' )+C,p,,]:(”2)(r,‘n) Cmv( m.)_ Cuilni ( Vll(])) Coilni ( nl)’
in Tin = > T
71'511)(2-[”) ( Vlt)
jgu— T“) T,.)= mF. s)ds,
10 = [ Fob, =R
711('2) (Tm') = Mpr F (Tm )’

l" (Tln) Mﬁln ll1(Tln)
Tz"(nO)(Tin) = MﬂinF;'n (Tin)'

Stationary characteristics of serial-parallel system.
In Figure 5 the block scheme of serial-parallel system is
represented.

It consists of L units in series. Each i-unit includes N.

1

71}'1(0) (Tm ) Mﬁm ni (Tni )

4. Optimization of Elements Maintenance
Terms

The task of defining optimal system’s performance in-
dexes is reduced to the definition of absolute extremums
of the functions (8) and (10). It is necessary to note that

parallel elements. In this case the structural function of
the system ¢(z,,,...,z ;) 18

Copyright © 2010 SciRes. 1M
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for gaining maximum values of system SSAF K,

(Tyseens
obligatory and sufficient to optimize the value of each
system element’s operation time for its maintenance exe-
cution, which is not valid for system’s minimum mean
specific expenses C(z,,...,Ty) .

Equaling the partial derivatives of the functions
K, (7),.nty), S(7y5e7y ) and C(7,...,

get the systems of equations defining optimal values of

7y) and mean specific income S(z,,...,7y) it is

7)) to zero we

Y. E. OBZHERIN ET AL.

qualities fulfillment (it is supposed that A,(0) =0 for
the system (13)).

2 () Ma, > =LV,

—, l
1 1 Mﬁl —Mﬁlp
In case of systems of equations’ unique solutions ex-

istence, optimal values of system performance indexes
are defined by the following formulas:

K s = (K, (), Ky (21)))

operating time ¢/, ¢/, 77, i=1,N: K.(2) = Fi(r,.k)
% Mp; S R MB MBS
(r.)[F@dt-F(r,)=——"——, i=LLN, (1) N
0 Mp; —Mp; S =Z (7)),
as the Equat10nsf(22)) and (13) . ¢ F,-(Ti Y= (c,M B —c"MBY)f (") (14
Here 4,(¢) = ( is the continuous failure rate of )= E(Tf) +(MB -MB)f(z)) ’
i N
i -element. pye (Tf) K, (z'l.c)
The sufficient condition for the systems of Equations =
(11), (13) finite solutions existence is respective ine- K, (Tf ,-~-,T§"V)
i__ _ P P P 0 p _
o) [Rwar —E AR () - R i=1V. (12)
0 (¢ +cIMPB, = (c! +c)M Bf (¢, +c M B ~(c! +cMB”
1 (c. —c?)M BM BF 0
Az F@)dt +——— ! ~—|-F(7,)———Ing(K,(7)),... K, (r,))X
(,)U (0) ST RIVYT H(z) K P(K, (7)), K (7y))
N MB’ —MB T M B?
x| €K () | 'B’—p b » ﬂi(ff)_[E(t)d’_E‘(Ti) + ﬂlp v
J=1 CiMﬂi_ci Mﬁz 0 ciMﬁi_ciMﬂi
__ qgMp
MB—c!MB;” (13)
i=1,N.
S —cPYMpPB.MB? C+c)MB,
(c; +e, )MB, = (¢! +c; ) MBS (c;+e, )MPB, —(c] +c; ) MBS
2,(0)(c;, —c/YMB, <c! +c), i=1LN,
(cMB —c!MBP) (A () Ma, ~1)+ A () (¢, ~c/ M BM B! -
N cMPpB.
—ilnq{ Ma, | Ma jz MP, [(Mpr -MB,)(4 () Ma,~1)+ M B! |>
oK, Moy, +MpB—— May+Mpy )55 Ma,+Mp,
>ctMpB?, i:W
Copyright © 2010 SciRes. 1M
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Table 1. System initial data.

No i 0 Ma,, h MB .k MBI o o -
cu.lh cu.lh cu.lh
1 2 50 44311 5 1 5 1 0.2
2 3 15 13.395 3 1 7 3 2
3 4 20 18.128 4 0.5 9 3 1
Table 2. Calculation results.
max 00 max 00
Ne r,.k,h K™ Ky o', h ST 57 i, h ™ ¢
cu.lh cu.lh cu.lh cu.lh
25.533 23.131 15.608
2 9.548 0916 0.869 8.982 18.553 16.393 7.694 0.507 1.373
3 9.354 8.852 6.909
y“71 [ ; ]71’
: t o . TS
2 o= 0L e isis
o 6
1 Initial data and calculation results are represented in
3 the Tables 1 and 2.
Here K, S*, C” denote system performance in-

Figure 6. System block scheme for an example.

If the systems of equations have several solutions, op-
timal values of system performance indexes are found by
substituting each one to the formula for the case of
unique solution with subsequent choice of the best vari-
ant. The absence of roots of any i -equation of the sys-

tems (11), (12) denotes that the function K,(z'l.)(S,(z'l.))

is a monotone one and its extremum is attained un-

der 7, > oo . In this case it should be assumed that
Ma, ‘Ma, —c,Mp,
Mo, +Mp, Mo, +Mp,
Formula (14).

If the system of Equation (13) doesn’t have any solu-
tions, all the possible functions that result from (10) after
the substitution of

Ma, M B,

Ko)y=—M% )= MA

Ma,+Mp, Mae,
should be analyzed for absolute minimum. Extremum
attainment under 7, — oo signifies that it is not expedi-

ent to execute I -element’s maintenance because it dete-
riorates system performance indexes.

In conclusion an example of optimal maintenance exe-
cution terms definition for three-component system with
the structure represented in Figure 6 will be given. Its
elements’ operating time to failure is disposed according
to the law of Veibull-Gnedenko with densities:

Copyright © 2010 SciRes.

dexes in case if elements’ maintenance is not carried out.
The elements’ maintenance execution increases these
indexes for 5.406%, 13.178%, 63.068% respectively.

5. Conclusions

In the present paper semi-Markovian model of operation
of multicomponent restorable system with monotonous
structure, which takes into account its elements’ main-
tenance execution depending on the values of operating
time to failure, has been built. With the help of this
model the reliability and economical stationary chara-
cteristics of the system with a general form of elements’
time to failure and restoration time distributions have
been defined. These characteristics are explicitly depen-
dent on the periodicity of system of system elements’
maintenance execution. This fact allows solving the pro-
blems of the above-mentioned characteristics’ improve-
ment. For a single-component system the quality indexes
found coincide with the formerly known ones [1,2]. In
case when elements’ maintenance is not carried out
(7, > =), the stationary indexes coincide with the ones

found in [9,10] for restorable systems. In prospect the
analogical model of maintenance of multicomponent
system operating under the condition of elements’ deac-
tivation will be built by the authors.

6. References

[1] R. E. Barlow and F. Proschan, “Mathematical Theory of

1M



456

Y. E. OBZHERIN ET AL.

Reliability,” John Wiley and Sons, New York, 1965.

F. Baichelt and P. Franken, “Reliability and Maintenance:
A Mathematical Approach,” Radio and Communication,
Moscow, 1988.

Y. Y. Barzilovich and V. A. Kashtanov “Some Mathe-
matical Aspects of Complex Systems’ Maintenance The-
ory,” Soviet Radio, Moscow,1967.

1. B. Gertsbakh, “Models of Preventive Maintenance,”
North Holland Publishing Company, Amsterdam, New
York, 1977.

R. E. Barlow and L. Hunter, “Optimum Preventive Main-
tenance Policies,” Operations Research, Vol. 8, No. 1,
1960, pp. 90-100.

C. Valdez-Flores and R. M. Feldman, “A Survey of Pre-
ventive Maintenance Models for Stochastically Deterio-
rating Single-Unit Systems,” Naval Research Logistics,

Vol. 36, No. 4, 1989, pp. 419-446.

Copyright © 2010 SciRes.

[7]

[10]

[11]

[12]

D. I. Cho and M. Parlar, “A Survey of Maintenance
Models for Multi-Unit Systems,” European Journal of
Operational Research, Vol. 51, No. 2, 1991, pp. 1-23.

R. Dekker and R. A. Wildeman, “A Review of Multi-
Component Maintenance Models with Economic De-
pendence,” Mathematical Methods of Operations Resear-
ch, Vol. 45, No. 3, 1997, pp. 411-435.

V. S. Korolyuk and A. F. Turbin, “Markovian Restoration
Processes in the Problems of System Reliability,”
Naukova dumka, Kiev, 1982.

A. N. Korlat, V. N. Kuznetsov, M. I. Novikov and A. F.
Turbin, “Semi-Markovian Models of Restorable and Ser-
vice Systems,” Kishinev, Shtiintsa, 1991.

A. M. Polovko and S. V. Gurov, “Bases of Reliability
Theory,” Saint Petersburg, 2006.

V. M. Shurenkov, “Ergodic Markovian Processes,” Nauka,
Moscow, 1989.

1M




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.66667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.66667
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 807.874]
>> setpagedevice


