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Abstract

In this paper, we consider a coherent system composed of components whose lifetimes
are independent and identically discretely distributed random variables. We study
several aging and stochastic properties of the conditional residual lifetime of the system
under the condition that some of its components have failed by time 7. Moreover, we
compare the conditional residual lifetimes of two coherent systems by using various
stochastic orders.

Keywords Coherent systems - Residual lifetime - Discrete lifetime distribution -
Order statistics - Stochastic orders

Mathematics Subject Classification 90B25 - 60K 10 - 60E15

1 Introduction

In technical systems, a coherent system is a very important structure, which works as
long as a given selections of its elements work. Consider a system which consists of
n two-state (i.e., working or failed) components. Let us denote by y = (y1, ..., y») €
{0, 1}" the state vector, where for each i, y; = 1 if the ith component is functioning
and y; = 0 if it is not functioning. The structure function t : {0, 1}* — {0, 1} isa
mapping that associates those state vectors y for which the system operates with the
value 1 and those vectors y for which the system fails with the value 0. Moreover,
the system is said to be coherent when its structure function t is increasing in each
vector argument and each component of the system is relevant (that is, actually affects
the working or failure of the system). The classical monograph here is Barlow and
Proschan (1975).
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If the random variable (rv) Y;(¢) represents the state of the ith component at time
t >0, where Y;(t) =0 (Y;(t) = 1),i = 1, ..., n, means that the ith component has
failed (is functioning) attime ¢, the system state attime r is Y (t) = t7(Y1(¢), ..., Yn(?)).
Analogously we can define the component lifetimes as X; = sup{t > 0: Y;(¢t) = 1},
i =1,...,n, and the coherent system lifetime as 7 = sup{r > 0: Y (¢) = 1}.

We assume that the component lifetimes X1, ..., X, are independent and identi-
cally distributed (iid) discrete random variables with cumulative distribution function
(cdf) F(t) =P(X; <t),i =1,...,n, and take values in finite or infinite subsets of
the set of non-negative integers.

The case when the component lifetimes are discretely distributed is more com-
plicated than the continuous one because of the positive probability of ties between
times of component failures. However, in various practical situations component might
have discrete operation times e.g. when we consider systems in which the component
lifetimes represent the numbers of turn-on and switch-off up to the failure or when
the components of the system operate in discrete cycles. The systems with discrete
operating components have been studied over the years, see Weiss (1962), Young
(1970), Tank and Eryilmaz (2015), Dembiriska (2018), Davies and Dembinska (2019),
Dembinska and Goroncy (2020), Dembiriska et al. (2021), Jasiniski (2021). The sys-
tems with arbitrary lifetime distributions which can be discrete in particular were
discussed by Navarro et al. (2008), Miziuta and Rychlik (2014) or Eryilmaz et al.
(2016).

We recall the concept of minimal paths of a coherent system. It is useful in the
efficient probability calculations. We say that P C {1,2, ..., n} is a path set of the
system if it operates when all the elements with indices in P work. A path is said to
be minimal if it does not contain any strict subset being a path set. Denoting by z the
number of minimal path sets, the system lifetime 7 can be represented as

T = max min X, (1)
1<j<z peP;
where Pi, ..., P, are the minimal paths sets, see Barlow and Proschan (1975, p. 13).
Under the assumption that the component lifetimes X1, . .., X, are exchangeable (that
is, for any permutation (ji, ..., j,) of (1,...,n), the random vector (X, ..., X;,)
has the same distribution as (X1, ..., X)), the existence of a vector s = (s, ..., Sy)
such that
n
P(T >1) =) 5siP(Xin > 1),
i=1

where X1., < ... < X,,.; are the order statistics of lifetimes X1, ..., X,, was proved

by Navarro et al. (2008). We have s; > 0,i = 1,...,n,and ) 7_, s; = 1. They gen-
eralized the earlier results established by Samaniego (1985) and Navarro and Rychlik
(2007). The vector s is called the Samaniego signature of a coherent system. It depends
only on the structure of the system and is independent of the distribution of the com-
ponent lifetimes. Assume that S; = R 115m, 0 <i <n— 1. Using the concept of
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minimal paths, Jasifiski (2021, formula (25)) proposed the following formula

n—i n—iy 2 J
Si=) (2’)2<—1>f+1 > U Pul=m]| |, )
m=1 (m) j=1 I<ki<..<kj=<z w=1
0 <i <n-—1,where | U{Uz] Py, | denotes the cardinality of each Ui):l Py, and I(-)
stands for the indicator function, that is I(A) = 1 if the event A occurs and I(A) =0
otherwise. The domain of I(-) is a Boolean domain consisting of exactly two elements
whose interpretations include false and true.
The k-out-of-n system, k = 1, ..., n, is a coherent system that functions as long
as at least k of the components function. Thus T = X;,_j41.n. Fork =nand k = 1
we have the series and the parallel systems, respectively. Here there are (Z) minimal
path sets, namely, all of the sets consisting of exactly k components. The Samaniego
signature of a k-out-of-n system has the forms = (0,...,0, s,—¢+1,0, ..., 0) with
Sn—k+1 = 1. Maximum likelihood estimation based on discrete component lifetimes
of a k-out-of-n system was considered by Dembiriska and Jasifski (2021).
For the rv X and the event A with positive probability by [X|A] we denote any rv
having the same distribution as the conditional distribution of X given A, i.e., for any
X,

P(X|A] > x) = P(X > x|A).

Furthermore, a/0 is taken to be equal to co whenever a > 0.
In this paper we focus on the coherent systems with the Samaniego signature

s=1(0,...,0, S, Sk+1,...,82), fork=2,...,n 3)

that is, at the (k — 1)th failure, the system is still working with probability one. The
assumption (3) holds throughout the whole paper except for Theorem 2. Then we
concentrate on the following residual lifetime of the system

[T_I|Xj:n§t<Xk:n]a 1<j<k-1, “4)

which describes the system lifetime after time ¢, given that, at time ¢, atleast j (j < k)
elements have been broken but the kth failure has not occurred yet and so the system
functions.

In Sect. 2, we obtain a mixture representation for the residual lifetime given in (4)
and we study some of its aging properties. Then we use it to compare two coherent
systems with identically distributed components and ordered signatures. We extend
the respective results obtained by Goliforushani et al. (2012) and Parvardeh and Bal-
akrishnan (2013) when the component lifetimes are continuously distributed.

Before proceeding to present the main result, we recall the definitions of various
stochastic orders. Let X and Y be two discrete non-negative rvs with the distribution
functions F and G, the reliability functions F = 1 — F and G = 1 — G and the
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probability mass functions (pmfs) f(x) = P(X = x) and g(x) = P = x),
respectively. X is said to be less than Y in

i) the usual stochastic order (denoted by X <y, Y), if F(x) < G(x) for all x,
ii) the hazard rate order (denoted by X <j, Y), if G(x) /f(x) is increasing in x for
x such that F(x) > 0 or G(x) > 0,
iii) the likelihood ratio order (denoted by X <;, Y), if g(x)/ f(x) is increasing in x

on the union of the supports of X and Y.

It is well known that X <;. Y implies X <p, Y and X <;; Y.

Definition 1 Let X be a discrete non-negative rv. Then X is said to have increasing
failure rate distribution (denoted by IFR distribution), if the function f(x)/F(x) is
increasing in x on the support of X.

Throughout the paper decreasing (increasing) means non-increasing (non-decreasing).
We also make use of the following notation. P stands for the set of all permutations

(Jty -+, jn) of (1, ..., n). Moreover, by 4 let us denote the equality in distribution.

2 Main results

Under a more general assumption that X1, ..., X, are arbitrary dependent and not
necessarily identically distributed discrete rvs, Dembiniska (2018) obtained the formula
for the survival function

PXjpn>t+x, Xp<t< X411
PXip —t>x|Xpp <t < Xpqin) = (Kin T Sl L) (5)
P(Xpn<t< Xit1m)

i—l—1
—1 1,1+
Z (nv ) Z P (le,v x)
v=0 peP .
= , l<i<n,

> P (7Hj)

peP

(6)
where ¢ is such that P(X;., <t < Xj4+1.,) > O and

/ I+v
leeeedn) pIIFE — (ﬂ{x,-, < t}) N ( () {r<x; <t +x})
r=1

r=I+1

m( N X, >t+x}>

r=Il+v+1

and

l n
rsesn) g = <ﬂ{xjr < t}) N ( ﬂ (X, > t}) .
r=1

r=I+1
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It describes the lifetime of (n — i + 1)-out-of-n system after time 7, given that, at
time 7, exactly [ elements are broken and the system functions. Next it was simplified
depending on the structure between X1, ..., X,. In particular, if X1, ..., X, are iid
rvs with a cdf F and ¢ is such that P(X;., <t < X;11.,) > 0, we have

P(Xin —t > x| Xpn <t < Xi1m) = o (£, %), (N

where

i—l—1 v /= n—l—v
n _ n—1 F(t+x)—F(@) F(t 4+ x)
a0 = 2 < v )( Fo) ) ( Fo) ) v

v=0
Using the result proposed by Dembifiska (2018), we can rewrite (8) as

i—l—1

ot ) = Z <n ; l)(P(Zl <t+x)(P(Z1>t+x)"70
v=0

=P(Zi—pn—1 —t > x),

where Z1, Z», ..., Z,_; are iid rvs with cdf Fz defined as
FQFW i 7 > ¢
Fz(z) = P(X1 <z|X1 > 1) = Faoy 7 ’ )
0, ifz <t.

Consequently, the function defined in (8) is the unconditional survival function of
a (n—i + 1)-out-of-(n — ) system consisting of homogeneous elements with lifetimes
Z1,2Z>, ..., Z,—; having cdf Fz given by (9). Thus for/ < i < n, we have

d
Xin =t X <t < Xiv1m) = Zi—pn—1.

Remark 1 The above result readily yields

d
(Xin —t1Xpn <t < Xip1m) = Kicpn—t — t| X1t > 1).

Using Theorem 1.C.37 and Corollaries 1.C.38 and 1.C.39 proved by Shaked and
Shanthikumar (2007), we have

Xi—tm—1 <ir Xicm, k=2,3,...,m
and
Xk:mfl >lr Xk:m, k= 1, 2, cee,m— 1.
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Hence
Zi—tin—t Zir Ziv1—ln—i+1 = Zi—(—-1)ym—@-1), [ <i=<n,

where Z;_j.,—1, Zi—(—1):n—@—1) are the order statistics corresponding to the respective
iid rvs with the cdf defined in (9). Now since Z; ;.1 <ir Zi—(—1):n—@—1) implies
Zii:n—1 <st Zi—1-1):n<1—1), We obtain the relation

of (1, x) < ey (t, x). (10)

Remark2 For m < | < i, under the conditions that ¢ is such that P(X;.,, < t <
Xi41:) > 0and P(Xyn <t < Xppg1:0) > 0, we have

Xin —tHXpn <t < Xig1m) <ir KX — X mn <t < Xppg1m)-

Now, under the assumption that the component lifetimes are IFR, we show that the
function given in (8) is a decreasing function of time ¢.

Lemma 1 If X’s are IFR, then forall x > Qandl < i < n, aﬁ[(t, x) defined in (8) is
a decreasing function of t.

Proof From (8) we have

i—l1—1 — v o n—l—v
" . n—1 _F(t+x) F(+x)
o=y (" )<1 s ) ( s )

v=0

1
(n—D! i—1—1 n—i
- : : (1 —y'dy. (1
/Imm/m) (—1—Dln—i)° e

We conclude from the assumption that the function F(r 4 x)/F(t) is decreasing in ¢
(see e.g. Lai and Xie 2007, p. 171 for discrete failure time models), which implies by
(11) that o' (7, x) is a decreasing function of 7, which completes the proof. O

Remark 3 1f X’s are IFR and ¢ is such that P(X;., <t < X;41:,) > 0, then using (7), (8)
and Lemma 1, we obatin forall x >0 and l < i <n, P(X;., —t > x| X1:n <t < Xi41:n)
is a decreasing function of 7.

In the same manner as the expression for the probability P(X;.,, —t> x, X;,, <t <
Xi41:n), in the iid case we obtain

k—1 i—1—v
P(X""">X’Xfr"ff<Xk:n>=Z(Z)F“m > (_)
v=j u=0

(Ft+x)=F@)" (Ft+x)""""".  (12)
We are now in a position to prove the extended version of Remark 3.
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Theorem 1 Let the discrete lifetimes X1, ..., X, are iid rvs. If X’s are IFR, and t is
such that P(Xj.,;, <t < Xgp) > 0, thenforallx > 0and1 < j <k <i <n,
P(Xin —t > x|Xjy <t < Xp) is a decreasing function of t.

Proof Note that using (12), we obtain

P(Xiy—t>x, Xj:n <t<Xgn)
P(Xj:n <t < Xgn)

J/i’fj’k(t,x)zP(X,-;n—t> X|Xjn<t< Xpp)=

i—1—v

k—1 o
> ()F® ZO (V) (F (1 +x) — F(0)" (F(t + x))" "
v=J u=

k—1

X G OF 0
m=j
= ) (m) LY (") (p(rtxw(z))“ (fgﬂ))"—“—"
=W \Fo) o e 0) F(o)
- k—1 m ’
n (E®
Z' (m) (f(,))
m=j
k—1
(e a1, %)
— v=J
- = ’
Y (oo
m=j
where ¢ (1) = % is increasing in ¢, and aﬁv(t, x) defined in (8) is a decreasing

function of ¢ (cf. Lemma 1). We need to show that, for #; < 1,

V,'rfj,k(ll, X) —foj,k(tz, X)
k—1 k—1

> 2 (G [a;{ (11, 0PV (1)¢" (12) — af! (12, X)9" (12) ™ (rl)]
v=j] m=j

- k—1 k—1 > 0.
> (ema) X ()em )
m=j

m=j

Since the denominator is positive, it suffices to check the sign of the numerator. It can
be rewritten as

k—1 k-1

n n
>N ( )( )[a;iv(n,x) — o (62, X)1¢" (1) (12)
oy v/ \m
k—1 k—1 n n
+ Z Z (v) (m)[a;tmz, x) — o, (0, )Y ()" (12). (13)
v=jm=j

We conclude from Lemma 1 that aﬁv(tl, x) > aﬁv(tz, x),forty >ty and all x > 0
and finally that the first term of (13) is non-negative. What is left is to show that the
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second one is non-negative too. It is seen to be equal to

k—1 — k—1

v—1
22+ 2 (:)(Z)[O‘ﬁv(t%x)—aﬁm(lz,X)]¢”(t1)¢m(t2)

v=j \m=j m=v+1

k—1 v—1

=22 (”) (”)[a?,v(tz» x) = e (12, 1P (1) B" (12)
— v/ \m
k—1 v—1
n n
-2 ( )( ) o (12, ) — !, (12, )| 9" (12)¢"™ (1)
i\ \m
k—1v—1
n n
=22 (v> (m) [ (2. ) =, (2. )] T8 (1)™ (12) — 9" (12)¢" (11)].
v=jm=j

(14)

Since aﬁv(tz, x) < aﬁm (fp, x) form < v < i (cf. (10)), we further obtain

¢V (11)¢" (12) — ¢° (12)¢™ (1) =¢™ (12)9™ (11) [¢" " (11) — ¢' ™" (12)] < O,

because the function ¢ is increasing in ¢. Thus we prove the non-negativity of (14).
This completes the proof of the theorem. O

To extend Theorem 1 to the arbitrary coherent system we need the following mixture
representation for the residual lifetime of the system. In the case when the cdf F
is continuous, it has been already obtained by Parvardeh and Balakrishnan (2013,
Theorem 1) by the use of Theorem 1 of Kochar et al. (1999). Below representation
holds for the coherent system with arbitrary Samaniego signature s = (s1, ..., Sy),
si>0,i=1,...,n,and >} ;5 = L.

Theorem 2 Let T be the lifetime of a coherent system with n iid components whose
discrete lifetimes are denoted by X1, ..., Xn.Then, for | <1 < n, we obtain

n
P(T —1t>x|Xpp <t < Xjy1p) = Z i P(Xjp —t > x| Xpp <t < Xyy1:0)
i=l+1

= Z S ozf’)l(t,x). (15)

i=l+1
Proof Our purpose is to prove the equality

n
P(T—1t>x,Xpp <t <Xpy1p) = Z 5i P(Xip —t > x, X <t < Xiq14)-

i=l+1
(16)
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Using the formula for the numerator of (5) in the iid case, the right-hand side of (16)
can be rewritten as

n
D 5P (Xiw> 1 4%, Xt < 1< Xis10)
i=l+1
i—l—1

=3 s Y (T FO EC D - Fay Fa 4oy ar)
[ v

i=l+1  v=0
Now by the representation (1), the left hand side of (16) has the form

PT>t+x, X<t <Xi410)=PXn <t <Xj41:p, max min X, >t +x)
1<j<z peP;

z

=P| Xin<t<Xit1n, U{min Xp>1t+x)
; IPEPj
]=

z
=P U{Xl:n§t<Xl+l:n»;Iéii)nxp>t+x}
j=1 !

Further, using the inclusion-exclusion formula, we deduce that

P(Xpn <t < Xpy1:0, T >t +x)

i . J

:Zl(—l)Hl Z Pl Xin<t<Xitin, ﬂ {plél})?pr >t +x)
j_

I<ki<..<kj=<z w=1

b4
= —1/t! Pl X, <t<Xiiin, min @ X,>ft+x
]2:;( ) Z In = I+1:n pePklU...Uij p

I<ki<.<kj<z

Z
=) D Pl Xmsi<Xiuw, () (Xp>1+a)
j=1

15k1<.‘.<kjfz pEPklU‘..Uij

Notice that

n—I[—1 j
P Xin<t<Xporn, [ Kp=t4xt[= 11U P | sn—i-v
pEPkI U...Uij v=0 w=1
J
- P |forall p U Pr,, Xp >t +x,
w=1

exactly [ of X, are <1,
exactly v of X, belong to (7, t + x],
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J
and therestn—v—[— | U Pkw} of X, are > r+x
w=1
Consequently
P(Xpn <t <Xi41m, T >t +x)
n—Il—1
v+1 —
= > < l )(F(r))’(F(t +x) = F@) (F(t +x)"'™
v=0

z n—Il—v J n—m

: —1)/t1 I Py, |= ).

RIS SIS oR] U RNE o)
j=1 I<ki<..<kj<z m=l w=1
Since (.7)/(,3) = ("->=1 /() and applying (2), we obtain
PXpn <t <Xpy10, T>1+x)
n—I[—1 v+l n n
=) (F@)' (F(t+x) = F@)' (F@+x)"""" 37 s,
/ v+ .
v=0 i=v+i+1

which after changing the order of summation is equal to (17). This proves the theorem.
]

Remark 4 Under the assumption of Theorem 2, if moreover the signature of the system
has the form (3), we havefor 1 < j <k <n

n
P(T —1t>x|Xju <t < Xgw) = Zsi P(Xip —t>x|Xjm <t < Xgen)
i=k
n
= Zsi yi”‘j’k(t,x). (18)
j =k
Proof Note that
k—1

Y P(T>t+x, Xpn <t <Xi1:)
=
P(T—t>x|Xjn <t < Xpn) = —

P (Xj:nf 1< Xk:n)
k=1 n

Z Z siP(Xi:n>t+anl:n§f<Xl+1:n)
I=ji=l+1

P (Xj:n <tr< Xk:n) 7
(19)
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where the last equality follows from (15). Since we consider the coherent systems
with the signatures of the form (3), the conditional probability given in (19) can be
rewritten as

k—1 n

Z Z SiP (Xinp >t4+x, X <t < Xig1:0)
I=j i=k

P(T = 1> x|Xjn <t < Xpe) = ——

P (Xj:n <t < Xk:n)

n
ZSiP(Xi:n>t+x’Xj:n§t<Xk:n)
=k

i=

P (Xj:n <t <Xk:n)

n
= Zsiy[’fj,k(ta X),
i=k

which completes the proof. O

Theorem 3 Consider a coherent system consisting of n elements whose discrete life-
times X1, ..., X, are assumed to be iid rvs. If X’s are IFR and the signature of the
system has the form (3), then for all x > 0, P(T —t > x|Xj, <t < Xg) is a
decreasing function of t.

Proof From Theorem 1, we know thatforallx > 0, P(X;., —t > x|X . <t < Xpp)
is a decreasing function of . Combining it with the representation given in (18), we
get the desired conclusion. O

Theorem 4 Letthe discrete lifetimes X1, ..., X, areiid rvsandt is such that P(X j., <
t <Xpn) > 0. Then for j <k <i <m, we have

(Xin — t|Xj:n <t < Xpw) Zwr Xppn — t|Xj:n <t < Xgn).
Proof Our aim is to show that the function

yrz,j,k(t’x) _ P(Xipn —1t > x, Xjin <t < Xgen)
)/l-'fj,k(t, X) P(Xip —1 > x, Xjm <t < Xin)

is increasing in x. Using the conditional probability given in (12) we have

k=1 v | m=1-v w
n F(t) n—v F(t4+x)—F ()
n 'k(t X) Z (v) (f(t+x)) |: Z ( up ) ( F(t+x) ) :|
J —

Y, ) v=j u1=0

n - .

TS oG | e ()
oy v/ \ F(t+x) =0 us F(t4x)
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(") (7F(t) )” m_Xl:_v (=) (F(ti—x)—F(t))ul
’ v F(t+x) Uy =i —v uj F(t+x)
k=l (7F(t) )” i_Xl:_” (") (F(ti—x)—F(t))“z
= \Futn Wy e F(t+x)

2
Note that to prove the desired property of the function in (20), it suffices to show the
following inequality

=1+

(20)

m—1—v u1 i—1—v uy
n—v\ [ F(t+y)—F(t) n—v\ [ F(t+y)—F(t)
YRS T G (R

2 o F(t+y)
1 2 3 1
m—Z:—v (n—v) (M)ul il (n—v) (M)u2
2 » Tain) ~ \up F(t+x)
uy=i—v u2=0

for y > x. Considering the relation between the sums

l_v<n—v>(F(t—i—y)—F(t))”1 ii”(n—v)(F(t+x)—F(t))“2
- uy F(t+y) =\ F@t+x)

11—V

m

ui

Zm lv(n_v><w>ul iiv<n_u)(w>uz’
. " F+x) =\ F(t+y)

o 2

which consist of the same number of summands, it suffices to compare their respective
summands. For fixedu; =i —1/,...,m—Il—1landu; =0,...,i —[ — 1, we verify
that

(n - U> (n - U) (F(l-i‘y)—F(l))uz <F(t+x)—F(t)>”2
uj us F(t+y) F(t + x)

. <M>"l_“_(w)““”z ~o
F(t+y) T+ x) > 0.

(22)

Note that the expression in the brackets is positive because the function (F (¢ + x) —
F(t))/f(t +x) isincreasing in x for all # and 1 > uy. Thus it proves (22). If the same
relation holds for each pair of summands, the inequality is inherited by the respective
sums (cf. (21)), which completes the proof. m]

As the consequence of the representation given in (18) and the mixture preservation
results established by Shaked and Shanthikumar (2007, Theorems 1.A.6 and 1.B.14),
we compare two coherent systems with identically distributed components and the
same ordered signatures.
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Theorem5 Lets; = (0,...,0, 8k, Sik+1s---,Sin), I = 1,2, be the signatures of
two coherent systems T1 = 11(X1, ..., Xp) and T» = ©2(Y1, ..., Yy) whose lifetimes
X1, ..., Xu, Y1, ..., Yy areiid rvs with a common discrete distribution function F.

a) If s1 <g $2 (Z?=isl,j < Z;L,-Sz,j,i = 2....,n), then [Ty —t|Xjp, < t <
Xin] <st [T2— I|Yj:n <t <Yl

b) If s1 <pr $2, (Z;f:i SZ,j/Zl}:i s1,j is increasing ini, i = 1,...,n), then [Ty —
t|Xj:n <t< Xin] Spr [T2— t|Yj:n <t < Yial

Remark 5 Notice that the proofs of Theorems 1-5 still go when we drop the assumption
that X1, ..., X, are the discrete rvs. Therefore they can be applied not only in the
discrete case but also in the general situation of any non-degenerate distribution of
component lifetimes.

Acknowledgements 1 would like to express my sincere thanks to two anonymous referees for their con-
structive comments and suggestions which improved the presentation of the paper.

Funding Not applicable.

Availability of data and material Not applicable.

Declarations

Conflicts of interest/Competing interests The author states that there is no conflict of interest.

Code availability Not applicable.

References

Barlow RE, Proschan F (1975) Statistical Theory of Reliability and Life Testing: Probability Models. Holt,
Rinehart and Winston

Davies K, Dembinska A (2019) On the number of failed components in a k-out-of-n system upon system
failure when the lifetimes are discretely distributed. Reliab Eng Syst Saf 188:47-61

Dembiriska A (2018) On reliability analysis of k-out-of-n systems consisting of heterogeneous components
with discrete lifetimes. IEEE Trans Rel 67:1071-1083

Dembiriska A, Goroncy A (2020) Moments of order statistics from DNID discrete random variables with
application in reliability. ] Comput Appl Math 371:112703

Dembiriska A, Jasinski K (2021) Maximum likelihood estimators based on discrete component lifetimes
of a k-out-of-n system. TEST 30:407—428

Dembiriska A, Nikolov NI, Stoimenova E (2021) Reliability properties of k-out-of-n systems with one cold
standby unit. J Comput Appl Math 388:113289

Eryilmaz S, Koutras MV, Triantatyllou JS (2016) Mixed three-state k-out-of-n systems under double mon-
itoring. IEEE Trans Rel 61:792-797

Goliforushani S, Asadi M, Balakrishnan N (2012) On the residual and inactivity times of the components
of used coherent systems. J Appl Probab 49:385-404

Jasinski K (2021) The number of failed components in a coherent working system when the lifetimes are
discretely distributed. Metrika 84:1081-1094

Kochar SC, Mukerjee H, Samaniego FJ (1999) The signature of a coherent system and its application to
comparisons among systems. Naval Res Logist 46:507-523

Lai CD, Xie M (2007) Stochastic Ageing and Dependence for Reliability. Springer, New York

Miziuta P, Rychlik T (2014) Sharp bounds for lifetime variances of reliability systems with exchangeable
components. IEEE Trans Rel 63:850-857

@ Springer



218 K. Jasinski

Navarro J, Rychlik T (2007) Reliability and expectation bounds for coherent systems with exchangeable
components. J Multivar Anal 98:102-113

Navarro J, Samaniego FJ, Balakrishnan N, Bhattacharya D (2008) On the application and extension of
system signatures in engineering reliability. Naval Res Logist 55:313-327

Parvardeh A, Balakrishnan N (2013) Conditional residual lifetimes of coherent systems. Statist Probab Lett
83:2664-2672

Samaniego FJ (1985) On closure of the IFR class under formation of coherent systems. IEEE Trans Rel R-
34:69-72

Shaked M, Shanthikumar JG (2007) Stochastic Orders. Springer, New York

Tank F, Eryilmaz S (2015) The distributions of sum, minima and maxima of generalized geometric random
variables. Statist Papers 56:1191-1203

Weiss G (1962) On certain redundant systems which operate at discrete times. Technometrics 4:169-174

Young D (1970) The order statistics of the negative binomial distribution. Biometrika 57:181-186

Publisher’'s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



	On conditional residual lifetimes of coherent systems consisting of components with discrete lifetimes
	Abstract
	1 Introduction
	2 Main results
	Acknowledgements
	References




