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Abstract

In the literature on active redundancy allocation, the redundancy lifetimes are usually
postulated to be independent of the component lifetimes for the sake of technical con-
venience. However, this unrealistic assumption leads to a risk of inaccurately evaluating
system reliability, because it overlooks the statistical dependence of lifetimes due to
common stresses. In this study, for k-out-of-n:F systems with component and redun-
dancy lifetimes linked by the Archimedean copula, we show that (i) allocating more
homogeneous redundancies to the less reliable components tends to produce a redundant
system with stochastically larger lifetime, (ii) the reliability of the redundant system can
be uniformly maximized through balancing the allocation of homogeneous redundancies
in the context of homogeneous components, and (iii) allocating a more reliable matched
redundancy to a less reliable component produces a more reliable system. These novel
results on k-out-of-n:F systems in which component and redundancy lifetimes are statis-
tically dependent are more applicable to the complicated engineering systems that arise
in real practice. Some numerical examples are also presented to illustrate these findings.
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likelihood ratio order; majorization; multivariate mixture; reversed hazard rate order;
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1. Introduction

It is a common practice to allocate redundancies to a system at the component level, in
order to enhance system reliability by reducing the chance of unexpected system failure, and
this is of wide interest in reliability engineering and system security. In industrial engineer-
ing, two types of allocations are commonly practiced: (i) an active redundancy, also referred
to as a hot standby, runs in parallel to system components and starts functioning at the
same time as the system components are initiated; (ii) a standby redundancy, also referred
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1086 Y. YOU ET AL

to as a cold standby, is put in standby and starts functioning once some component fails.
For pioneering discussions on redundancy allocation, the reader may refer to Boland ef al.
[6, 7], Shaked and Shanthikumar [40], Singh and Misra [43], and Singh and Singh [44], among
others. For a review of recent advances in active redundancy allocation, we refer the reader to
Li and Ding [25]. In the literature, some authors have studied the general standby model, which
includes active redundancy and standby redundancy as special cases and hence is also referred
to as warm standby. See, for example, She and Pecht [42], Amari et al. [1], and references
therein.

In most of the research on redundancy allocation, component lifetimes and redundancy
lifetimes are assumed to be independent. However, since components and active redundan-
cies operate together and thus bear common stresses, their lifetimes are usually statistically
dependent. Thus, evaluations of system reliability may be inaccurate under the assumption
of independence. Recently, some authors have studied redundancy allocation in the context
where system component lifetimes are mutually dependent but statistically independent of
redundancy lifetimes. See, for example, You and Li [47] and You et al. [49]. In this study,
we focus on active redundancy allocation to k-out-of-n:F systems with component and redun-
dancy lifetimes being statistically dependent. Our results in this more general context enrich
the research on active redundancy allocation and provide guidelines to practice engineering
reliability.

In the theory of reliability, the coherent structure, taking into account monotonicity and
system structure with respect to components, defines a very broad class of systems, includ-
ing series, parallel, and k-out-of-n:F systems as special cases. See, for example, Barlow and
Proschan [2] for a comprehensive discussion on coherent systems. A k-out-of-n:F' system fails
once k of its n components fail to operate properly. Apart from the well-known fact that the
k-out-of-n:F structure includes series (i.e., k = 1) and parallel (i.e., k = n) systems as two typi-
cal cases, the lifetime of a k-out-of-n:F system takes the form of the kth smallest order statistic,
and this facilitates the analytical study of system reliability. Thanks to the invention of the
signature, a coherent system with exchangeable component lifetimes can be decomposed as
a mixture of k-out-of-n:F systems according to system signature, and thus the k-out-of-n:F
structure actually serves as the basic building block for coherent systems with homogeneous
components. (For more on signatures, the reader may refer to Navarro et al. [35] and the mono-
graph of Samaniego [38].) As a consequence, the k-out-of-n:F structure has received special
attention in recent research on engineering reliability. In the literature, Boland et al. [6] were
among the first to study the optimal allocation of multiple active redundancies to k-out-of-
n:F systems by means of the majorization order. For example, for a k-out-of-n:F system with
independent and stochastically ordered component lifetimes, the redundant system survival
function was shown to be Schur-concave with respect to the allocation policy. Since the system
hazard rate function plays a significant role in describing the way in which the system wears
out, Misra et al. [30] further proved that the hazard rate function of a redundant series system
is Schur-convex with respect to the allocation policy in the above context. Afterward, for a
redundant k-out-of-n:F system with component and active redundancy lifetimes statistically
independent and identically distributed (i.i.d.), Hu and Wang [19] showed that the redundant
k-out-of-n:F system survival function is Schur-concave with respect to the allocation policy. In
consideration of the fact that system components usually share common stresses and thus admit
statistically dependent lifetimes, You and Li [47] examined the optimal allocation of active
redundancies to a k-out-of-n:F system with stochastic arrangement increasing component life-
times. In addition, You et al. [49] further studied the allocation of active redundancies to a
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k-out-of-n:F system with component lifetimes being left tail permutation decreasing, which is
an even weaker assumption than the stochastic arrangement increasing assumption. For more
on related research in this line, the reader may refer to Shaked and Shanthikumar [40], Boland
et al. [7], Singh and Misra [43], Singh and Singh [44], Li and Hu [26], Li and Ding [25],
Belzunce et al. [3, 4], Zhao et al. [50], and Fang and Li [16, 17].

In most research on active redundancy allocation to k-out-of-n:F systems with statistically
dependent component lifetimes, the redundancy lifetimes are usually assumed to be indepen-
dent of component lifetimes. It is worth noting that such an assumption is rather restrictive in
some real-world contexts. In many practical situations, system components and active redun-
dancies operate in the same environment or share the same load, which means their lifetimes
should be statistically dependent. This more general context is particularly apropos to com-
plicated engineering systems in real practice. To the best of our knowledge, Belzunce et al.
[3, 4] were the first to study the k-out-of-n:F system with component lifetimes statistically
dependent on a single redundancy lifetime. Specifically, they established the usual stochastic
order on the redundant k-out-of-n:F system lifetime under the assumption that component
lifetimes conditioned by the redundancy lifetime are stochastic arrangement increasing.
Subsequently, You and Li [48] rebuilt the usual stochastic order on the redundant k-out-of-
n:F system lifetime in the context that, conditioned by the redundancy lifetime, component
lifetimes are left tail weakly stochastic arrangement increasing. Recently, Torrado et al. [45]
considered dependence among components and redundancies in their study of multi-level
redundancy allocation for coherent systems formed by modules. In this vein, we compare
redundant system lifetimes in the context in which component lifetimes and redundancy
lifetimes are statistically dependent. For the sake of convenience, component lifetimes and
redundancy lifetimes are assumed to be linked by an Archimedean copula, which is rather
popular in statistics, operations management, actuarial and financial risks, etc.

This paper deals with k-out-of-n:F systems with component lifetimes and active redundancy
lifetimes linked by an Archimedean copula. Our work is threefold. For multiple homogeneous
redundancy lifetimes, we show that allocating more redundancies to the less reliable compo-
nents tends to produce a stochastically larger system lifetime. For component lifetimes and
redundancy lifetimes both homogeneous, we prove that the system reliability can be uniformly
maximized by balancing the allocation of redundancies. In the context of matched redundan-
cies, we find that system reliability can be improved by allocating a redundancy with a larger
baseline reversed hazard rate to a component with smaller baseline reversed hazard rate.

The rest of the paper proceeds as follows. Section 2 reviews some basic concepts related to
the main results and introduces a technical lemma which will be useful in developing the main
result. In Sections 3 and 4, we present the main comparison results concerning the allocation of
redundancies to k-out-of-n:F systems with components and redundancy lifetimes linked by an
Archimedean copula. In Section 5, we develop the usual stochastic order on the lifetime of the
system with matched redundancies under the multivariate mixture model, and then we present
the result in the Archimedean copula setting as a direct consequence. Finally, Section 6 closes
the study with some concluding remarks on further topics for research in this line.

Throughout the remaining sections, real vectors such as x=(xy, --,x,) and a=
(a1, --- , ay) and random vectors such as X =(Xy,--- ,X,) and Y=(Yy,---,Y,,) are all
assumed to be nonnegative, and /(A) denotes the indicator function on a set A, which takes
the value 1 or 0 according to whether A occurs or not. For brevity, we denote the maximum
by max(x, y) =x V y and the minimum by min(x, y) = x Ay, and for sub-vectors we use the
notation xj 2) = (x3, - - - , x,). Also, all expected values are implicitly assumed to be finite
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whenever they appear. For convenience, the terms ‘increasing’ and ‘decreasing’ stand for
‘nondecreasing’ and ‘nonincreasing’, respectively.

2. Some preliminaries

Before proceeding to the main results, for ease of reference we review important notions
such as majorization, stochastic orders, and copulas. We also introduce one technical lemma,
which will be useful in developing our main results.

For a real vector (ay, - - - , a,), denote by qay;) the ith largest element of ay, - - - , a,, for
i=1,---,n.
Definition 2.1. A real vector b = (by, - - - , b,) is said to be majorized by another real vector
a= (ay, - ,a), and we write b <, a, if

i=1

k k
Xn:bizi:ai and ) by <Y ap, fork=1,-,n—1.
i=1 i=1 i=1

Note that b <, @ implies that a is more dispersed than b. A linear transformation M on R” is
called a T-transform if

M=x]+(1-21)Q, for some A € [0, 1], 2.1)
where J is the identity matrix, and Q is a permutation matrix that interchanges two coordinates.

Majorization b <, a is known to be realizable by using successive T-transforms.

Lemma 2.1. (Marshall et al. [29, Lemma 2.B.1].) If @ <y, b, then a can be derived from b by
successive applications of a finite number of T-transforms.

A real function g(x) : R” — R is said to be Schur-convex (Schur-concave) if
gb) < (>)gla), for any a, b € R” such that b <, a.

Majorization is usually utilized to characterize various interesting inequalities associated
with Schur-convex (Schur-concave) functions. In the sequel, we will employ majorization
to compare the degree of balance of allocation policies. For a comprehensive exposition on
majorization, we refer the reader to the monograph of Marshall ez al. [29].

Definition 2.2. Consider a random variable X with cumulative distribution function (CDF)
F, survival function (SF) F'=1 — F, and probability density function (PDF) f, and another
random variable Y with CDF G, SF G = 1 — G, and PDF g. We make the following definitions:

(i) X is said to be smaller than Y in the sense of the likelihood ratio order (and we write
X <y Y) if g(x)/f(x) is increasing in x.

(1) X i_s said_to be smaller than Y in the sense of the hazard rate order (and we write X <y Y)
if G(x)/F(x) is increasing in x.

(iii) X is said to be smaller than Y in the sense of the reversed hazard rate order (and we
write X <, Y) if G(x)/F(x) is increasing in x.

(iv) X is said to be smaller than Y in the sense of the usual stochastic order (and we write
X <4 Y) if F(x) < G(x) for any x.
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Stochastic orders are popular in many areas of applied probability and statistics, including
engineering reliability, operations management, quantitative risk, business and economics, etc.
Standard references on stochastic orders with applications include Kaas et al. [21], Denuit
et al. [13], Shaked and Shanthikumar [41], and Li and Li [23]. The reader may refer to these
works for more detailed discussions.

For any {i, j} such that 1 <i <j <n, define the permutation

Tij(xl"" s Xiy t 0t 7xj"" 7xn)=(~x]a"' ’xja"' s Xiy t 0t ,Xn).

Definition 2.3. A multivariate real function g(x) : R” — R is said to be

(i) arrangement increasing (Al) with respect to {i, j} such that 1 <i<j<nif
(xi —xj)[g(x) — g(7;j(x)] <0, for all x € R";

(i) left tail permutation decreasing (LTPD) with respect to (i, j) such that | <i <j<nif

t
/ [g(x) — g(zij(x))]dx; > 0, for any ¢ < x; and all x € R".

—00

Al functions and LTPD functions are useful in many applied areas, such as econometrics,
actuarial risk management and reliability theory, etc. For references on Al functions with appli-
cations, we refer the reader to Hollander et al. [18], Boland and Proschan [2], Boland et al. [6],
and Li and You [27]. Absolutely continuous random vectors with an Al or LTPD PDF play a
part in the development of our main results.

Definition 2.4. An absolutely continuous random vector X is said to be

(i) stochastic arrangement increasing (SAI) if the joint PDF f(x) is Al with respect to any
(ij)suchthat 1 <i<j<n;

(ii) left tail permutation decreasing (LTPD) if the joint PDF f(x) is LTPD with respect to
any (i) such that 1 <i<j<n.

It should be remarked here that the SAI property implies the LTPD property. Both the SAI
property and the LTPD property can be extended to generic random variables; in a general
context, the latter is known as the left tail weak stochastic arrangement increasing (LWSAI)
property. For more on the SAI and LTPD properties and their applications in quantitative risk
and engineering reliability, we refer the reader to Cai and Wei [10, 11], Li and You [27], and
references therein.

For a random vector X = (X1, - - - , X;;) with univariate marginal CDFs Fy, - - - , F),, if there
exists a mapping C: [0, 1]* — [0, 1] such that the CDF of X may be represented as

F(-xlv c ,xn): C(Fl(-xl)7 T, Fn(xn))
for all x, - - -, xp, then C(uy, - - - , uy,) is called the copula of X.
A function ¢ on (0, +00) is said to be n-monotone if (—1)¥¢® () >0 for any k=

0,1,---,nandall t € (0, +00), where <p(0)(t) = ¢(t) and (p(k)(t) denotes the kth-order deriva-
tive for k > 0. The function ¢ is said to be completely monotone if (—1)*¢®(r) > 0 for any
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t>0and k=0, 1, - - - . Obviously, an n-monotone function ¢(¢) is such that (— Dk (1) is
always decreasing int fork=1,--- ,n— 1.

Definition 2.5. For an n-monotone function ¢ :[0, 400)+ (0, 1] with ¢(0)=1 and
tlim (1) = 0, the function
—00

Clut, - u) = (@ @)+ + ¢~ (uy))

is called an Archimedean copula, and ¢ is referred to as the generator function.

As for two random variables with reversed hazard rate order and the generator of an
Archimedean copula, we introduce a technical lemma which will be useful in developing our
main results.

Lemma 2.2. For X; ~ F; with PDF f;, i = 1, 2, and a log-convex generator ¢, if X1 < X2, then

@Y (F1(x) = LY (Fa(x)  for all x>0,

where ¥ = ¢~ is the generalized inverse of ¢.
Proof. Since ¢ is log-convex, % is decreasing. Because ¥ = ¢! is decreasing, it follows
that
(Y ()
X' (x) = —
@'Y x)
is increasing. Also, X| <y, X, implies X| <q X3, i.e., F1(x) > F>(x) for all x. Thus, it holds
that

Fi0)y/(F1(x)) = F2(0)y (Fa(x)), for all x.
In view of the fact that ¥'(x) < 0 for all x, we have

_h )Y (F1(x)) -
T R0y (Fax) T

1, for all x.

On the other hand, X| <q, X5 implies ‘Ql(();)) < % for all x. Therefore, it holds that

Py’ (1)) ik _ H»)
F()y' (F2(x)  F1(x) ~ Fa(x)’

which is equivalent to f; (x)y¥'(F1(x)) > f2(x)y’' (F2(x)) for all x. O

A widely used tool in statistical practice, copulas are utilized to model statistical dependence
among multiple random variables in many applied areas, such as biostatistics, econometrics,
actuarial risk, etc. For comprehensive expositions on copula theory, one may refer to the mono-
graphs of Joe [20] and Nelsen [36]. In the past two decades, much attention has been paid to
Archimedean copulas because of their mathematical tractability and the flexibility they allow in
specifying the dependence structure of multivariate distributions. In the sequel, we will employ
Archimedean copulas to model the dependence structure of the component and redundancy
lifetimes.
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3. On systems with stochastically ordered component lifetimes

Consider a redundant k-out-of-nm:F system with dependent component lifetimes X =

(X1,--+,X,) and dependent active redundancy lifetimes Y= (Y1, ---,Y,). Let r=
(r1, -+, rp) be the allocation policy, under which r; > 0 redundancies are allocated to the
ith component,i=1,--- ,n,and ry +--- +r, =m, i.e.,
reAn,mz{(rlv"' 1rl’l):r1+”'+rn=ms ri201 i=11”' ’n}'

For k=1,--- ,n, denote by (Xi,---,X,)r the kth smallest order statistic based on
X1, - -+, X,,. Then, with the allocation policy r, the redundant k-out-of-n:F system attains the
lifetime

TenX, Y;r)=(Xi VY Voo VY, oeeees Xa VYt 1 VoV V), 3.1

Li and Ding [24, Theorem 1] proved for k-out-of-n:F systems that, under the framework of
i.i.d. redundancy lifetimes and independent component lifetimes, more redundancies should be
allocated to the components with stochastically smaller lifetimes: if Xy, - - - , X, are indepen-
dent, Y1, --- , Y, are i.i.d., and X is independent of Y, then, for any r€ A, ,,, k=1, --- , n,
and any (i) suchthat 1 <i<j<n,

TenX, Y1) <¢ Tin (X Y; tU(r)) whenever X; < X; and r; <r;. 3.2)

Subsequently, You and Li [47] presented a similar conclusion on the allocation of redundan-
cies to k-out-of-n:F systems in the setting of SAI component lifetimes and i.i.d. redundancy

lifetimes: if (X1, --- , Xj,) is SAL Yy, - - - , ¥, are i.i.d., and X is independent of Y, then, for
anyre Ay, m, k=1, ,n,and any (i;j) such that 1 <i<j<n,
TinX, Y;r) <g Tn (X, Y; t,-j(r)) whenever r; <r;. (3.3)
You et al. [49, Theorem 4.3] further strengthened (3.3) from SAI component lifetimes to LTPD
ones: if X is LTPD, Yy, - -- , ¥, are i.i.d., and X is independent of Y, then, for any r € A, ,,
k=1, ---,n,and any (i,j) such that 1 <i <j <n,
TinX, Y:r) <g Ten(X, Y; 75(r))  whenever r; <r;. (3.4)
As per Proposition 4.1 of Cai and Wei [11], for (Xy, - - - , X;;) linked by an Archimedean
copula with a completely monotone generator, X| <, - - - <mp, X,, implies that (X1, - -- , X;)) is

LWSALI Thus, based on the result of (3.4), one can extend the result of (3.2) from independence
of component lifetimes to an Archimedean copula, at the cost of upgrading the usual stochastic
order of component lifetimes to the reversed hazard rate order.

It is worth mentioning that all of the above research work is developed under the assumption
that system component lifetimes X and redundancy lifetimes Y are statistically independent of
each other. Such an assumption is often impractical in real-world applications of reliability
engineering. In this section we study the allocation of m redundancies to n components in the
novel context in which the m + n lifetimes involved are statistically dependent, by conducting
stochastic comparison on the redundant system lifetime. Specifically, we compare the redun-
dant k-out-of-n:F system with stochastically ordered component lifetimes and redundancy
lifetimes linked by an Archimedean copula.

Now let us present our first main result on the redundant k-out-of-n:F system with com-
ponent and redundancy lifetimes linked by an Archimedean copula. This result serves as
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an interesting generalization for both Li and Ding [24, Theorem 1] and You et al. [49,
Theorem 4.3].

Theorem 3.1. Suppose that the lifetimes (X1,---,Xn, Y1, , Yy) are linked by one
Archimedean copula with a log-convex and (n + 1)-monotone generator, and Y1, - - - , Yy, are
identically distributed. Then, for k=1, --- ,n, anyr € A, m, and (i,j) such that 1 <i<j<n,

Tien(X, Y1) <o Ticn(X, Y 75(r)) (3.5)

whenever X; <m Xj and r; <7;.

Proof. Without loss of generality, we consider (i, j) = (1, 2) with rp > r| > 0. Define

Zy =max(¥y, .- - Y,

Z=max(Yy +1, -, Yp),

Zy =max(Ypy41, -+ s Yri4ry)s

Zi=max(Yy fogry 41 0o Y i) i=3,---,n.

As per (3.1), we have

TinX, Y1) Z (X1 VZ1, XaV 2oV Z, X3V 23, - o - Xa V7)), (3.6)
and ‘
TenX, Y120 = (X\ VZIVZ XaV 2y, X3V Z3, oo s Xn N Zn)s (3.7
forany k=1, - -- , n, where 2 means equality in distribution.
Let F; and f; be the CDF and PDF, respectively, of X;, fori=1, --- , n, and let G and g be
the common CDF and PDF, respectively, of the ¥;,j=1, - - - , m. For the Archimedean copula

with generator ¢, let = ¢~ !, and define

Uz, x) = (r2 = r)Y(GQR) + [N (Gx1)) + ¥ (F1(x1))]

+ [ ¥ (G(x2)) + ¥ (F2(x2))] + Z [riv (G(x) + ¥ (Fi(x)]. (3.8)
=3
Then the random vector (Z, XiVvZ,---, X,V Z,,) has CDF

Hz,x)=PZ <z, XiVZI <xi -+, Xy VZ <x) = ¢(l(z, X))
and hence PDF
h(z, x)
= "z, ) (r2 — 1)@V (G@)r1gx)V (G(x1)) + fixe)¥ (Fi(x1)]

- [r18(2) ¥ (G(x2)) + f2(x2) ¥ (Fa(x2))] ]_[ [rigCc ¥ (GOa) + i)y (Fixi))].

i=3

Note that Z has PDF

I(2) = (r2 — )@Y (G(2)¢ ((r2 — r)Y (G(2)))-
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The random vector (X1 V Z1,X>o V2, --- , X,V Z, | Z=7z) has PDF
_ h(z, x)
p(x|z) = 1@
= Nz, X121y (G(x1)gxr) + ¥/ (F1(x))fi (x1))
"Dz, )Y (G(2))g(x2) + ¥ (F2(x2))fa(x2)], (3.9
where

n

TT [ (GGe))g () + ¥/ (Fixi))fi(xi) ]

i=3

Az, = 3.10
@ .2 o' (2 — ¥ (GQ)) 310
Thus, for any x, > ¢ > 0, it holds that
t
/0 p(x|2)dx; = Iz, X1 2)[r1 ¥ (G(x2))g(x2) + ¥/ (Fa(x2))f2(x2)]
t
: /O "Dz, 0)d[r Y (G(x1)) + ¥ (F1 (x1))]
= h(z, (12D Y (G(x2))g(x2) + ¥/ (F2(x2))f2(x2)]
. |:('0(”)(e(z7 L, X2, X)) — (p(n)(+00)], (3.11)
and
t
/(; p(t12(0)|2)dx1 = Mz, X1 2)[r1 ¥ (G(x2)g(x2) + ¥/ (F1(x2))f1(x2)]
"€z %2, 1 x(1,2) — 9 (H00)]. (3.12)

As per Lemma 2.2, the fact that X <., X, along with the log-convex generator ¢ implies that

HOY' (F1(x) = L)Y (F2(x)),  forall x>0, (3.13)

and hence

—r1g)¥ (G(x2)) — L(x2)¥ (Fa(x2))
—r1g) ¥ (G(x2)) — fix2) Y (F1(x2))
0, for all xo > 0. (3.14)

=
=

For x, > t, taking the integral over [, x2] on both sides of (3.13), we have
Y(F1(x2)) — Y (F1(0) = ¥ (Fa(x2)) — ¥ (Fa(1)),
and thus from (3.8) it follows that

Uz, t, x2, x41,2)) — (2, x2, 1, Xq1,2})
=Y (F1(1) + ¥ (F2(x2)) — v (F1(x2)) — ¥ (Fa(1))

<0, for any xp > t.
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For the (n+ 1)-monotone generator ¢, (—1)"¢"(x) is decreasing, and thus it holds
that

(=" ((z, t, %2, %(1,2))) — ¢ (+00)]
> (= 1)"[™ Uz, x2, 1, x01,2))) — ™ (+00)] > 0.

Also, from (3.10) it follows that

(=)' 1z, x(1.2)

-1
= =y (GOa)gx) — ' (Fix))fi(xi
(2 — V(G i|:3| (=1 (G(x))g(xi) — ¥ (FiCxi))fi(xi)]

>0, for any z and x(; 7).

As a consequence, based on (3.11), (3.12), and (3.14), for any 7 < xp we have

t
/O Pl = (— 1) Bz, x (12— ¥ (GEa)g(ea) — ¥ (FaGea)fa(xa)]

=DMz, 1, x2, x(1,2)) — (—1)"¢"™(+00)]
> (— 1"z, 2 o1 ¥ (G(x2))g(x2) — ¥/ (F1(x2))fi (x2)]
=Dz, x2, 1, x(1,2) — (—1)"¢"(+00)]

t
_ /0 p(T12(®)[2)dx.

Thatis, (X1 VZ,XoV 2y, -+ , X,V Z, | Z=y)is LTPD with respect to (1, 2).
On the other hand, for any increasing function u, since, for x; < x, and z, the difference

u((x1 Vv z, x2, X(1,2))K) — u((x1, x2 V 2, X{1,2))k)

u((z, x2, xq1,2)k) — u((x1, 2, X(12))k), X1 <x2 <7,
= ul(z, x2, x(1,2)k) — u((x1, X2, X(12P)k), X1 <2 =< X2,
0, T=X1 = X2,

is nonnegative and decreasing in x| € (—00, x»], the function
[u(Cer Vv z, x(1 2))k) — u((x1, x2 V 2, (1,2 M (x1 < x2)

is nonnegative and decreasing in xp, irrespective of z. Then, as per Lemma 7.1(b) of Barlow
and Proschan [2], we have, for any x > 0,

x2
[) [u((x1 V z, xq1,00K) — u(Cx1, x2 V 2, (1 201 [p(x]2) — p(T12(x)]2)] dx1 > 0.
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As a result, it holds that

ElwXi1VvZivze, XoVZ, -, Xy VZ)ik | Z=2)]
—Eu(X1VZ1,X2VZoVz, - Xy VZk | Z=2)]

:f~-~/[u((x1 VZ»x{l,z})k)—M((XI,XZVZ»x{l,Z})k)]P(x|Z)l_[dxi
Rﬂ

i=1

:// / [u((x1 V z, X(1,2Dk) — u(x1, X2 V Z, X{1 2))1)] p(x|2)dxy HdXi

Rr—1  x1=<x2 i=2

+f / f [u(Cx1 V z, xq1,2p)0) — u((x1, X2 V 2, X(1,2)K)] p(x|2)dx 1_[ dx;

Rr—1  X1=x2 =2

=/ X / / [u((x1 V 2, (12D — u((xy, X2 V Z, X(1,2)0)] p(x|z)dx ndXi

Rr—1  Xx1=<x2 =2
—i—// / [u((x2 V z, x1, X1 2)0) — u((x2, X1V 2, X(1,2))0)]
Rn—1 X1=x2

 p(tia()[2)dx; [ ] d;
=2

X2
:///0 [u((x1 V z, x2, Xq1,21)0) — u((x1, X2 V 2, X{1,2)))]
Rnfl

n
[p(xl2) = p(ri200l)ldx [ ] dvi
i=2
>0, for any x, > 0.

Therefore, by using double expectation we conclude that

Elu(XiVZIVZ, XoN 2, -, Xy V Zy))]
>Eu(X1VZ1,XoVZVZ, -, X0V Zi)l

Now, from (3.6) and (3.7) it follows immediately that
E[u(Ticn(X, Y;7))] = E[u(Ticn(X, Y; 712(r))) |-

Owing to the arbitrariness of the increasing u, this implies the desired (3.5). U

As is pointed out in You and Li [46], the log-convex generator of an Archimedean copula
leads to positive dependence in the sense of the left tail decreasing in sequence. The reader may
refer to Joe [20] and Colangelo et al. [12] for more details on this notion of positive depen-
dence. Furthermore, as members of the Archimedean family, the independence copula, Clayton
copula, Gumbel copula, and AMH copula (nonnegative parameter) all are known to have
log-convex generator. According to the proof of Theorem 2.14 of Miiller and Scarsini [33],
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the completely monotone generator of an Archimedean copula is always log-convex. Thus, we
obtain the following corollary.

Corollary 3.1. Suppose that the lifetimes (Xi,--- ,Xpn, Y1, , Yy) are linked by one
Archimedean copula with a completely monotone generator, and Y1, - - - , Yy, are identically
distributed. Then, fork=1, --- ,n, anyr € Ay, and (i,j) such that 1 <i <j<n,

Tin(X, Y3 1) <g Ticn(X, Y5 75(r))

whenever X; <m Xj and r; <r;.

In the context of a single active redundancy, i.e., m = 1, define

1;,=(0,---,0,1,0,---,0)e Ay 1, fori=1,---,n.
——— ~——
i—1 n—i

As a direct consequence of Theorem 3.1, we obtain the next corollary, which was originally
developed by You and Li [48, Theorem 5].

Corollary 3.2. Suppose that the component and redundancy lifetimes (X1, - -- , Xy, Y1) are
linked by one Archimedean copula with a log-convex and (n+ 1)-monotone generator. If
X1 <th -+ <th Xp, then

TienX, Y1511) =g Tien(X, Y15 10) >0 - - - >o Ten(X, Y15 1,), (3.15)

foranyk=1,--- ,n.

In fact, Belzunce et al. [4, Theorem 3.7] also derived the usual stochastic order of (3.15)
under the assumption that, conditioned by the redundancy lifetime Y7, the component lifetimes
(X1, -, X;) are SAIL In according with Proposition 4.1 of Cai and Wei [11], X <i - - - <h X,
implies that (X1, --- , X;) is LWSAI if (Xy, - - - , X,) is linked by the Archimedean copula
associated with a completely monotone generator. Since a completely monotone generator
is always log-convex, Corollary 3.2 successfully relaxes the assumption of SAI component
lifetimes in Theorem 3.7 of Belzunce et al. [4] to the LWSAI assumption in the context of the
Archimedean copula for the component and redundancy lifetimes.

Also, it is worth remarking that the log-convex generator gives rise to LTPD component
lifetimes in the setting of Theorem 3.1, and this finally leads to the usual stochastic order on
the redundant system lifetime. As a consequence, in the setting where component lifetimes and
homogeneous redundancy lifetimes are linked by such an Archimedean copula, more redun-
dancies should be allocated to the components with stochastically smaller lifetimes. Naturally,
one may wonder whether it is possible to upgrade the usual stochastic order on the system
lifetime to the hazard rate order. In what follows we present two numerical examples related
to the first main result.

Example 3.1 below reveals that a dependence structure outside of the Archimedean fam-
ily of copulas may jeopardize the conclusion of Theorem 3.1 if the other assumptions are
unchanged; however, there may also exist some non-Archimedean copula such that the usual
stochastic order in Theorem 3.1 still holds.

Example 3.1. (Extended Gumbel copula.) Consider component and redundancy lifetimes
X1, X», Y, all having the standard exponential distribution, such that X; <q X> is trivially true.
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Assume for the vector (X1, X2, Y) the following 3-dimensional extended Gumbel copula due
to Embrechts et al. [15, Example 6.13]:

[
C(uy, up, uz) =exp { - [(— Inu)? + ((— Inuz)” + (—In u3)92)g*2]91 }

Because ) > 0,, this copula is not symmetric and hence is not an Archimedean copula. The
vector of lifetimes (X, X», Y) admits the CDF

1
L(x1. %2, y) = exp { [ (e 4 (e ] }

where x1, x2, y > 0and 61 > 6, > 0.
Corresponding to the allocation policy r = (0, 1), the system lifetimes are

T2X,Y;n=XiA(XaVY), Ti2X, Y;t12r) = (X1 VY) A X
It is not difficult to check that T1.2(X, Y;r) and T12(X, Y; t12(r)) respectively have CDFs

P(Ti2X,Y;n<t)=PX1 =) +PY =<t, X <t) - P(X1 <t,Xo <1, Y <1),

P(T12X, Y;t2) <) =PX <) +PX; <t, Y <) —-PX; <t, Xo <t, Y <),
for all ¢ > 0. Thus, it follows that

P(T12X, Y;r) <) = P(T12(X, Y; 112(r) < 1)
=PXr<t,Y<t—PX, <t,Y <1
=L(oco, t, 1) — L(t, 00, t)
=exp | =22 [~ In(1 —e )]} —exp {2/ [~ In(1 — )]}
=(1—e " = (1=
<0, for all t > 0 and 6 > 0,.

This invalidates the conclusion T1.2(X, Y;r) <« T1:2(X, Y; 712(r)) claimed by Theorem 3.1.

Next, Example 3.2 illustrates that it is infeasible to upgrade the usual stochastic order of
(3.5) to the hazard rate order in the context of Theorem 3.1.

Example 3.2. (Clayton copula.) Assume X1, X», Y have exponential distributions with hazard
rates 2,1,3, respectively, and (X1, X3, Y) is linked by a Clayton copula. Then (X1, X3, Y) admits
the CDF

L(.x1, X2, y) — [(1 _ efle)*ﬁt + (1 _ efxz)*ﬁt + (1 _ 673)7)70[ _ 2]—1/01’

where x1, x2, y > 0and o € [—1, 0c0)\{1}.
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0.5 1.0 1.5 2.0 25 3.0

FIGURE 1. The curve of P(T1.2(X, Y; t12(r)) > 1)/P(T12(X, Y;r) > 1) for t € (0, 3).
Let r = (0, 1); then it is easy to check that, for all # > 0,

P(T12(X, Y; 112(r) > 0)/P(T1:2(X, Y5r) > 1)

. PX;>t,Xo0>)+PX 1 <t,Xo>t,Y>1)
PXi>t,X>H)+PX1>t, X <t,Y>1)

PX1<t,Xp>t,Y>1)—PX; >, Xp <t,Y>1)
PXi>t,X>)+PX)1>t, X <t,Y>1)

PXy>t,Y>1)—PX;>tY>1)
PX >, X>)+PX1>t, X <t,Y>1)
L(t, 00, 00) — L(00, t, 00) + L(00, t, t) — L(t, 00, 1)
1—L(t, 00, 00) — L(00, t, 1)+ L(t, t, 1)

=1+

For o = 2, as is clearly seen in Figure 1, the ratio
P(T1:2(X, Y5 112(r) > 0)/P(T1:2(X, Y51) > 1)
is not increasing with respect to ¢ € (0, 3), and this fact directly negates the hazard rate order
Ti:2(X, Yir) <nr T12(X, Y3 112(r)).

In industrial engineering, when taking care of extremely critical systems, reliability engi-
neers sometimes seek the optimal way to allocate active redundancies in the sense of uniformly
maximizing the resulted reliability function. In this context, an allocation policy with the cor-
responding system lifetime not stochastically lengthened is not feasible. Thus, an allocation
policy r* = (r}, ..., 1) € Ay, is said to be stochastically optimal if

Tin(X, Y;r") £4 Ten(X, Y5 1), for any r € Ay .

As a direct consequence of Theorem 3.1, we end up with a typical feature of the stochasti-
cally optimal allocation policy, which suggests that we should consider only the arrangement
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decreasing allocation policies; this helps narrow down the feasible set for the corresponding
optimization problem.

Theorem 3.2. Suppose the component and redundancy lifetimes (X1, ..., Xn, Y1, ..., Yi)
are linked by one Archimedean copula with a log-convex and (n + 1)-monotone generator.
If X1 <th- - <nXn and Y1, - -+ , Yy, are identically distributed, then the optimal allocation
policy r* € Ay is such that r{ > - - - > ry,.

4. On systems with homogeneous component lifetimes

In this section, we pay specific attention to the allocation of multiple redundancies to
k-out-of-n:F systems with homogeneous and dependent component lifetimes. For the case of
i.i.d. components and redundancies, Hu and Wang [19, Theorem 3.3] showed that the SF of
the redundant k-out-of-n:F system is Schur-concave, i.e., if X1, ..., X,, Y1, ..., Y, are i.i.d.,
then

Tkln(Xs Y; s) Sst Tk:n(X, Y; r)s k= ]1 LN,

for any r, s € Ay, such that r <y, 5. This confirms the intuition that for systems with sym-
metric structure, homogeneous components, and homogeneous redundancies, a more balanced
allocation policy tends to produce a redundant system with a stochastically larger lifetime
in the context of mutual independence of the component and redundancy lifetimes involved.
Naturally, one conjectures that such an intuition is still true in the setting of symmetric
statistical dependence among component and redundancy lifetimes.

Along these lines, we present the second main result on the redundant k-out-of-n:F system
with component and redundancy lifetimes linked by an Archimedean copula, which partially
verifies the above conjecture.

Theorem 4.1. Suppose the component lifetimes (X1, . .., X,) are identically distributed, the
redundancy lifetimes (Y1, ..., Yy) are identically distributed, and (X1, ..., Xn, Y1, ..., Yi)
is linked by an Archimedean copula with (n + 1)-monotone generator. Then

Tk:n(X, Y;S) Sst Tkln(Xv Y;r)s kzlv"'7n3 (4‘1)

foranyr,s € Ay such that r <y s.

Proof. For the transform M of (2.1), without loss of generality, let us say the permutation

Q interchanges the ith and jth coordinates for 1 <i <j <n. Then, forx = (x1, ..., xp),
Mx" = (xp, o e, Ax (1 — MXj, Xig1s - -5 X1, (1 = 2)x; + Axj, Xjg1, - - . L x)
and hence

X +x=Ax; + (1 —)x; + (1 — Ax; + Ax;.

Owing to Lemma 2.1 and the transitivity of the usual stochastic order, it suffices to show
(4.1) only for r and s such that (7, r;) <m (sj, 5;) for some j <l and r; = s; fori ¢ {j, [}.
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For the sake of convenience, we set j=1 and /=2. Since the Archimedean copula is
symmetric, and X and Y are each identically distributed, it holds that

Tk!l’l(Xv Y;r)
L(XV IV oV XV Yt VeV Y XaV Yy VeV T)
§<X2VY1V...er1,X1\/Y,l+1\/...\/le+,z,... , X, VY '-’leri-lrlv"'VYm)k
i(XlVYr1+1\/-~-\/Yr1+r2»X2VY1V~-.VYr|,-.~ , X VY, y'l__ler‘] \/...\/Ym)k
= Tien(X, ¥; 112(r).
Thus, we focus only on (4.1) withs; < 7| <rp <s3,81 +s2=r1 +mr,andr,=s;,i=3,...,n.
Define
Zy =max(Yy, ..., Yy),
Z:maX(Y51+la'-~1le)y
Zl = max(Yr1+...+rlfl+1, ey Y”1+"'+Vl—l+rl)’ = 2, e, N
Then we have
Tin(X, Y1)
i(Xl\/Yl\/...\/le,... ,Xn\/le+...+rn71+1\/...Vym)k
=XiVZIVZ. X2V 2. X3V 23, ... Xn NV Zy), 4.2)
and
Tin(X, Y5 s)
g(Xl\/Yl\/-~-\/Ysl,~-- Xn VY g 41 VoV Yk
=X1VZ,XoV 2V Z, X3V Z3, ..., X,V Zy)k. 4.3)

Let ¢ be the generator of the Archimedean copula of (X, Y), let F and f respectively be the
common univariate marginal CDF and PDF of X, and let G and g respectively be the common
univariate marginal CDF and PDF of Y. Define

Uz, 1, x2, x(1,2)) = (r1 = s)Y(GR)) + Y (F(1) + s19(G(D)

+ Y [YE®) + iy (G, (4.4)

i=2

and
1 n
CETIE) [TIv F@fe + v/ Gamgn]. @5

i=3

Mz, x(1,2) =

Then (Z, X\ vV Z1, X2V Zy, ..., Xy \V Z,) attains the CDF

H(z, x) = ¢(£(z, x))
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and hence the PDF

h(z, x)
=" ((z, )11 — sV (G@)@[W (Fa))f (x1) + 519" (G(x1))g(x1)]

n

JT v Feanf e + riv' (Gaga)]-

i=2
Also, since Z has PDF
I(z) = (r1 — s)g@V' (G2 ((r1 — sDY(G(2))),
the vector (X1 VZ1, X2V Zy, -+, Xp V Z, | Z =2) attains the PDF

h(z, x)
I(2)
= [¥/ (F))f () + 519/ (Ge))gen) | [/ (F))f (x2) + 12y (G(x2))g(x2) ]
@Dz, X)), x(1,2)). (4.6)

px|z) =

Consequently, for any x >t > 0,
t
/O pxl)dxr = [/ (F(x2))f (x2) + rv(G(x2))g(x2) | iz, x(1.2))

t
- /O "Dz, )AL (F(x1)) + s19(G(x1))g(x1))]

= (V' (F(x2))f (x2) + r ¥ (G(x2))8(x2)) iz, X{1,2))
™z, 1, x2, x(1.,2))) — 9™ (+00)] 4.7)

and

/0[ p(t12(0)|2)dxr= [/ (F(x2))f (x2) + 519" (G(x2))g(x2) | iz, %(1.2))
o™z, x2, 1, x(1,2) — 9 (+00)]. (4.8)
Since G is increasing and v is decreasing, it holds that
(r2 =sDY(G(x2)) < (r2 — sV (G(D)), forry > s and xp > 1,
and then by (4.4) we have
Lz, 1, x2, x(1,2)) — (2, x2, 1, X(1,2)) = (r2 — sV (G(x2)) — (r2 — sV (G(1)) < 0.
As a result, the decreasing property of (—1)"¢"(x) implies that

(—1)"0™ ez, 1, x2, %(1.2))) — (= 1) (4-00)
> (=19 (Ll(z, x2, 1, x(1,2))) — (= 1)"¢"(+00)
>0, for xp > t.
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Also, (—1)Y"""h(z, x(1.2)) > 0 and —¢'(x) > 0 imply that

[~/ (F)f (2) — 12 (G(x2)g(62) ] (= 1)~ Az, x(1.2))
[—¥/(F())f (x2) — 519 (G(x2)g(x2) | (= )" Az, x(1,2)

Z —
>0, for rp > s1.
Therefore, from (4.7) and (4.8) it follows immediately that, for any 7 < x»,

t
/0 p(xl)dxr = [—¥/ (Fx))f (x2) — o (G(x2))g(x) (= 1)" ' lz, x(1.2)

=Dz, 1, x2, x(1,2)) — (=1)"¢"(+00)]
> [y (F))f (x2) — 519 (G(x2))g(x2) [ (= )" Az, x(1,2))
=Dz, x2, 1, x(1,2)) — (—1)" ¢ (+00)]

t
_ fo p(t2(0)|)dx.

Thatis, (X1 VZ1,XoV 2y, -+ , Xy VZ, | Z=7)is LTPD with respect to (1, 2).
Now, completely similarly to the preceding proof of Theorem 3.1, we can show that

E(u((Xi VZIVZ, X2V 2o, -+, Xn V Zo)i)]
>E[u((X\ VZ1,XoV oV Z, - X V Z)))-

In light of (4.2) and (4.3), we reach
]E[u(Tk;n(X, Y;r))] > E[u(Tk;n(X, Y; s))].

Owing to the arbitrariness of u, this implies the usual stochastic order of (4.1). U

In accordance with Theorem 4.1, by balancing the allocation of active redundancies, one
can stochastically maximize the lifetime of the redundant k-out-of-n:F system with identically
distributed component lifetimes and identically distributed redundancy lifetimes having some
Archimedean copula. Corresponding to the independence copula, the generator ¢(x) =e¢™*
is completely monotone, and then Theorem 4.1 successfully generalizes Theorem 3.3 of Hu
and Wang [19] by equipping component and redundancy lifetimes with the Archimedean cop-
ula with an (n 4 1)-monotone generator. Also, it is worth remarking that the generator of the
Archimedean copula is required to be log-convex in the setting of Theorem 3.1. By contrast,
here this assumption is no longer required, because of the homogeneity of the system com-
ponents, and thus the component and redundancy lifetimes can be either positive or negative
dependent.

In what follows, using one numerical example, we point out that the usual stochastic order
on the redundant system lifetime cannot be upgraded to the hazard rate order in the context of
Theorem 4.1.

Example 4.1. (Clayton copula.) Assume that (X1, X», Y1, Y2, Y3, Y4) is linked by the Clayton
copula with parameter ¢, that Xi, X, are of common univariate Pareto distribution with
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FIGURE 2. The curve of P(T1.2(X, Y;r) > t)/P(T1.2(X, Y;s) > t) for t € (0, 5).

parameter B, and that Yi, Y>, Y3, Y4 are of common univariate Pareto distribution with
parameter y. Then (X1, X3, Y1, Y2, Y3, Y4) attains the CDF

L(x1, x2, Y1, 2, ¥3, y4)

_1
l — l — 1 —o o
:[(l_mm)ﬂ) +<1_(1+x2)ﬂ) +Z(1_<1+yi)y> _5} ’

i=1
where x; > 0,y;>0,i=1,2,j=1,2,3,4,and o, B, ¥ > 0.
Setr=(2,2) and s = (1, 3). Obviously, r <, s,

T12X,Y;n)=X1 VY1 V) AX2 VY3V Y,
and
T2 X, Y;)=X1 VYDAXy VY VY3V Yy
It is routine to check that, for all # > 0,
I —P(T12X,Y;r)>1)=L(t, 00, t, t, 00, 00) + L(00, t, 00, 00, t, ) — L(t, t, 1, t, 1, 1)
and
1 —P(T12(X,Y;s) >t)=L(co, t, 00, t, t, 1)+ L(t, 00, t, 00, 00, 00) — L(t, t, 1, 1,1, 1).
For (a, 8, y) = (2, 2, 3), the ratio
P(T12(X, Y;r) > 0)/P(T12(X, Y3 5) > 1)

is seen to be non-monotone with respect to ¢ € (0,5) in Figure 2, and this gives rise to
T12(X, Y;s) £ne T1:2(X, Y, r) although r <, s.
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A system T'(X) with component lifetimes X = (X1, . . ., X,) is said to be a mixed system if
the reliability function can be represented as

P(TX) > )= pPXin > 1),
k=1

for all # > 0 and somep, € [0, 1], k=1, .-, n,such thatp, + - -+ p, = 1. For example, the
lifetime of a coherent system with exchangeable component lifetimes can be represented as a
finite mixture of k-out-of-n:F system lifetimes with (p, - - - , p,) being the system signature
(see Navarro et al. [35]), and thus it is a mixed system. For such systems and generalized mixed
systems we refer the reader to Navarro [34] and some of the references therein.

Corresponding to the allocation policy r, denote by T(X, Y;r) the lifetime of a redundant
mixed system with component lifetimes X and redundancy lifetimes Y, i.e.,

n
P(TX,Y;r)> 1) = Z PiP(TinX, Y1) > 1), for all 7 > 0.
k=1
Since the usual stochastic order is closed under taking the mixture (see Shaked and
Shanthikumar [41, Theorem 1.A.3.(d)]), the ordering result of Theorem 4.1 can be extended

from the k-out-of-n structure to the mixed structure. Here we present such an extension,
omitting the technical proof.

Theorem 4.2. Suppose for a mixed system that the component lifetimes X1, --- , X, are
identically distributed, the redundancy lifetimes Y1, --- ,Y,, are identically distributed,
and the vector (X1, ...,Xn, Y1,..., Yy are linked by one Archimedean copula with an
(n + 1)-monotone generator. Then

T(X9 Y; s) Sst T(X7 Y;r)9

foranyr,s € Ay such that r < s.

To close this section, we employ one example to illustrate Theorem 4.3 in the setting of a
coherent system without exchangeable component lifetimes.

Example 4.2. (Nonexchangeable component lifetimes.) For component lifetimes X =
(X1, X2, X3) and redundancy lifetimes Y = (Y1, Y>), let us consider the system with structure

T(X) =max {X;, min{Xz, X3}}.

Let the allocation policy s assign Yi, Y> to Xj, X» respectively, and let the allocation
policy r assign Y1,Y> to Xi, X A X3 respectively. Then it is routine to derive the
following equations:
P(T(X,Y;s)<t)
(XivYI<t,(X2VY2)AX3)<1)
XivY =6, X3<1)+PX; VY <t,(XaV Y2) <0)
—PXivYI <6, X3<t,(X2 VY2 <t)
=PXi=t. V1=t X3=<)+PXi =1, 1=t Y2<t,Xp<1)
—PX1<t, X <t,X3<t,Y1<t,Y,<t), forallt>0,

=P
=P
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1010

10.05

0.00

FIGURE 3. The difference P(T(X, Y;s) <t) —P(T(X, Y;r) <1): « €(0, 4), r € (0, 10).
and

P(T(X,Y;r) <1)

P(Xi VY <t, (X2 AX3)V Y2 <1)

P(Xi <t Y1 <0, Y2<1, (X AX3) <1)

PX1 <t X0t TSt h =+PX1 <, 1 <6, X35t Y2 <1)
—PX1<t, X <t,X3<t,Y1<t,Y,<t), forallt>0.

Evidently, it holds that

P(T(X,Y;s) <t) —P(T(X, Y;r) <t1)
=PXi <t, V1 <t, X35 —-PX1 <, V1 <t, X3, Y, <0
>0, for all + > 0.

Assume that X| ~E&Q2), X;~&(1), Y;~&(), i=1,2, and the vector of lifetimes
(X1, X2, X3, Y1, Y») is coupled by the Clayton copula with parameter «. Based on the above
two equations, one can obtain closed-form expressions for the two CDFs.

As is seen in Figure 3, the nonnegative difference

IP(T(X, Y;s) < t) — IP’(T(X, Y;r)< t)

confirms that 7(X, Y;s) <y T(X, Y;r). In addition, as a parallel system with two component

lifetimes X7 and X» A X3, all active allocation policies for (Y7, Y2) produce the same redundant
systems.

5. On systems with matched active redundancies

Consider component lifetimes X = (X1, - - - , X;;) and matched redundancy lifetimes ¥ =
(Y1, - - -, Yy). Define the redundant k-out-of-n: F system lifetime as

Tk:n(X? Y):(Xl\/Ylv """ 7XnVYn)ky k=19"' , n.
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In this section we consider multivariate mixture models; i.e., (X, Y) admits the CDF

F(x,y)=/'--/HFi(xz‘,e)Gi(yi,e)dF@(e), (G.D
i=1

R2n

where Fg is the distribution function of a 2n-dimensional random vector @ = (®q, - - - , O2,),
while Fi(x;, ) and G;(y;, @) are univariate CDFs. For more on stochastic comparison of
multivariate mixture models, we refer the reader to Belzunce et al. [5] and references therein.

Fori=1,---,n,let X;(#)=[X;|® =0] and Y;(0) = [Y;|© = 0] be absolutely continuous
random variables with CDFs F;(x, 6) and G;(y, #) and PDFs f;(x, #) and g;(y, #), respectively.
In the present result, we investigate conditions on the CDFs Fj(x, ) and G;(y, 8),i=1, - - - , n,
such that the system lifetimes Tj.,(X, Y) and T}, (X, 7;;(Y)) are of usual stochastic order.

Theorem 5.1. Consider the multivariate mixture model of (5.1) for component and matched
redundancy lifetimes (X, Y). For (i,j) such that 1 <i<j<n,

Tk:n(Xv Y) st Tk:l’l(Xa Tij(Y)), k= 17 I (3 (52)

whenever X;(0) <, X;(0) and Y;(0) <i; Y;(0).
Proof. Taking the derivative on both sides of (5.1), we get the PDF of (X, Y) as

n
fly)= / - / [T/ 0)gi(yi. 0)dF o (6). (53)
R2n i=1
Without loss of generality, let us seti=1and j=2. Definex Vy=(x; Vyi, - ,x, Vy,) for
x=(x1, -+ ,xy)andy=(x1,---,y,). Then
(x V.Y)k - (le(x)v le(.),))kv (‘L’]z(x), y)k - (x7 le(y))ks k: lﬂ R (B

It is easy to verify that for xp, y» > 0 and any increasing function u,
Elu(Tin(X, 112(Y))] — E[u(Tien(X, Y))]

:f/// [u(x, T2)0) — w((e, ) [F e, y) — F(T12(), )] | | dxidyi

R27—2  X1<x2 i=1

=///f // [u(Ce, T2)w) — u(x, Y] [f(x, y) _f(TIZ(x)aY)]deidyi
i=1

R2n—4  y1=y2 X1=x2

+/ff/ // [, y)i) — u(Ce, T2 ] [f e, T12())

R2n—4  y1=y2 X1=x2

— fr2@), 2] [ | dridys

i=1

https://doi.org/10.1017/apr.2022.70 Published online by Cambridge University Press


https://doi.org/10.1017/apr.2022.70

Active redundancy allocation to k-out-of-n systems 1107

:/f/f // [u(Ce, y)i) — u(@x, T20)0)] - [fx, ») = f(T12(x), y)

R2n—4  y1=<y2 X1=x2

— @, 1)) +f(T12(x), Ti20N)] [ | dridyi

i=1
y2 X2
=[] /O /0 [((x, 7200 — e, O] - [F, ) — (T2, )
RZn—Z
— @, 1)) +f(T12(x), TI2 ) ]dxrdyy [ | didy;. (5.4)

i=2

By (5.3), we have, for x; >0,

X2 X N
| s = [ [ [T T L. 030 0andro)
R2n

i=1

= [+ [ i o) [Tics. ) [T a0 0700,
=2 i=1

Rz”
x
/ FE120e), y)dr = / ~
0 R

x2
/(; S, T12(0)dxy

-+ [ Pt 0062, 0) [T ) [T 00 030700
i=2

2n i=1

= [+ [ Fitea 006102 000200.0) [ s ) [ i 030700
i=2

R2n i=3

X
fo f(r12(x), T12(y))dxy

= [+ [ Fatea, 002 000102, 03201, )] [ e ) [ 0. 0307 00),
R2n i=3 i=3

Thus, it holds that

X2
/0 [f@e, y) — f(ti2(x), y) — f(x, T120)) + f(T12(%), T12(¥))]dx]
:/ [fz(m, 0)  filx, 0)} [82()’2, 0) 2001 0)}
r2 | Fo(x2,0)  Fi(x2,0)|]18102,0) g101,0)

- Fa(x2, 0)F1(x2, 0)21(1, 0)81(v2, 0) [ [ fiCxi, 0)gi(vi, )dFe(8). (5.5)
i=3

Since X1(0) <, X>(#) implies

falx2, 0) - filx2, 0)
Fy(x2,0) ~ Fi(x2,0)’
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and Y(0) <ir Y2(0) implies

82072, 0) - 8201, 0)
2132, 0) ~ g1(y1,0)’

from (5.5) it follows that

for y; <y,

/o e, y) = f(ri2(x), y) — f(x, T12(0)) + f(T12(%), T12())]dx1 > 0.

On the other hand, according to the proof of Theorem 3.4 of You et al. [49], we have that for
y1 <2, the function

u((x, Ti2(0)k) — u((x, y)r)

is nonnegative and decreasing with respect to x; € (0, x2). Thus, for y; < y,, the function

[u(Cx, T2 — u(@e, ) [I(x1 <x2)

is nonnegative and decreasing with respect to xj € (0, x2). Thus, according to Barlow and
Proschan [2, Lemma 7.1(b)], we have, for any x, > 0,

/o 2 [((e, T12K) — u@e, WIS (¢, ¥) — f(T12(x), ¥) — f(x, T12(0) + [ (T12(%), T12(¥)]dx1 = 0.

Consequently, it follows from (5.4) that for any increasing u,
E[u(Tin(X, 112(Y))] — E[u(Ticn(X, Y))]

2 X2
_ / / /0 /0 [u(Ce. 71200 — (e Y)OT - [FGE, ) — FT1206), 9)

R2n—2

n
—fx, 1)) +f(T12(x), TI2@)]dxrdyy [ | dxidyi
i=2
> 0.
This implies Ty (X, Y) <gt Ti:n(X, 7;(Y)), exactly as desired in (5.2). O

According to Theorem 5.1, it is better to allocate a redundancy with larger baseline reversed
hazard rate to a component with smaller baseline reversed hazard rate.

Now let us move our focus to the case where (X, Y) are linked by an Archimedean copula
with completely monotone generator ¢, i.e., (X, Y) has CDF

n 0o N
F(x,y)=E []‘[ H?(x»Kf”’(vl-)} = fo [ 1H! @ok! GidFe (@), (5.6)
i=1 i=1
where H; and K; are some baseline CDFs, for i=1, --- , n, and Fg(@) is the CDF of the

random frailty ® with Laplace transform Lg. Since X; and Y; have marginal CDFs

Fi(x) = / HY (x)dFe(0) = / exp(6 In H;(x)}dFe(0) = Lo (— In Hi(x))
0 0
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and
Gi(Y)Z/O Kf(Y)dF®(9)=/O exp{0 In K;(y)}dFe(6) = Lo (— In Ki(y)),

respectively, fori=1, 2, - - - , n, from (5.6) it follows that

F(xy)_EO(ZE (Fixp) +Z£ (Giv) )

i=1

Thus, the generator ¢(x) = Lg(x). For more detailed discussion on Archimedean copulas with
completely monotone generator, one may refer to Marshall and Olkin [28], Denuit et al. [13],
Mulero et al. [32], and Pellerey and Zalzadeh [37].

Corresponding to the baseline distributions, let X} ~ H; and Y} ~ K; be absolutely contin-
uous random variables with PDFs k;(x) and k;(x), and the reversed hazard rates AX*(x) and
Ay (x), respectively, i=1, 2, -+, n. As a direct consequence of Theorem 5.1, we obtain the
followmg sufficient conditions on the baseline distribution functions H; and K; fori =1, ,n
to ensure that the system lifetimes T%.,(X, ¥) and T%.,(X, 7;(Y)) are of the usual stochastic
order.

Corollary 5.1. Suppose that the lifetimes (X, Y) of system components and matched redundan-
cies are linked by an Archimedean copula with completely monotone generator. Then, for (i,j)
suchthat 1 <i<j<n,

Tk n(X Y) —=st Tk:n(X5 le(Y))9 k= 17 IR (57)
whenever X! <, X]* and Y} <y Y]*

Note that the likelihood ratio order implies the reversed hazard rate order. In what follows,
Example 5.1 illustrates that the likelihood ratio order of Corollary 5.1 may be relaxed to the
reversed hazard rate order in some specific contexts.

Example 5.1. Consider the random vector (X1, X», Y1, Y>2) equipped with one Archimedean
copula with generator ¢ and marginal distribution functions

F1(x) = G1(x) = ¢(— In H|(x)), F2(x) = G2(x) = (= In K2(x)),

where the baseline CDFs are
1
Hx)=Ki(x)=1—-¢"", Hx)=Kx=1—- ——, for all x > 0.
1+x2
As is shown in Figure 4, the likelihood ratio
ka(x) — 2xe’
ki(x)  (1+x2)?
is not increasing on (0, +00), and this negates Y;“ <ir Y;‘. However, in accordance with You
et al. [49, Example 5.1], both X] <, X3 and Y| <qp, Y5 are valid.
We evaluate the two redundant system survival functions P(min(Xl VY, XovY) > x)
and H”(min(Xl VY, XovY)> x), respectively, and then plot their difference in Figures 5(a)
and 5(b). It can be observed that

P(min(X; Vv Y7, X5 VY]) > x) > P(min(X; VY1, X V Y2) > x)

for all x > 0, and this confirms min(X; Vv Y1, X3 V Y2) <¢ min(X; V Y2, X5 V Y1).
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20+
151

1.0+

1 2 3 4 5

(b) 20

Clayton copula with o € (0,2) and = € (0,15) Gumbel copula with § € (1,2) and = € (0,100)

FIGURE 5. The difference P(min(X; V Y>, Xo V Y1) > x) — P(min(X; Vv Y1, Xp V Y1) > x).

Motivated by Example 5.1, the next result asserts that the hazard rate orders in Corollary 5.1
can be relaxed to the usual stochastic orders for the series system with two components.

Corollary 5.2. Assume for (X1, X2, Y1, Y2) an Archimedean copula with completely monotone
generator. Then Xi <q X5 and Y{ <« Y3 imply that

min(X; VvV Yy, Xp vV Y)) <g¢min(X; Vv Y, X5 vV 17).
Proof. Note that min(X; Vv Y1, X» V Y3) and min(X; V Y>, X» Vv Y1) respectively have SFs
FO=1-PX; <t, 1 <) —PXa<t, 2 <) +PX1 <1, Y1 <1, X2 <1, V2 <1)
and

G=1-PX|<t,1L<)—PXa<t,V1 <OH+PX, <t,Y1 <t, X2 <1,V <1),
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for all # > 0. From (5.6) it follows that

F()— Gy = / H{ (K3 (1) dFo(0) + / H3 (0K (1) dF o (6)
0 0
- /O HY (DK (1) dFo(0) — /0 H3 (K3 (1) dF o (6)

o0
= /0 (H (1) — HS () (K5 (1) — K% (1)) dF 0 (0).
By the assumption that X7 <q X35 and Y] <y Y3, we have
Hin=Hy1n and KV =K5@),

for all >0 and 6 > 0. This implies that F 63} 5(_3(t) for all >0, yielding the desired
result. O

Recall that the random variable Yj* is said to age faster than Y in terms of the reversed
hazard rate if )Lyj* ®/ )LY[* (#) is increasing in ¢ € (0, +00). For more on relative aging, the reader
may refer to Sengupta and Deshpande [39], Misra and Francis [31], Li and Li [22], and refer-
ences therein. At the end of this section, we present a numerical example suggesting that, in
the conclusion of Theorem 5.1, the usual stochastic order cannot be further upgraded to either
the hazard rate order or the reversed hazard rate order.

Example 5.2. (Gumbel copula.) Assume that ® has Laplace transform Lg(f) —e """ for
y =1, and that the baseline random variables X7, X7, X;‘, Yf, Y7, and Y;‘ have exponential
distributions with parameters o1, a2, a3, B1, B2, and B3, respectively. As per (5.6), (X, Y) has

CDF \ .
Lx,y)=Le (— D oin(1—e ) =Y In(1- e—ﬁiyi)) : (5.8)
i=1 i=1

where x;, y; >0,i=1,2,3. Lety =2, a1 =1 = 15,00 = B = 1, 03 = B3 = 0.6. It is easy to
check that X7 <ih X5 < X3 and Y} <y Y5 <m V3.

Since el 5" 360 5 s increasing in x > 0, it holds that el —3695% L 2 >0 for x> 0.
Hence, by taking the derivative on the ratio of the reversed hazard rates, we get

/\y;(x) ! 2 (et ’_ o el 5T _305x 4 o o
AY*(x) "3\ e—-1) 3 (e¥ —1)2 -

This implies that )»y* x)/A ve (x) is increasing in x > 0. Similarly, A v (x) /)Ly* (x) is increasing

in x > 0. Thus, from Shaked and Shanthikumar [41, Theorem 1.C 4. (b)] it follows that Y73 >

Y* >l Y*

Based on (5.8), we derive CDFs
P(T13(XVY)<0)
=P(min{X; VY, Xo VY, X3V Y3} <t

=ZIP’(XivY,~§t)— Z PX:VYi<t,X;VY<H+PX;VY;<t,i=1,2,3)

i=1 1<ij<3
= L(t, 00, 00, t, 00, 00) + L(00, t, 00, 00, t, 00) + L(00, 00, t, 00, 00, 1) + L(t, t, 1,1, 1, 1)
_L(ta ta oo, t5 t5 OO) _L(ta oo, tv tv o0, t) - L(007 t? ta oo, t5 t)’ for t 2 O,
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(a) (b)

Losk 1.000 -
10sf 0.998 |
104 0.996
103 0.994
102} 0992 [
101E 0.990 |
2 1 6 8 10
P(Ta(XV723(Y) > )/B(Tra(XVY) > ) B(T1:s(X Vraa(¥) < 0)/B(T1a(XVY) < 1)

FIGURE 6. The ratios of the SFs and distribution functions with ¢ € (0, 10).

and
P(T13(X vV 123(Y)) < 1)
= L(t, 00, 00, t, 00, 00) + L(00, t, 00, 00, 00, 1) + L(00, 00, 1, 00, 1, 00) + L(t, 1, 1, 1, 1, 1)
—L(t,t,00,1t,00,1) — L(t, 00, t, t, 1, 00) — L(00, t, t, 00, 1, 1), fort>0.

In Figures 6(a) and 6(b), the ratios

P(T13(X V 123(Y)) > 0)/P(T1:3(X V Y) > 1)
and

P(T1:3(X vV 23(Y)) <)/P(T1:3(X VY) <1)

are both observed to be non-monotone in 7 € (0, 10). As a consequence, neither 71.3(X V Y) <y,
T13(X V 13(Y)) nor T1:3(X V'Y) < T1:3(X V 123(Y)) is true.

6. Concluding remarks

This study deals with redundant k-out-of-n:F systems in the context in which stochastically
ordered component lifetimes and multiple redundancy lifetimes are linked by an Archimedean
copula. We show that (i) allocating more redundancies to weaker components yields a stochas-
tically larger redundant system lifetime, and (ii) balancing the allocation of active redundancies
tends to uniformly maximize the redundant system reliability in the context of homoge-
neous component lifetimes and homogeneous redundancy lifetimes. The novelty of this paper
is to provide a comparison on redundant k-out-of-n:F systems with statistically dependent
component and redundancy lifetimes; these assumptions are more applicable to complicated
real-world engineering systems than the usual assumptions of independence.

The present results essentially extend some relevant work in the recent literature. However,
further research is necessary along these lines, for example, (i) to explore similar comparison
results in the setting in which component and redundancy lifetimes are linked by a generic
copula function, and (ii) to check whether the usual stochastic order on system lifetimes still
holds if the reversed hazard rate order on component lifetimes is replaced by the hazard rate
order in Theorem 3.1. Note that for i.i.d. component and redundancy lifetimes, Ding and Li
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[14] further strengthened the usual stochastic order of Hu and Wang [19, Theorem 3.3] to
the hazard rate order Ty.,(X, Y;s) <pr Ti:n(X, Y;r) whenever r <p, s. Although our attempt to
prove it was unsuccessful, we conjecture that such a generalization can also be achieved for
identically distributed component and redundancy lifetimes linked by an Archimedean copula.
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