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Mathematical Institute, Wroclaw University,
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Abstract. This paper deals with the regenerative reliability system
in terms of the birth and death process n(¢). Using the first transition
time between two fixed states, the conservative breakdown process
a(t) of the system is defined in such a way that the system falls into
the breakdown state when n(t) attains the upper limit state and falls
into the working state when n(t) attains the lower limit state. The
conservative breakdown process and the corresponding “k-out-of-n”
breakdown process are compared. It is concluded that the conservative
process is more stable when considering the coefficient of variation of
the working or breakdown time and also in the sense of forming the
clusters of “on” and “off” changes in time ¢.

1. Conservative breakdown processes

Let n(t), t > 0, denote the birth and death process defined on the state set
{0,1,..., N}, (N finite or infinite) with the birth rate A, and the death rate
i, when n(t) = n. We consider that each state of the process is transitive,
that is, we assume that A; > 0, p;01 > 0, and ¢ = 0,1,..., N — 1. If N is
infinite then the conditions for stationarity and ergodicity of the process are
assumed (see [2]):

oo oo 1 n
ZQ,H,<OO, Z Zﬁi:oo
n=0 n=0 )‘”9” i=0
where
n—1 )\’L
bo=1, 0, = ,
i=0 i1

Let us consider the process to be right-continuous, n(0) = 0, and let
0 < L <U < N be fixed integers. Let us define the conservative alternating
process a(t), t > 0, in the following way.
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1. a(0) = 1.
2. Ifn(r) < U for 0 <7 <t, n(t) =U, then a(r) =1 for 0 < 7 < t,
a(t) =0.

3. If a(ty) = 0, n(r) > L for ty < 7 < t, n(t) = L, then a(r) = 0 for
o <7<t a(t)=1.

4. If a(ty) = 1, n(r) < U for ty < 7 < t, n(t) = U, then a(r) = 1 for
to <7 <t,a(t)=0.

The realization of a birth and death process and the conservative alter-
nating process corresponding to it for L = 1 and U = 4 are given in Figure 1.

The reliability interpretation of our processes is as follows. Let us consider
a system of N elements, let n(t) denote the number of failed elements in the
system and let a(t) denote the state of the system in time ¢. Note that if
L = U —1 then the system has the “U-out-of-N" structure. Let T}, k # n,
denote the first transition time from state k to state n. In the conservative
alternating process (excluding the working time of the system starting at
t = 0) the working times are a sequence of probabilistic copies of a random
variable T7, 7, the breakdown times are a sequence of probabilistic copies
of a random variable Ty ;. The properties of the birth and death process
also guarantee that consecutive working and breakdown times are mutually
independent.

The reliability system is characterized by probability distribution func-
tions of the working and breakdown times. Two reliability characteristics of
the distributions are considered: the moments of the probability distribution
functions and the probability of a system failure in the initial phase of the
working time of the system. The moments are useful when describing the
regenerative system. The other characteristics are useful when the system
has to work in fixed time only and its further existence is not of interest [4].

n(t)

0 | |
tine t

Figure 1: The realization of a birth and death process and the alter-
nating conservative process.
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Note that for the birth and death type random walk the first transition
time to the given state set has a large variability. Nevertheless, in the se-
quence of consecutive sojourn times in the given state, sets are stochastically
independent but in time ¢ clusters of “on” and “off” changes are observed.
The examples show that the conservative system is more stable than the cor-
responding “k-out-of-n” system when considering the coefficient of variation
of the first transition times and also in the sense of the formation of clusters.

2. Basic mathematical equations

Let n > 0 be a fixed integer. Using a semi-Markov process as the structure of
a birth and death process the following equalities are satisfied in distributions:

d
Ton = €0+ T,

Tk,n g er + (1 - 5k)Tk71,n + 5ka+1,na k= 13 27 s, 17 (1)

where T,,,, = 0, all random variables (ex, ok, Tk—1,, Tk+1,,) are mutually
independent, ey is exponentially distributed with parameter Ay + i, and &g
is the binary random variable, P(0;, = 1) = pp = A/ (M + i), P(0p = 0) =
G =1—ps.

System (1) enables the analysis of moments of the first transition times,
the distribution functions of the preceding random variables, and estimation
of the distribution function.

2.1 Laplace-Stieltjes transform of the distribution

Let fi,.(s) = E(exp(—5Tk,)), Re(s) > 0, denote the Laplace-Stieltjes trans-
form of the distribution Fy,(z) = P(T}, < z), x > 0. From system (1) we
find the following (see also [1, 2]).

Proposition 1. If k < n, then

(S + AO)f(ﬁ)ﬁ,n(s) - )‘Ofl*,n(s) = 07
— i1 (8) + (s 4 A+ 1) 1 (8) = Aefipan(s) =0,

k=1,2,...,n—1, where f (s) = 1.

2.2 Moments
Let us denote my, = E(Thy), 04, = Var(Tin).

Theorem 1. If k < n, then

n—1
_ 2 . '
mkﬂ_zdj> Uk,n—zcj, k=0,1,...,n—1;
Jj=k
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0
Uj:/ljd2-71+)\jd2- ]:071,

2.3 Estimation of the distribution function

Let frn = F},, denote the density of probability distribution function Fy,,.

Theorem 2. Ifz > 0, then

Fusal) = 3 B B 0@, a0 @)

where

n—1

k k
r(1)kn H )‘17 szjgfl,r)z_ Bn kn Z ()‘J+MJ)

j=n—k j=n—k

Remark

Let >4 denote the ordering of the random variables in distribution (i.e.,
X = Y it P(X > z) > P(Y > z)). From system (1) it follows that
Thm >a €k +0xThy1,n, hence Ty, =q ep+0pepi1+-- -+ (0k - - - 0p_2)e,_1, Where
er, O are as defined in system (1). It may be verified that the estimation,
equation (3), is a consequence of the above ordering, hence it is an upper
estimation.

2.4 Supplementary results

If £ > n and N is fixed, then T}, may be given using the process n(t) =
N —n(t), t >0, for which \; = uy_4, i = An—y, = 0,1,..., N. Hence the
equality T}, 4 }L’,; follows, where k = N —n, n = N — k.

Proposition 2. If n(t), t > 0, is the stationary birth and death process,
then the conservative alternating process a(t), t > 0, is stationary too and

E(Trv) (S SEAR
Pla(t) =1) = E(Ty ) + %(TUL) B (Z E i_zopi) (FZL AJp]) ’

where p; = P(n(t) = j) = 0;(372, 0,)7,j=0,1,...,U — 1.
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Table 1: The expected values of T} ,,.

k\n 1 2 3 4 5 6 7 8 9
0 |0.111 0.250 0433 0.690 1.097 1.855 3.704 10.676 67.454
1 0.139 0.321 0.579 0.986 1.744 3.593 10.565 67.343
2 0.183 0.440 0.847 1.605 3.454 10.426 67.204
3 0.258 0.664 1.422 3.271 10.244 67.021
4 0.406 1.164 3.013 9.986 66.763
5 0.758 2.607  9.579 66.357
6 1.849 8.821 65.599
7 6.972 63.750
8 56.778

Table 2: The coeflicients of variation Var'/2 (Tiem)/E(Tk ) of Tg .

k\n 1 2 3 4 5 6 7 8 9
0 | 1.000 0.745 0.654 0.624 0.637 0.692 0.789 0.904 0.982
1 1.077 0.809 0.719 0.700 0.734 0.813 0.914 0.983
2 1.165 0.882 0.796 0.792 0.844 0.926 0.985
3 1.261 0.962 0.881 0.889 0.942 0.988
4 1.355 1.039 0.959 0.966 0.992
5 1.421 1.088 1.005 0.998
6 1.419 1.085 1.009
7 1.320 1.038
8 1.154

3. Example

Let N > 1 be a fixed integer, A, = (N —n)A, g, = nu,n=0,1,...,N. Then
n(t) £ SN, a;(t), where a;(t), i = 1,2,..., N, are the breakdown processes of
independent elements for which the working time is exponentially distributed
with parameter A and the breakdown time is exponentially distributed with
parameter pu.

Tables 1 and 2 give the expected value and the coefficient of variation
of the random variables Ty, for N = 9, A = p = 1. It is proved [1,3]
that the probability distribution function of the first transition times to the
given state, under a suitably defined passing to the limit, is exponentially
distributed. The sufficient condition for this conjecture is limit 1 for the
coefficient of variation.

The diagonal of Table 2 shows that if n increases then the coefficient of
variation of the “n-out-of-N” systems tends to 1 rather slowly. The special
examples also give this index for the conservative systems and corresponding
“k-out-of-n” systems. Let N =9, L =4, U =5, A = = 1. For the 5
out-of-9 system we have T} 5 4 Ty, E(Tys) = 0.406, Var'/2(T,5)/E(Ty5) =
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1.355, and for the conservative system we have T 4 Tss, E(T36) = 1.422,
Var'/?(T36)/E(Ts6) = 0.881. In both cases the stationary probability of
working state of the system is P(a(t) = 1) = 0.5.

In the asymmetry case let us consider the k-out-of-n system in which the
working time is T5 g and the breakdown time is T5 4. We have E(T56) = 0.758,
E(T34) = 0.258, Var'/?(Ts ) /E(Ts6) = 1.421, Var'/?(T3,)/E(T34) = 1.261.
For the conservative system let us assume 77 for the working time and
Ty ;5 for the breakdown time. We have E(Ty7) = 3.013, E(Ty;) = 0.847,
Var/?(Ty7)/E(Ty7) = 0.959, Var/2(Ty5) /E(Ty5) = 0.796.

Now the stationary probability of working state of the system P(a(t) = 1)
changes from 0.746 in the first case to 0.781 in the second.

Now we consider the problem of estimation of the probability distribution
function of the first passage time. From Theorem 2 we obtain

1
Fys(x) = Mz — 5)\4()\4 + pa)2? 4 o(2?),
1 5 1
Fye(x) = g)\3/\4)\5$5 - ﬂ)\3/\4/\5()\3 + 3+ Mg g+ As + ps)zt +o(a?).

For the working time of the 4-out-of-9 system we have Fj 5(z) = 5z —22.52%+
o(x?), and for the working time of the conservative system we have Fzg(z) =
2023 — 1352% + o(z*). Let x = 0.0222. Then Fy5(x) = 0.1, F36(z) = 0.0002.

The example shows that under a similar probability of the working state
of the system the conservative system is more stable in the sense that the
changes “on” and “off” are not cluster forming.

Appendix

Proof of Proposition 1. From system (1) there immediately follows

R
fO,n(S) - s+ )\Ofl,n(s)a
. A+ L . .
fk,n(s) = m(Qk.fk—ln(s) +pkfk+l,n(s))7 k= 17 27 sy 17

where f(s) = 1. Transforming it we find equation (2). m

Proof of Theorem 1. Taking in system (1) the expected value we find

mon = + min,

=%

Min

n= + @M1+ DEMs 10, k=1,2,...,n—1,
A+ L

where m,,,, = 0.
Transforming this we find

)‘OmO,n - )‘Oml,n =1,

—peMp—1m + (Mg F L) Mgy — AgMypey1, = 1.
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We now introduce the notation di, = Mg, — Met1,., kK = 0,1,...,n — 1.
From the above we find
1
don = I Ml — prdi—1n =1, k=1,2,...,n—1
0
Hence

Zkzo 92‘ s
Ay = =207 w= Y dj
=g M=l
Let m<2> E(T%,,). Taking the square in system (1) and next taking the
expected value, because 02 =0k, (1= 6,)2 =1 — 0, k(1 — ;) =0, we find

2 2 2
mé% = E(ei) + kaézl,n + pkm;(H)Ln + 2E(er) (qrmu—1,n + DeMisin)-

Introducing the variances we find

UZ,TL + mim = ) =+ Qk(o-l%—l,n + mz—l,n) + pk(gz+l,n + mi+1,n)

()\k =+ i 2
72 ( p +1m)
+ ME_1n + PeMki1n)-
)\k . QeMp—1, KTTUk+1,

Transforming this we find

2 2 2
(Ml + M) O — Ot — MeTfos1n

= Ou e e
+)\k j_ i (=1, + AeMipg10)

YA + iy gy A M g+ 200 (i1 — Al )
+)\k 42_ " (e + pdi—1.0 + Mg — Aedi )

= i1+ Al
Let ug,, = prdj_, ,, + Medy ,,. Hence
_ﬂkaz—m + (e + /lk)Uzz,n — /\kUZ+lyn = Uk, k=1,2...,n—1.
Similar to before, introducing the notation ¢, = of,, — 044, we find
AkChp — PkCh—1n = Uk, k=1,2,...,n—1.

From the first line of system (1) it follows that ¢y, = 05, — 01, = 32,
: : 2

Uo,n = AoCo,- Hence

n—1
2
Ckn = Z@um, Ok = ZCJ»"'
)\ka B
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Note that d;,, = d;, u;, = u;, ¢, = ¢; do not depend upon n. m

Proof of Theorem 2. Let us consider the Laurent expansion of f;, (s) in the
neighborhood of oc:

J=1

The function f;,,, as the quotient of two polynomials, is regular in infin-
ity. Hence the original is determined by transformation and the following
equalities are satisfied

2 o4
Jin(® Z BT Feale) = X B
; = !
we find
1
* g) = * A *
fk:n(g) s+ )\k +/flk (ukfk:—l,n(s) + kfk+l,n(s))

(U= Ot ) o 3) + S ())
This implies that the first term of the expansion is

By =0, k=01,...,n—2.
Now we recurrently obtain

B =0, k=01,...n—i-1, i=12..n-1L

From

. 1 1 .
fnfl,n(s) = g <1 - ()\n—l + Mn—l)g + - > (M’n—lfnfzn(s) + >\TL—1)7

and using the terms obtained before, we find the first and second nonzero
terms of the expansion:

Bn 1n = A71—17
B'r(12 1n — _)\nfl(An—l + M'n,—1)~

From the equation

* 1 1 * *
fnfi,n(s) = ; (1 - ()"ﬂ/*i + u/n*i)g + - ) (/’Ln*ifn—i—l,n(s) + )‘n*i n7i+1,n(5))7
we recurrently obtain
i—1)
BT(L)Z’IL = )‘TL ZB'I(L i+1,no
B = Mai(B iy = O+ i) BEL).
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Hence

n— n—1
r(1k)kn H )‘]7 B’ffjl;l,r)z_ H )‘ Z )‘+/1’J) u

j=n—k j=n—k j=n—k

Proof of Proposition 2. The expected value of Ty, L < U, is given in
Theorem 1 where k = L, n = U. Moreover we have

_ N—-L-1 1 ki _ U— 1 N
E(Tyr) =E(Trg)= ). eri = Z 30, . Z
j=N-U "% i=0 j=L

The process a(t), t > 0, is a stationary alternating process for which (e.g.,
[1]) P(a(t) =1) = % The substitution of expected values ends
the proof of Proposition 2. m
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