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Preface

The purpose of this book is to provide the basic tools for a modern post-graduate
introductory course on System Reliability Theory. As the excellent classic book by
Barlow and Proschan (1975), the present one is just devoted to probabilistic aspects
of that theory, including recent results based on signatures, stochastic orders, aging
classes, copulas and distortion (or aggregation) functions.

The only requirements for the readers are basic knowledge on Probability
Theory and on the Mathematical tools needed in that theory (basic Algebra and
Calculus), so that it can serve both for graduate students in Mathematics and for
different Engineering students. Some aspects can also be applied to Survival
Analysis, Network Reliability or Simple Game Theory. So it could be of interest for
other students/researchers in these fields as well.

For that reason, the book includes short introductions to the basic aspects of
lifetime modelling, stochastic comparisons, aging classes, mixtures and copula
theory needed for the present course. For the interested readers, we provide
appropriate references for more advanced results on these topics. Some basic codes
written in the statistical (free) program R are also included.

The purpose is to provide the tools for a short basic course (30-60 hours) for
different graduate students. So, unfortunately, we have to exclude some relevant
aspects on Reliability Theory. For example, the book does not include results based
on stochastic processes (since they need more advances courses on probability).
Fortunately, there are several recent books on this topic available for the interested
readers (see, e.g., Aven and Jensen, 1999; Parzen, 1999; Nakagawa, 2008; Cha and
Finkelstein, 2018). Analogously, we do not study here statistical aspects related
with reliability data. They are left for a possible second volume.

The book is divided into 5 chapters.

In Chap. 1, we study the basic properties of coherent and semi-coherent binary
system structures, obtaining several representations for the structure Boolean
function of the system. We do not study non-coherent systems, but we provide
some results for multi-state systems with binary components. Relationships with
simple games, connectivity properties of networks, mixed systems and fuzzy
measures are provided as well.

Chapter 2 is devoted to studying the (random) system lifetime. First, we study its
relationship with the component lifetimes. So we introduce the basic tools needed

vii
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to study random lifetimes as the reliability function, the Mean Time to Failure
(MTTF), the hazard (failure) rate function, or the mean residual life function. The
different representations based on signatures and distortion functions are studied.

The basic tools to stochastically compare coherent systems are provided in
Chap. 3. We study distribution-free comparisons, that is, orderings that do not
depend on the components’ distribution functions. We consider five cases: systems
with Independent and Identically Distributed (IID) components, with Exchangeable
(EXC) components, with Identically Distributed (ID) components, with Indepen-
dent (IND) components and the general case of arbitrary (dependent or indepen-
dent) components. We use a copula approach to model the dependence structure
between the component lifetimes.

In Chap. 4, we study the process of growing old for both the system and the
components. To this end, we use the main aging classes (IFR, NBU, DMRL, ILR
and their respective dual classes). In particular, we state conditions for the
preservation of some of these aging classes under the formation of coherent sys-
tems. We also consider different system residual and inactivity times. The limiting
behavior (when the time increases) of some system aging functions is studied as
well.

In Chap. 5, we study several mechanisms that are used to improve the system’s
performance. One option is to include some redundant units at some positions in the
system. Another popular redundancy option is to add standby components in the
system to replace the failed components (when they fail). Another one is to repair
these failed components (with perfect or minimal repairs). The main questions
analyzed in this chapter are: What is the reliability of the (new) redundant system?
What are the best positions to add the redundant components? We also study some
component importance indices which can be used to determine the best replacement
positions.

I want to thank all the people that helped me in writing this book: my department
colleagues, my students and my research collaborators. I do not include names here
because I do not know if I will be able to cite all of them.

Murcia, Spain Jorge Navarro
July 2021
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Coherent System Structures

Abstract

In this chapter we study the basic properties of the main concept in the Reliability
Theory: the coherent system structures. In the first section we give the formal
definitions of coherent and semi-coherent (binary) system structures, providing
several examples. We do not study non-coherent systems here. We refer the inter-
ested readers in that systems to Borgonovo (2010), Imakhlaf et al. (2017) and
the references therein. The main properties of coherent systems are given in the
second section, including several representations for the structure function of the
system. Relationships with simple games, connectivity properties of networks
and mixed systems are studied in the third section. The fourth section contains
some results for multi-state systems with binary components. The components’
importance indices are not studied here. Some of them are studied in Chap. 5. In
a first reading, Sects. 1.3 and 1.4 can be skipped (if you want).

1.1 Coherent Structures

The systems are the main concepts in the Reliability Theory. They are “structures”
built by using several components. The main assumption is that the state of the system
only depends on the states of the components through a “structure function”. In this
section we assume that the system and the components only have two possible states,
a functioning state represented by a 1 and a failure state represented by a 0. Then the
formal (mathematical) definition of (binary) system can be stated as follows.

Definition 1.1 A (binary) system with (binary) components of order n is a Boolean
structure function (map)
¢ : {0, 1}" — {0, 1},

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 1
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2 1 Coherent System Structures

where ¢ (x1, ..., x,) € {0, 1} represents the system’s state that is completely deter-
mined by the components’ states represented by x1, ..., x, € {0, 1}.

To simplify, we just use the word “system” to represent a binary system with
binary components. Here it is natural to assume some additional properties for the
structure function ¢. For example, we can expect that a system does not work when
all the components fail or that the system works when all the components do so.
Analogously, we may also assume that if a broken component is replaced by a
functioning component (or it is repaired), then the system state cannot be worse.
These assumptions lead to the concept of semi-coherent systems. If one (or more)
of these properties fails, then we have a non-coherent system that are studied in the
references mentioned above.

Definition 1.2 A semi-coherent system of order » is a system
¢ : {0, 1}" — {0, 1}
satisfying the following properties:

(i) ¢ is increasing;
@) ¢@,...,0)=0and¢p(1,...,1)=1.

Throughout the book we use the words “increasing” and “decreasing” in a wide
sense, that is, a function g is increasing (resp. decreasing) when

gxt, .y, xn) =80V, s ) ()

forall x; < y1, ..., X < yp.
Semi-coherent systems may have “irrelevant” components, that is, components
that do not affect the system. The formal definition is the following.

Definition 1.3 The ith component is irrelevant for the system ¢ if

¢)(-x1! "'s-xi—lvosxi+17 "'7-xﬂ) :¢(-x11 "'s-xi—19 ls-xl‘—‘rl»"'sxn)
forall xi, ..., xi—1, Xi+1, - .., Xp € {0, 1}. If this is not the case, then it is a relevant
component.

For example, the structure function ¢ (x1, x3) = x1 is a semi-coherent system of
order 2 that represents the system formed just with the first component. Here the
second component is irrelevant for the system since ¢ (x1, 0) = ¢ (x1, 1) for all x;.
To avoid this problem we consider the concept of coherent system defined as follows.
This is the main concept in the present book.

Definition 1.4 A coherent system of order # is a system

¢ : {0, 1} — {0, 1}
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satisfying the following properties:

(i) ¢ is increasing;
(ii) ¢ is strictly increasing in each variable in at least a point.

Clearly, the second condition can be replaced with: “All the components are rel-
evant” and we have the following property.

Proposition 1.1 All the coherent systems are also semi-coherent systems.

Proof The condition (ii) in the preceding definition implies that, in particular, ¢ is
strictly increasing in x1 in at least a point, that is, there exist x3, . .., x, € {0, 1} such
that

0=¢0,x2,...,x5) <1, x2,...,x,) = 1.

Hence, from (i), we have
0<¢@,...,0) <¢0,x2,...,x,) =0
and
l=¢,x2,...,xy) <p(1,...,1) < 1.
Therefore, ¢(0,...,0) =0and ¢(1,...,1) = 1. O

Note that some semi-coherent systems of order n can be considered as an extension
of a coherent system in a dimension k < n. For example, the semi-coherent system
in dimension 2 defined by ¢ (x1, x2) = x; is an extension of the coherent system
¢(x1) = x; in dimension 1.

Also note that, from a mathematical point of view, the coherent systems ¢ (x1, x2,
x3) = min(x, max(x2, x3)) and ¢, (x1, x2, x3) = min(xp, max(xy, x3)) are differ-
ent. However, when we plot them they have a similar “structure” (see Fig. 1.1). This
fact is important when we want to count all the coherent systems of a given dimension
(see next section). To consider this fact we need the following definition.

Definition 1.5 We say that two systems ¢ and ¢, of order n are equivalent under
permutations (shortly written as ¢ ~ ¢,) if

O1(x1, .., X0) = P2 (X5 (1) - - 5 Xo(n))

for a permutationo : {1,...,n} — {1,...,n}.

Fig. 1.1 Two coherent systems of order 3 with a similar structure
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Fig.1.2 A general structure for a coherent systems of order 3

The equivalence classes determined by this relationship can also be called “sys-
tems”. For example, the systems given in Fig. 1.1 can be represented by the equiva-
lence class represented by the system in Fig. 1.2.

A coherent (or semi-coherent) system can be determined by the sets of components
that assure that the system works (resp. fails) when these components work (fail).
The formal definition of such sets is the following.

Definition 1.6 A non-empty set P C {1,...,n} is a path set of a system ¢ if
P¢(x1,...,x,) =1 whenx; = 1foralli € P. Anon-empty set C C {1,...,n}is
a cut set of ¢ if ¢p(x1,...,x,) = 0whenx; =0 foralli € C. A path set P is a
minimal path set if it does not contain other path sets. A cut set C is a minimal cut
set if it does not contain other cut sets.

The sets of path and cut sets of a system ¢ are represented by $ and C. Then we
have the following properties. To simplify, in the book, we use “iff” instead of “if
and only if”.

Proposition 1.2 Let ¢ be a system. Then:

(i) ¢ isincreasing iff P is closed under super-inclusions (i.e. if P € P and P C P*,
then P* € P).
(ii) ¢ is increasing iff C is closed under super-inclusions.
(iii) ¢(0,...,0)=0iff{1,...,n} €C.
(iv) ¢(1,..., ) =1iff{1,....,n} e P.
(v) ¢ is semi-coherent iff P is non-empty, closed under super-inclusions and does
not contain the empty set.
(vi) ¢ is semi-coherent iff C is non-empty, closed under super-inclusions and does
not contain the empty set.

Note that, in semi-coherent systems,  and C have the same structural properties.
To explain this fact we need another concept that can be stated as follows.

Definition 1.7 The dual system of a system ¢ is the system
¢” {0, 1)" - {0, 1)
deﬁnedby¢D(x1, Xy =1—¢(1—=x1,...,1—x,) forall xq, ..., x, € {0, 1}.
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The following properties for the dual systems can be proved easily.

Proposition 1.3 Let ¢ be a coherent (resp. semi-coherent) system and let ¢ be its
dual system. Then:

(i) qu is a coherent (resp. semi-coherent) system.

(ii) A set is a path set of ¢ iff it is a cut set of pP.

(iii) A set is a cut set of ¢ iff it is a path set of pP.

(iv) A set is a minimal path set of ¢ iff it is a minimal cut set of ¢pP.
(v) A set is a minimal cut set of ¢ iff it is a minimal path set of pP.

vi) (PP = ¢.

Let us see now several examples of coherent and semi-coherent systems. The
main structures are series and parallel structures defined as follows.

Definition 1.8 The series system of order n is

O1a(X1, ..., Xp) (= min(xy, ..., X,).

The parallel system of order 7 is
Pnn (X1, ..., Xp) 1= max(xy, ..., Xy).
The series system with components in the set P is
¢p(x1,...,Xp) = minx;.
ieP
The parallel system with components in the set P is

¢P(x1, ..., Xp) i= maxx;.
ieP

The series and parallel systems of order n are coherent systems but that based on a
set P are just semi-coherent systems. Of course, ¢(1,... »} = ¢1., and d)“""*”} = Pnn
and, in these cases, they are also coherent systems. Moreover, the dual system of ¢ p
is % and vice versa.

Note that Boolean functions can be expressed in many different ways. The main
options are to use min and max operators (as above) or to use polynomials (or
multinomials). For example, the series system ¢p can also be written as

¢p(xi,.... x0) =[x
ieP
Note that these options coincide when x; € {0, 1} but that they are different when

we extend these functions to other sets (see next chapter). Analogously, the parallel
system ¢ can also be written as

qu(x],...,xn):L[xi

ieP
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where the coproduct | | is defined as
[[ri=1-]]0—x.
ieP ieP
For example,
$22(x1, x2) =max(xy, x2) =x1 Hxo =1—-(1 —x)(I —x2) =x1 +x2 — x1x2

for all xq, x» € {0, 1}.
We will see in the next section that all the coherent (or semi-coherent) systems
can be written by using series and parallel structures.

Other relevant structures are the k-out-of-n systems that work when at least k of
their n components work. The explicit definition is the following.

Definition 1.9 The k-out-of-n system is defined by

1, ifx;+---4+x, >k

0, ifx;+---+x, <k .1y

¢n—k+l:n(x1, o ,xn) = {

fork=1,...,n.

The minimal path sets of the k-out-of-n system are all the sets with exactly k
components. So it has (2) minimal path sets. Note that with this definition the 1-
out-of-n system is the parallel system ¢, and the n-out-of-n system is the series

system ¢1.,. If (x1., ..., X4:n) represents the increasing ordered vector obtained
from (x1, ..., x,), then

On—kt1:n(X1, ..., X)) = Xn—k+1:n
for k = 1,...,n. This notation is the same as that used to represent the order

statistics, that is, the ordered data obtained from a sample (see, e.g., Arnold et al.
2008; David and Nagaraja 2003). For example, the 2-out-of-3 system is

@2:3(x1, X2, X3) = X2:3 = max(min(xy, x2), min(xy, x3), min(xz, x3)).

Note that this system cannot be plotted in a plane graph similar to that showed
in Fig. 1.1 (we need to repeat the components). An alternative representation as a
network will be showed in Sect. 1.3.

Other authors prefer to consider the k-out-of-n: F systems (here F means “failed”)
that fail when at least k of their n components fail. Its structure function is ¢, as
defined in (1.1) for k = 1, ..., n. The minimal cut sets of the k-out-of-n: F system
are all the sets with exactly k components. So it has (Z) minimal cut sets. In this
case, the k-out-of-n system considered in the preceding definition can also be called
k-out-of-n:G system (here G means “good”). Of course, the dual system of the k-out-
of-n:G system is the k-out-of-n: F system and vice versa. Moreover, the k-out-of-n: F
system coincides with the (n — k + 1)-out-of-n system fork = 1, ..., n. So we do
not need to use the concept of k-out-of-n: F system. However, this notation is needed
in the concepts of linear and circular systems defined as follows.
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Definition 1.10 Fork = 1, ..., n, the k-out-of-n:G linear system is the system that
works when at least & consecutive components work, that is, its structure function
Prn:Gli(x1, ..., x,) = 1iff there exists i € {0,...,n —k} suchthat x; | =--- =
Xi+k = 1. The k-out-of-n:F linear system is the system that fails when at least k
consecutive components fail, that is, its structure function ¢y.,.. 1 (x1, ..., x,) =0
iff there exists i € {0,...,n — k} suchthatx;;1 =--- = xj4r = 0.

The circular systems ¢y.,.G|c and ¢y, F|c are defined in a similar way but placing
the components in a circle (that is, in this case the first and the last components are
also consecutive).

These systems have several applications in practice. For example, the k-out-of-
n:F linear systems are used to represent transportation systems as oil or gas pipeline
systems and k-out-of-n: F circular systems can represent particle accelerators.

In this case, some k-out-of-n: F linear systems cannot be represented as k-out-of-
n:G linear systems. For example, the 2-out-of-3: F linear system is

$2:3.F)1 (X1, X2, X3) = max(xz, min(xy, x3)).

Its minimal path sets are P; = {2} and P, = {1, 3} and its minimal cut sets are
C1 = {1,2} and C; = {2, 3}. So it cannot be represented as a k-out-of-3:G linear
system. It is the dual system of the 2-out-of-3:G linear system given by

@2:3:611(x1, X2, x3) = min(x2, max(xy, x3)).

We conclude this section by computing all the coherent and semi-coherent systems
with orders 1-3. Of course, if n = 1, then we just have a component and a coherent
system ¢1.1(x1) = x1.If n = 2, then we have two coherent systems, the series system
¢1:2(x1, x2) = min(xy, x2) and the parallel system ¢.2(x1, x2) = max(xy, x2) of
order 2, and the two semi-coherent systems formed with each component. If n = 3,
then we obtain all the semi-coherent systems given in Table 1.1. Only the nine systems
in lines 1,5,6,7, 11, 12, 13, 14 and 18 are coherent systems of order 3. The others
are just semi-coherent systems or coherent system of order 1 or 2. The horizontal lines
determine the systems that are equivalent under permutations (we have 5 coherent
systems and 3 that are just semi-coherent). Note that the system in line 18 —i 4 1
is the dual system of that in line i fori = 1, ..., 7. The dual systems of the systems
in lines 8, 9, 10, 11 are themselves.

1.2 Main Properties

The coherent systems (as Boolean functions) can be written by using different (equiv-
alent) representations. Let us see some of them. The first one is called the pivoral
decomposition in Barlow and Proschan (1975), p. 5, and can be stated as follows.
We shall use the following notation. If x = (x1,...,x,) andi € {1, ..., n}, then

li(x) = (x17-~~sxi—lv ]sxi+17 "-7-xn)
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Table 1.1 Semi-coherent systems of order 3

N N (x1, X2, X3) Minimal path sets Minimal cut sets
1 X1:3 = min(xy, X2, X3) {1,2,3} {1}, {2}, {3}
2 min(xy, x2) {1,2} {1}, {2}
3 min(xy, x3) {1, 3} {1}, {3}
4 min(xp, x3) {2, 3} {2}, {3}
5 min(xy, max(xp, x3)) {1,2}, {1, 3} {1}, {2, 3}
6 min(xp, max(xy, x3)) {1,2}, {2, 3} {2}, {1, 3}
7 min(x3, max(xy, x2)) {1, 3}, {2, 3} {3}, {1,2}
8 X3 {3} {3}
9 X2 {2} {2}
10 X1 {1} {1}
11 X2:3 {1,2}, {1, 3}, {2, 3} {1, 2}, {1, 3}, {2, 3}
12 max(x3, min(xy, x2)) {3}, {1, 2} {1, 3}, {2, 3}
13 max (xp, min(xy, X3)) {2}, {1, 3} {1, 2}, {2, 3}
14 max (x1, min(x2, x3)) {1}, {2, 3} {1,2}, {1, 3}
15 max(xy, x3) {2}, {3} {2, 3}
16 max(xi, x3) {1}, {3} {1, 3}
17 max(xy, x2) {1}, {2} {1, 2}
18 X3:3 = max(xy, X2, x3) {1}, {2}, {3} {1,2,3}
and

0;(x) = (x1, ..., xi—1, 0, X1, ..., Xp).

Theorem 1.1 (Pivotal decomposition) Let ¢ be a system of order n, then
¢ (x) = x;ip(1; (x)) + (1 — x;)$(0; (x)) (1.2)

forallx = (x1,...,x,) €{0, 1}  and alli =1, ..., n. Moreover,

g = Y om[]x/a—xp' (13)

ye(0,1}" J=1

forallx = (x1,...,x,) € {0, 1}

Proof Clearly, (1.2) holds in the two possible cases, x; = 1 and x; = 0. Expression
(1.3) is obtained by repeated applications of (1.2). For example, we can start with
X1 obtaining

¢(X) = x1¢(11 -x27 ey xn) + (1 - xl)¢(07 x27 AL ] -xi’l)'

Then we apply (1.2) to ¢(1,x2,...,x,) and ¢ (0, x2,...,x,) for i = 2 and
SO on. O
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Expression (1.3) proves that ¢ can be written as a multinomial of degree n. This
representation will be used in the next chapter to compute the reliability of systems
with independent components.

For example, the pivotal decomposition for the system

@14(x1, X2, Xx3) = max(xy, min(xz, x3))

(see Table 1.1) is

$1a(x1, x2, x3) = x1(1 = x2)(1 — x3) + (1 — x1)x2x3 + x1x2(1 — x3)
+x1(1 — x2)x3 + X1x2x3
= X] + X2X3 — X1X2X3.
The second representation is based on minimal path or minimal cut sets (defined

in the preceding section). It is stated in the following theorem. It will be used in the
next chapter to compute the system lifetime and the system reliability.

Theorem 1.2 (Minimal path/cut sets’ representations) Let ¢ be a coherent (or semi-
coherent) system of order n and let Py, ..., P, and Cy, ..., Cs be its minimal path
and minimal cut sets, respectively. Then

¢(x) = max minux; (1.4)
i=1,...,r jeP;
and
= mi ; 1.5
¢(x) =, min maxx; (1-5)

forallx = (x1,...,x,) € {0, 1}~

Proof The first expression (1.4) holds since a coherent system works iff at least one
of the series systems obtained from its minimal path sets works. Analogously, (1.5)
holds since a coherent system fails iff at least one of the parallel systems obtained
from its minimal cut sets fails. (]

Remark 1.1 The preceding theorem can also be stated by using path or cut sets.
However, the expressions obtained in this way are more complicated than that stated
above (so we will not use them).

The preceding theorem shows that any coherent system can be decomposed as
series systems connected in parallel or as parallel systems connected in series (with
some possible common components). Here we can use the notation introduced in
the preceding section for series and parallel systems and write (1.4) and (1.5) as

P(x) = ,max ¢p (X)

and
$(x) = min §°(x),
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respectively. They can also be written by using products and coproducts as
r
¢ =[]« (1.6)
i=1jep,

and

o) =[] = (1.7)

i=1jeC;
Note that we obtain again multinomials of degre n and that these representations are

more “efficient” than the pivotal decomposition. For example, for the system ¢4
considered above, we obtain

P1a(x1, x2, X3) = x1 ]_[X2X3 =1— (1 =x) = x2x3) = x1 + x2x3 — X1X2X3.

In this chapter, representations (1.4)—(1.7) for the Boolean function ¢ are equiv-
alent. However, in the next chapter, they will be used to extend ¢ to real numbers
and then they will provide different expressions (that will be used to different pur-
poses). For example, the series system of order 2 can be written as ¢o.2(x1, x2) =
min(xy, x2) or as the multinomial ¥.0(x1, x2) = x1x2. If x1,x2 € {0, 1}, then
$2:2(x1, x2) = Yr.2(x1, x2). However, they are different as real functions. For exam-
ple, $22(1/2,1/2) = 1/2 # 1/4 = ¥22(1/2,1/2).

The minimal path and minimal cut set representations can also be used to deter-
mine all the coherent systems of order n. They show that a system is completely
determined by its minimal path sets (or by its minimal cut sets). So a system can
also be seen as a finite sequence of subsets of [n] := {1, ..., n} with the properties
given in the following proposition.

Proposition 1.4 The non-empty sets Py, ..., P, C [n] are the minimal path (or cut)
sets of a coherent system iff the two following properties hold:

(i)  P;is not contained in P; for alli # j;
(ii) PLU---UP,. =[n].

Proof Clearly, (i) holds when Py, ..., P, are the minimal path (or cut) sets of a
semi-coherent system (by definition). Moreover, if i ¢ P; U --- U P, then, from
(1.4), the ith component is irrelevant for the system. Therefore, (i7) holds for the
minimal path sets of any coherent system. From (1.5), (ii) also holds for the minimal
cut sets of a coherent system.

Conversely, if the sets Py, ..., P, satisfy (i) and (ii), then we can consider the
system (Boolean function) ¢ defined by (1.4). Clearly, ¢ is increasing. Moreover, we
can prove that any component is relevant due to (i7). Thus, ifi € [n] = P{U---U P,
then, from (ii), there exists a j € [r] such thati € P;. Now we consider the point
X = (x1,...,x,) defined as x; = 1if k € P; and x;x = 0if k ¢ P;. Hence,

#0;(x)) =0 < 1 =9¢(1;(x))
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since ¢p; (X) = x; and ¢pp,(x) = O forall £ # j (from (7)). Therefore ¢ is a coherent
structure. Moreover, it is easy to see that Py, ..., P, are its minimal path sets. The
proof for the minimal cut sets is similar. O

Note that the characteristic properties of minimal path sets and minimal cut sets
of coherent systems coincide. This is an expectable property since the minimal path
sets of a system are the minimal cut sets of its dual system (and vice versa). However,
in the first case we use (1.4) to determine the system while in the second we use
(1.5). Moreover, as we have seen in the proof, the minimal path (or cut) sets of
semi-coherent systems are just characterized by property (7).

The systems can also be represented by using their paths (or cut) sets. However,
as mentioned above, these representations are always more complicated. So we do
not include these properties here. Both structures (path/cut sets and minimal path/cut
sets) can be used in Set Theory (see Ramamurthy 1990).

The preceding proposition can be used jointly with the following algorithm,
extracted from Navarro and Rubio (2010), to determine all the coherent systems
of order n. They are determined by their minimal path sets. We use a recursive
method on the number k of minimal path sets. We use the notation |A| for the car-
dinality of the set A. The coherent system ¢ is represented here by the sequence
¢ = (P, ..., Pr) of its minimal path sets with |P;| < --- < |Pg|. Some systems
can be written in different ways (we avoid repetitions).

Algorithm 1.2.1:

Step 0: Generate the set S with all the non-empty subsets of [n] (there are m =
|S| = 2" — 1 subsets).

Step 1: Generate the unique coherent system with k = 1 minimal path set (the
series system with P; = [n]). Let S| = {([n])}.

Step 2: Generate all the coherent systems with k = 2 minimal path sets by studying
(using Proposition 1.4) all the couples of sets from S (there are (3) = m(m — 1)/2
different couples). Their sequences (P, P») of minimal path sets are included in the
set Sy with | Py| < | P2| (avoiding repetitions).

Stepk (fork = 3,4, .. .): Forany sequence (P, P2, ..., Px_1) € Si_1, generate
all the different coherent systems obtained by replacing P_; with a couple of subsets
A, B € Ssuch that | Py_»| < |A| < |B|. Their sequences of minimal path sets are
included in Sk with |P;| < |P2| < --- < | Pt| (avoiding repetitions).

Final step: Stop when S = 0.

Theorem 1.3 The preceding algorithm generates all the coherent systems of order n.

Proof Clearly, from the preceding algorithm, S and S; contain all the coherent
systems with k = 1 and kK = 2 minimal path sets.

Let us see that the set S3 obtained in step 3 contains all the coherent systems
with k£ = 3 minimal path sets. Let P;, P>, P3 be the minimal path sets of a coherent
system of size n and let us assume that | P{| < |P2| < |P3|. Then we consider two
cases:
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Case I If P; U P, = [n], then, from Proposition 1.4, P;, P, are the minimal path
sets of a coherent system of size n, that is, (P1, P») € S or (P2, P1) € S». Hence
(P1, P, P3) is generated in step 3 when in (P, P») we delete P, and we add the
couple (P», P3) or when in (P, P) we delete P; and we add the couple (P, P3).

Case II: If Py U P, # [n], we define A = [n] — (P1 U P;) and Q = P, U A.
Clearly, P1 U Q = [n] and | P1| < |P2| < |Q|. Hence (P1, Q) are the minimal path
sets of a coherent system of size n, with |P;| < |Q]|, that is, (P, Q) € S (in that
order). Hence (P;, P>, P3) is generated in step 3 when in (P;, Q) we delete Q and
we add the couple (P2, P3).

By induction, let us assume that Si_; contains all the coherent systems with k — 1
minimal path sets. We want to prove that the same happen for Sy by using a procedure
similar to that used in step k£ = 3. Let ¢ be a coherent system with minimal path sets
Py, ..., Py satisfying | Py| < --- < |Py|. As above we consider two cases:

Case . If P U---U Py_1 = [n], then, from Proposition 1.4, Py, ..., Py_; are
the minimal path sets of a coherent system of size n, that is, (Py, ..., Px—_1) € Sk—_1
(in this way or in a permuted version). Hence (Py, ..., Py) is generated in step 3
when in (P, ..., Py—1) we delete Py (or the last set P;) and we add the couple
(Pr—1, Px) (we add the couple (P}, Py)).

Case IL If Py U---U Pr—1 # [n], we define A = [n] — (P U---U Pr_y1)
and Q = Pr_jUA.Clearly, P U---UP>,UQ = [n]and |P] < --- <
|Pr—2| < |QJ. Hence Py,..., Pr—3, Q are the minimal path sets of a coherent
system of order n, that is, (Py, ..., Px—2, Q) € Sx—1 (in this way or in a permuted
version). Moreover, in all these permuted versions, Q is the last set in the sequence
since |P;| < |Px—1| < |Q|fori =1,...,k—2.Hence (Py, ..., Px) is generated in
step k when in (Py, ..., Pr—2, Q) (or in any of its permuted versions) we delete O
and we add the couple (Px—1, P). O

The preceding theorem can be used to obtain all the coherent systems of order n
(we can use a computer to do so). Let us see an example.

Example 1.1 As we have mentioned in the preceding section, there are 9 coherent
system of order 3 (see Table 1.1) that are reduced to just 5 coherent system classes of
equivalent systems under permutations. They can be obtained by using the preceding
algorithm as follows.

Step 0: If n = 3, then S = {{1}, {2}, {3}, {1, 2}, {1, 3}, {2, 3}, {1, 2, 3}} (with
cardinality 23 — 1 = 7) is the set with all the possible minimal path sets.

Step 1: The unique system with k = 1 is the series system

¢1 = ({1, 2,3}) = min(xy, x2, x3), S1 = {$1}.
Step 2: For k = 2, we consider the (;) = 21 couples of sets from S, obtaining
six coherent systems:
S = {d14, ¢13. 12, 5. ¢6. 7},
where we use the notation of Tablel.1, that is, ¢14 = ({1},{2,3}), 13 =
({2}, {1, 3D, ¢12 = ({3}, {1. 2}), 5 = ({1, 2}, {1, 3}), 6 = ({1, 2}, {2,3}), ¢7 =
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({1, 3}, {2, 3})}. For example, the first one is obtained as follows. First we consider
all the couples that contain the first set P; = {1}. The first option is (P;, P» = {2}).
It does not determine a proper coherent system since P; U P> # {1,2,3}. The
same happen with (P;, P, = {3}). The next options are (P, P, = {1,2}) and
(P1, P, = {1, 3}). They do not determine coherent systems since P; C P,. The next
one is (P1, P, = {2, 3}) that leads us to system ¢14.

Step 3: For k = 3, we consider the systems in S,. With the first one ¢4 =
({1}, {2, 3}), we delete {2, 3} and when we add the couple ({2}, {3}), we obtain
the parallel system ¢13 = ({1}, {2}, {3}). Analogously, with the fourth ¢5 =
({1, 2}, {1, 3}), we delete {1, 3}, and when we add the pair {1, 3}, {2, 3}, we obtain
the 2-out-of-3 system

$23 = ¢n1 = ({1, 2}, {1, 3}, {2, 3}).

In the other options we do not obtain new coherent systems.

Step 4: For k = 4, we consider the systems in S3 = {¢1g, ¢11}. With the first
one ¢13 = ({1}, {2}, {3}), we delete {3} but we cannot obtain coherent systems by
adding A, B € S with 1 < |A| < |B|. The same happen with the second one
¢11 = ({1,2}, {1, 3}, {2, 3}) when we delete {2, 3} and we add A, B € S with
2 < |A| < |B|. Therefore S4 = @ and so we stop here. <

Shaked and Sudrez—Llorens (2003) proved that there are 20 classes of order 4.
Navarro and Rubio (2010) used the preceding theorem to compute the 180 and 16145
classes of coherent systems of order 5 and 6. The systems of order 5 can be seen in
that paper and those with 6 components in:

https://webs.um.es/jorgenav/miwiki/doku.php?id=coherent_systems.

The last representation is based on the M&bius transform of ¢. First, we note that
a system ¢ can be seen as a set function

¢ : 2" — {0, 1},

where 2171 represents the set (or class) of all the subsets of [z] and for J C [n] we
have

¢(J) :=¢1y)

and 1; := (x1,...,x,) withx; = 1ifi € Jand x; = 0ifi ¢ J. Note that the
condition “¢ is increasing” can be written now as

IcJ=e¢l)=¢()

(i.e., ¢ is increasing as a set function). Analogously, the conditions ¢ (0, ...,0) =0
and ¢(1, ..., 1) = 1, can be written now as

¢ (@) =0and ¢([n]) = 1.


https://webs.um.es/jorgenav/miwiki/doku.php?id=coherent_systems
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Hence, a semi-coherent system ¢ can be seen as a normalized (or regular) fuzzy
measure (see Fantozzi and Spizzichino 2015/;\ Grabisch 2016). In this sense (see,
e.g., Grabisch 2016), the Mobius transform ¢ of ¢ is defined as

o) = (=D Vig(). (1.8)
JcI
It satisfies the following property: if ¢ (1) = 0, then 5(1) = 0 (since ¢ (J) = 0 for
all J C I). Moreover the inverse relation
¢() =Y o) (1.9)
IcJ
holds. Thus we obtain the following representation.

Theorem 1.4 (Mobius representation) The structure function of a coherent system
¢ can be written as
¢xt, ) = Y D ] (1.10)
1<[n) iel
forall x1, ..., x, € {0, 1}, where ais Mobius transform of ¢ defined by (1.8).

The proof is immediate from (1.9) taking into account that if (xy, ..., x,) = 1y,
then / C J iff [[,.; x; = 1. The main advantage of this representation is that
it gives us directly the coefficients of the multinomial representation (in the other
representations, we have to do some calculations). Let us see an example.

Example 1.2 Let us consider again the coherent system
$14(x1, x2, x3) = max(xy, min(xz, x3)).
Its Mobius transform is given by

¢ra{h = > =D'"Me) =11 =1,

JC{1}
Pa(2.3) = Y D V) = (=D 2.3h =1,
JE{2,3}
¢ua{1,2,3h = > 1’ Mew)
JC{1,2,3}

= (=Dl + (=1’ 76 (12, 3D + (=1’ Pp ({1, 2)
+ (Do ({1, 3) + (=1 (1,2,3D)
=—1
and 514(1 ) = 0O for the other subsets /. Therefore, from (1.10), we obtain
@14(x1, X2, X3) = X1 + X2X3 — X1X2X3
as in the preceding examples. <

For more properties on systems’ structures we refer the readers to Barlow and
Proschan (1975), Marichal et al. (2011) and Ramamurthy (1990).
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1.3 Related Concepts

Coherent system structures are similar to other concepts considered in different
mathematical and engineering subjects. Let us see some of them.

1.3.1 Simple Games

Let N be a finite set and let 2V be its power set (with all the subsets of N). Here
the elements of N are called players and the elements of 2V are called coalitions
(see Ramamurthy 1990, p. 37). Then a simple game (or a voting system) on N is
defined as follows.

Definition 1.11 A simple game on N is A : 2¥ — {0, 1} such that:

(i) A(@) =0
(i) AM(N)=1;
(iii) A(A) < A(B) forall A C B.

A coalition A is a winning (losing) coalition if A(A) = 1 (0). It is a blocking
coalition if L(A°) = 0 where A = N — A. A winning (blocking) coalition is
minimal if it does not contain other winning (blocking) coalitions. To simplify, we
can assume N = [n]. A player i € N is called a dictator if {i} is winning and
it is called a veto-player if {i} is blocking. A player i € N is called a dummy if
L{i} N A) = A(A) for all A.

Clearly, simple games are equivalent to semi-coherent systems, replacing players
with components, winning coalitions with path sets, blocking coalitions with cut sets
and dummy players with irrelevant components.

The axioms (properties) that must satisfy a simple game are the following (see
Ramamurthy 1990, p. 37).

Al. Every coalition is either winning or losing.

A2. The empty set is losing.

A3. The all player set N is winning.

A4. No losing coalition contains a winning coalition.

Sometimes, the following axioms are also added:

AS5. If A is winning, then A€ is losing (proper games).
A6. If A is losing, then A€ is winning (strong games).

The simple games can be classified (see Ramamurthy 1990, p. 42—43) as follows.
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1. Proper games. Every winning coalition is also a blocking coalition. In this case N
cannot be divided in two disjoint winning coalitions. This prevent to get different
decisions from disjoint coalitions.

2. Strong games. Every blocking coalition is also a winning coalition. In this case

N cannot be divided in two disjoint blocking coalitions. This prevent to get a

blocking situation from disjoint coalitions.

Decisive games. They are both proper and strong games.

4. Symmetric games. There exists an integer number k such that A is winning iff
|A| > k. These games are equivalent to k-out-of-n systems.

5. Weighted majority games. There exist a non-negative vector of weights
(w1, ..., w,) and a real number r such that A is winning iff ), , w; > r.
In particular it is also homogeneous if all the minimal winning coalitions have
the same weights.

(O8]

1.3.2 Networks

The networks are everywhere today. There are several problems related with net-
works. Here we just consider connectivity problems. From a mathematical point of
view, they can be defined as follows. The main results of this section have been
obtained from Gertsbakh and Shpungin (2010, 2020). These references can also be
used to get more results.

Definition 1.12 A network is N = (V, E) where V is the vertex (or node) set and
E is the edge (or link) set.

Here we just consider networks with a finite set V with |V | = m and a finite set
E with |E| = n. Usually, the set E is written as £ = {¢; = {u;, v;} 1 uj,v; € V,i =
1, ..., n} (undirected networks) oras E = {¢; = (u;, v;) :uj,v; € V,i=1,...,n}
(directed networks). We assume that the vertices do not fail but that the edges can
fail. As in the case of systems, we just consider two possible states for the edges (up
and down). A network is connected (all connectivity criterion) if all the nodes are
connected by a chain of edges. Sometimes, we might fix a set of terminal vertices
T C V and just consider connectivity problems between these terminal vertices. All
the concepts studied for systems can be translated to these connectivity problems by
defining the structure (or state) function of the network

¢ : {0, 1} — {0, 1},

where ¢ (x1,...,x,) = 1 (resp. 0) if the network satisfies (does not satisfy) the
connectivity conditions when just the edges with x; = 1 work.

For example, the network with V. = {1,2,3} and E = {e1 = {1,2},er =
{1, 3}, e3 = {2, 3}} might represent three islands connected with three bridges (or
three cities connected by regular lines of airplanes), see Fig. 1.3, left. Then the struc-
ture function for the all connectivity criterion is ¢;.3, that is, we need at least two
working edges. In this case, the minimal path sets are P; = {e1, ez}, P» = {e1, €3},
and P; = {e2, e3}. Remember that this coherent system cannot be plotted as a plane



1.3 Related Concepts 17

Network Up state Down state
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Fig. 1.3 Network of three islands connected with three bridges

system (without repeating components). However, if we just consider the terminal
vertices T = {1, 3}, then the structure function for the connectivity of these two ter-
minal vertices is ¢13(x1, x2, x3) = max(xz, min(xy, x3)). In this case, the minimal
path sets are P = {ej, e3} and P, = {ey}. For other criterion see Gertsbakh and
Shpungin (2010, 2020).

1.3.3 Mixed Systems
The concept of mixed system was introduced by Boland and Samaniego (2004). They
can be used to represent systems that should fulfill different requirements in different

periods of time. They can be defined as follows.

Definition 1.13 We say that ¢ is a mixed system of order n if it is equal to ¢; with

probability p; > Ofor j = 1,..., m, where ¢y, ..., ¢, are systems of order n and
p1+ -+ pm = 1. We say that a mixed system ¢ is semi-coherent if ¢y, ..., ¢,
are semi-coherent systems. We say that a mixed system ¢ is coherent if ¢, ..., ¢,

are semi-coherent systems and every component is relevant in at least a system with
a positive probability.

Any (deterministic) system ¢ can be seen as a mixed system ¢ that takes the
value ¢ = ¢ with probability 1. However, the reverse is not true. A mixed system
¢ can written as a map ¢ : {0, 1}" — {0, 1} but note that here ¢(xy, ..., x,)
represents a discrete random variable that takes the value ¢;(x1, ..., x,) € {0, 1}
with probability p;, for j =1, ..., m. If ¢ is semi-coherent, then ¢ (0, ...,0) =0
and ¢ (1, ..., 1) = 1 (since the same properties hold for any j). However, we cannot
assure that ¢ is increasing (due to the randomness). For example, we can consider
the coherent mixed system ¢ defined as

¢ (x1, x2, x3) = ¢1:3(x1, x2, x3) = min(xy, x2, x3), with probability 1/2
and
¢ (x1, x2, x3) = ¢3:3(x1, X2, ¥3) = max(x, x2, x3), with probability 1/2.

This mixed system might represent a system (situation) in which we need the three
components half the time (by the day, say) and just one of them in the other half
time (by night). Note that ¢(0,0,0) = 0 < ¢(1,1,1) = 1. However, we cannot
assure that ¢(1,0,0) =0 < ¢(1, 1, 0) = 1 since the following event might happen
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¢(1,0,0) =1 > ¢(1, 1,0) = 0 (with probability 1/4). Instead we have the follow-
ing property. If x = (x1, ..., xy)andy = (y1, ..., yn), wesay thatx <yiffx; <y;
for all ;.

Proposition 1.5 If ¢ is a semi-coherent mixed system and X <y, then

E(p(x)) < E(p(¥))-

Proof From the definition we have

m m
E@@(x) =) pj$;(x) <Y pipj(y) = E@y)),
j=1 j=1
where the inequality holds since ¢1, . . . ¢, are semi-coherent systems. |

1.4 Multi-state Systems with Binary Components

In this section we assume that, for a fixed m € N, the set of possible states of a

system is
1 2 -1
si=fon 2o 22t
m m m

where, as above, 1 represents the perfect functioning state and O the state of failure.
In the middle, we have m — 1 intermediate states. The evolution in time of the
performance of the system can then be seen as a stochastic process starting from 1
(perfect functioning) and eventually going to O (failure) as t — oo.

This representation is clearly equivalent to the classical representation using the
levels {0, 1,...,m} for a given integer number m. We could of course consider
systems with more general levels £ =0 < £1 < --- < {,, by using the set

Zl 52 Em—l
S =1hy=0,h=—,hy=—,...,hyp_1=——, hpy=1}.
{ 0 1 Zm 2 Zm m—1 Em m }

This general case can be studied in a similar way.
Thus we define the structure of a multi-state system with binary components as
follows.

Definition 1.14 A multi-state system with binary components is a function
¢ :{0,1}" - S.

It is semi-coherent if ¢ is increasing, ¢ (0,...,0) = 0and ¢ (1,...,1) = 1. Itis
coherent if all the components are relevant (i.e. ¢ is strictly increasing in all the
variables in at least a point).
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Then we notice that ¢ has the properties of a normalized (or regular) fuzzy mea-
sure. As for binary systems, ¢ can be considered as a set function defined over the
family 2071 of all the subsets of [n] where for J < [n],

e(J) = ody)
and 1; := (x1,...,x,) withx; = 1for j € Jand x; = O fori ¢ J. In this sense
(see, e.g., Grabisch 2016), the Mobius transform @ of ¢ is

o) =Y (=" Vip(r)
JcI
and it is such that the inverse relation
o(J) =Y @) (1.11)
1cJ

holds. It is also useful for our purposes below to rewrite the previous equation (1.11)
in a slightly different form. For x € {0, 1}" and I C [r] such that x = 1;, we can

write
ear . Lx) =Y o) =Y oW ]]x (1.12)
]

Jcl JCln jeJ
This expression is similar to the one obtained for binary systems, see (1.10).

1.4.1 Binary Systems Associated to a Multi-state System

Given a multi-state structure ¢, we can consider (see Block and Savits 1982; Marichal
et al. 2017) the associated binary systems with the following structures

1,if o (x1,...,x,) > L
‘(xl,~~,x)={ . m (1.13)
¢i " 0,if o (x1,...,x0) < 5
fori = 1,...,m. If ¢ is semi-coherent, the binary structures ¢y, ..., @, are semi-

coherent binary systems and satisfy ¢ > - - - > ¢,,,. Moreover, we have
1 m
QX1 o) = — Y G (X1, o, X). (1.14)
s
Thus any multi-level system can be associated to a mixed system (see the definition

in the preceding subsection) as follows. Note that if ¢ is a mixed system, then E (¢)
is a semi-coherent multi-level system (see the preceding subsection).

Definition 1.15 The mixed system ¢ associated to a multi-level system with struc-
ture function ¢ is the one that is equal to the binary system ¢; with probability 1/m,
fori=1,...,m.

Note that

1 m
E@O1, o) = — 3 i1, ) = 91, X).
i=1
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1.4.2 Multi-state System Associated to a Binary System

Conversely, if ¢ is a semi-coherent binary system, then we can define an associated
multi-state system. First, we consider the semi-coherent series systems associated to

the minimal path sets Py, ..., P of ¥ defined as
I//P/(-xlv L 7-xn) = minxi
’ IEP;)
for j = 1,...,r. Then we can use these systems to define the multi-state system

with binary components associated to v as follows.

Definition 1.16 Let i be a semi-coherent system. Then the multi-state system 1Z :
{0, 1}" — [0, 1] associated to v is defined by

. 1 <
W(xl,...,xn)z;Zij(xl,...,xn). (1.15)

j=1

Note that the set of possible states of system v is

As above, ¥/ can be seen as a normalized (or regular) fuzzy measure. The meaning
of ¥ is clear, it represents the proportion of working minimal path sets in the system
(note that the multi-state system 1} could also be defined over the set {0, ..., r} as
the number of working minimal path sets). In particular, ¥ = 1 means that all the
minimal path sets are working and ¥ = 0 that the system has failed (all the minimal
path sets have failed). Therefore, ¥ is a risk measure for the system that can be used
to describe the system failure process from the initial state 1/ = 1 to the final failure
state ¥ = 0 with intermediate states (- — 1)/r, ..., 1/r. This process could also be
used to determine replacement or repair policies in the system.

Asinthe preceding subsection we can define the associated semi-coherent systems
¥ :{0,1} = {0, 1} for j =1, ..., r, defined by

ity X)) =1 &YXy, ., Xn) > /T
Then

- 1 —
I/I(X]a'°"xn)=;lej(xlv"‘vxn)
j:

and we can define (as in the preceding section) the mixed system associated to /.
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Problems

16.
17.

. Prove that if ¢ is a coherent system and A C [n], then either A is a path set or

A€ :=[n] — Aisacut set.
Compute the structure function of a plain with four engines, two in each wing,
that can fly whenever at least an engine is working in each wing.

. Compute all the coherent systems of order 4 and the number of equivalence

classes.

Compute all the semi-coherent systems of order 4.

Compute the structure functions of all the k-out-of-5 systems.

Compute the structure function of a k-out-of-4 linear or circular system. Could
some of them be written in a simplified way?

. Obtain the pivotal decomposition of a coherent system of order 3.

Obtain the minimal path set representation of a system of order 4.

. Obtain the minimal cut set representation of a system of order 4.
10.
11.
12.
13.
14.
15.

Obtain the Mobius transform representation of a system of order 4.

Prove (1.9).

Obtain all the coherent systems of order 5 with 3 minimal path sets.

Given a coherent system of order 4, obtain an equivalent network.

Given a network, obtain an equivalent coherent system.

In a parliament, the parties A, B, C and D have 50, 26, 22 and 11 deputies,
respectively. If in a majority decision voting system, they can just vote ‘yes’ or
‘no’, obtain the associated simple game (system).

Obtain the binary systems associated to a multi-state system.

Obtain the multi-state system associated to a binary coherent system.
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Coherent System Lifetimes

Abstract

In the preceding chapter we have studied systems from a “static” point of view
(i.e. at a fixed time value). In the present one, we introduce the time variable
(usually represented as ) and we analyse the relationships between the component
lifetimes and the system lifetime. In particular, we show how to compute the
system reliability function from the component reliability functions (by using
different representations). We do the same for the main aging functions (hazard
rate, mean residual lifetime, reversed hazard rate, etc.) which allow us to describe
the behavior of the system when the time goes on.

2.1 Coherent System Lifetimes

Let us assume from now on that X1, ..., X, are non-negative random variables on a
given probability space (€2, S, Pr) that represent the lifetimes of the components in
a system. Hence the system lifetime T can be obtained from the component lifetimes
as follows.

Proposition 2.1 If i is a semi-coherent system of order n with minimal path and

minimal cut sets Py, ..., PrandCy, ..., C, thenthe system lifetime T can be written
as
T = max min X; 2.1)
1<j<r i€P;
and
T = min max X;. 2.2)
I<j<sieC;j
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The proof is immediate. Let us assume from now on that the above expressions
(2.1) and (2.2) (or the expressions (1.4) and (1.5)) are used to extend the structure
Boolean function ¥ to a real valued function ¥ : R — R (we use the same nota-
tion). Thus, we can write the lifetime of the system justas 7' = ¥ (X1, ..., X,). For
example, the lifetime of a series system with n componentsis 7 = min(X1, ..., X},).
However note that T # X - - - X, (i.e. we cannot use the product-coproduct repre-
sentation of the Boolean structure function to obtain the system lifetime).

As a consequence 7T is also a non-negative random variable (over the same prob-
ability space). Another consequence is that 7 = X; for an / € [n] (but not always
the same I, that is, / is also a random variable that can take the values 1, ..., n).

Note that the lifetime of the k-out-of-n system coincides with the order statis-
tic X;,—k4+1.n from Xy, ..., X,. Therefore, the coherent systems contain the order
statistics (ordered component lifetimes) as particular cases. Also, as a consequence
of the preceding proposition, we have that T' is equal toa X ;., for J € [n], thatis, we
know that the system is going to fail in one of the ordered points X1, < --- < X,.,,.
In fact, we will show that, under some assumptions, 7 can be written as a mixture
of the k-out-of-n systems.

We conclude this subsection by noting that the systems can also be studied by
using stochastic processes. Thus, for a fixed time ¢+ > 0, we can define the Boolean
(or Bernoulli) random variables

Bi(t) :=1{x;>n

fori = 1,...,n, where 14 = 1 (resp. 0) if A is true (false) and B;(¢t) = 1 (resp.
0) means that the ith component is working (has failed) at time ¢. Hence the system
state at time ¢ is

B(t) = Y(Bi(1). .... By()) = I{7=y).

Conversely, note that X; = sup{t : B;(¢) = 1} and T = sup{r : B(t) = 1}. Here
the system performance is represented by the stochastic process { B(t) };>0 where we
usually assume B(0) = 1 and B(co) = 0. As mentioned in the preface, we will not
use this approach in the present book. The interested reader can go to the references
cited there.

2.2 Reliability and Aging Functions

As the system and component lifetimes T and X1, ..., X, are non-negative random
variables, we can consider all the functions used to describe the aging process. Of
course we can also use the functions used in the probability theory. The main one is
the system reliability (or survival) function Fr defined as

Fr@) :=Pr(T > 1)

for all 7. We usually assume Fr(0) =1 (the system is working at time 7 = 0). Fris
always a decreasing function and satisfies lim;_, o, F7 () = 0. The same properties
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are satisfied by the components’ reliability functions defined as
Fi(t) :=Pr(X; > 1)

forall t and i = 1, ..., n. The respective distribution (or unreliability) functions
are defined as B
Fr@) =Pr(T <t)=1- Fr(t)

and B
Fi(t) =Pr(X; <t)=1-—F;(t)

forallt andi =1, ..., n. Clearly, Fr(¢) and Fr (t) represent the probabilities of a
working or a broken system, respectively, at time ¢. So the people usually prefer to
use Fr(¢) instead of Fr(¢). Moreover, it is easy to see that, for non-negative random
variables, the mean or expected value (lifetime) can be computed as

E(T) = / Fr(x)dx. (2.3)
0

A similar expression holds for the components. In Reliability Theory, this value is
also called the Mean Time To Failure (MTTF).

The components’ reliability functions will be modelled with the most usual mod-
els (distributions) for non-negative random variables. Then, as we will see in the
following sections, the system reliability will be a function of the components’ reli-
ability functions.

The most important model in this field is the exponential distribution with relia-
bility function

Fr(t) = exp(—t/u) fort > 0,

where u > 0 is the expected value (or MTTF). This model is the unique continuous
model which satisfies the following property

Pr(T > x)=Pr(T —t > x|T >t)forallz,x > 0.

This property is called the lack of memory property and means that the reliability
in this model is the same for new and used units. So this model plays a central
role in the reliability theory representing units which do not have aging. These are
considered as good units since the reliability is usually lower for used units (natural
or positive aging). In the opposite case, the used units (or the system) have greater
reliability functions than the new units (unnatural or negative aging). Note that here
“positive” does not mean “good”.

A good alternative (more flexible) model is the Weibull distribution with reliability
function

F(t) = exp(~(t/p)") fort > 0,

where a, f > 0. The parameter « is called the shape parameter and g is the scale
parameter. Note that the Weibull model contains the exponential model (obtained
when @ = 1).Italso contains models with natural (@ > 1) and unnatural (0 < @ < 1)
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Fig.2.1 Reliability functions of the residual lifetimes of a Weibull model with 8 = 1 and & = 2
(left) and @ = 1/2 (right) forr = 0, 1,2, 3,4, 5 (from the top on the left and from the bottom on
the right)

aging (see below). So it is more flexible than the exponential model. Its distribution
function can be computed in R with pweibull (x,«, 8).

The random variable 7; = (T — t|T > x) is called the residual lifetime (RL) of
the system. It represents the performance of used systems that are working at time
t. Its reliability function is

Pr(T >x+1)  Fr(x+1)
Pr(T >1t)  Fr@)

Fr(x|t) =Pr(T —t > x|T > 1) = (2.4)
for all x > 0. It is defined for all # > 0 such that F(z) > 0. If F(r) = O for a ¢, then
this random variable does not exist (since the system has already failed for sure at
time 7). The lack of memory property can also be written as

Fr(x|t) = Fr(x) forall ¢, x > 0.

The residual lifetime of the system will be studied in Sect.4.4.
Analogously, the residual lifetimes of the components are X; ; = (X; —¢|X; > t)
and their reliability functions are

Fi x+1)

Fi(1)
fori = 1,...,nand t > 0 such that F;(t) > 0. They are plotted in Fig.2.1 for
t =0,1,2,3,4,5 when the components have a common Weibull reliability with

B = 1and o = 2 (left) and @ = 1/2 (right). In the left plot they are decreasing in
t (positive or natural aging) while in the right plot they are increasing in ¢ (negative

aging).

Fi(x|t) :=Pr(X; —t > x|X; > 1) =
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The code for the left plot is the following:

R<-function(x) l-pweibull(x,2,1)
Rt<-function(x,t) R(x+t)/R(t)
curve (R(x),0,2.5,ylab="Reliability’)

curve (Rt (x,1) ,add=T)
curve(Rt(x,2) add=T)
curve (Rt (x,3) ,add=T)
curve (Rt (x,4) ,add=T)
curve (Rt (x,5) ,add=T)

There are several functions that can be used to describe the aging process. The
first one is the mean residual life (MRL) defined as
mr(t) = E(T}) = E(T —t|T > 1)

forall# > Osuchthat F(¢) > 0and that these expectations exist. The MRL functions
of the components are defined analogously. From (2.3) and (2.4) it can be computed
as

. © _ FT(x+t) 1 e
mT(t)_/O FT(xlt)dx_[) FT(t) dx = FT(t)/z Fr(x)dx.

Note that it is the area below the residual reliability function Fr(x|¢) for ¢ > 0. This
function is used to define the increasing mean residual life (IMRL) and decreasing
mean residual life (DMRL) aging classes (according to the monotonicity of mr).
The natural aging is represented by the DMRL class. The exponential model belongs
to both classes since its MRL satisfies m(t) = u for all > 0.

The second one is called the hazard (or failure) rate (HR or FR) function and it
is defined as

Jr (1)

Fr(t)
for all ¢ such that Fr(r) > 0, where fr@®) = F}(t) is a probability density function

(PDF) of T (so, note that 47 is not unique). To explain its meaning, we can write it
as

hr(t) =

he() = lim Prt < T <t+€|T > t)'

e—>071 €
Hence, it represents the average probability of failure in the interval [, r 4 €] when
€ — 07 for a unit that is working at time ¢.

It is used to define the increasing failure rate (IFR) and the decreasing failure
rate (DFR) aging classes. The exponential model belongs to both classes since its
hazard satisfies 2(t) = 1/u for all + > 0. In the Weibull model we have hA(t) =
ot(t/ﬁ)"‘_1 for all ¢+ > 0. Therefore, it is IFR foro > 1 and DFR for 0 < a < 1.

These aging functions are related (when they exist) by the following expression

14+m'(t)

h(t) = o
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So both functions determine the reliability function through the following inversion

formula ;
F(t) = exp (—f h(x)dx)
0
forall ¢+ > 0.

Similar properties can be obtained for the reversed hazard rate (RHR) and the
mean inactivity time (MIT) functions. The first one is defined by

_ fr@)
Fr(t)
for ¢ such that Fr(¢) > 0 and the second by

mr(t) = E(t — T|T <1)

hr(t)

for all + > 0 such that these expectations exist. The meaning of mr is clear, it is the
expected inactivity time for a system (or unit) that has failed before . Analogously,
hr(t) represents the instantaneous probability of failure at ¢ for a unit that has failed
in the interval [0, ¢]. Note that the greater l_zT(t), the best, since it means that the
inactivity time (r — T|T < t) is closed to zero. The monotonicity properties of /17
and m7 are used to define the aging classes IRHR/DRHR and IMIT/DMIT. All these
aging classes will be studied in Chap.4.

2.3 Signature Representations

The first signature representation was obtained by Samaniego (1985) (see also
Samaniego 2007). It is based on the fact that the system is going to fail with a
component failure. However we need some assumptions. The first one is that the
component lifetimes should be independent and identically distributed (IID). In this
case, the common distribution (reliability) of the component lifetimes is represented
justas F (F). The second one is that F should be continuous (to avoid ties). Then
the representation can be stated as follows.

Theorem 2.1 (Samaniego, 1985) If T is the lifetime of a coherent system with IID

component lifetimes X1, ..., X, having a common continuous distribution function
F, then
n
Fr() =7 siFin(0) 2.5)
i=1
forallt, wheresy, ..., s, are nonnegative coefficients such thaty ;_, s; = 1 and that
do not depend on F and where Fj.,, is the reliability function of X;., fori = 1,...,n.

Moreover, these coefficients satisfy s; = Pr(T = Xj) fori =1,...,n.
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Proof First note that the events {T = X;.,}, fori = 1,2,...,n, are a partition of
the probability space €2 since, as F is continuous, then Pr(X; = X;) = 0 for all
i # j.Hence, from the law of total probability, we have

Fr( =) Pr(T > 1} N {T = Xin))

i=1

n
=Y Pr(T = Xi) Pr(T > 1|T = Xin)
i=1

n
=Y Pr(T = Xi) Pr(Xin > 1T = Xicp)

i=1

n
=D Pr(T = X)) Pr(Xisn > 1),
i=1
where in the sum we only consider the terms with Pr(7 = Xj.,) > 0 (the others are
zero) and where the last equality is obtained from the independence of the events
{Xi;n > t} and {T = X;.,} (under the stated assumptions). Thus we obtain (2.5)
with s; = Pr(T = X;.,),fori =1,...,n and

is,- = iPr(T = Xiy) = Pr(Q) = 1
i=1

i=1
which concludes the proof. ]

The vector s = (s1, ..., s,) with the coefficients in (2.5) is called the signature
of the system in Samaniego (1985) (see also Samaniego 2007). It is also called the
destruction spectrum (or simply D-spectrum) when we use networks instead of
systems (see, e.g., Gertsbakh and Shpungin 2010, p. 85).

Moreover, these coefficients only depend on the structure of the system (under
these assumptions). Actually, they can be computed from ¥ as

lAil .
si=——fori=1,...,n, (2.6)
n!
where |A;| is the cardinality of the set A; of all the permutations o of the set
[n] = {1, ..., n} which satisfy that ¥ (x1, ..., x,) = X;., Whenever x5(1) < ... <
Xg(n) (see Samaniego 2007, Chap. 3).

The signature coefficients are also determined by the Boolean structure function

Y as follows

1 1
si= Dv@ix) — o D Y@ x) 2.7)
(") s (

oy xj=n—i+l l) Yoy xj=n—i

fori =1, ..., n (see Boland 2001).
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Fig.2.2 Example of a coherent system

Example 2.1 For the coherent system with lifetime ¥ = min (x|, max(xz, x3)) (see
Fig.2.2), we have the following options (permutations):

o Xo(1) < X5(2) < X5 (3) v J
(1,2,3) X] < X2 < X3 x1 =x13/1
(1,3,2) X1 < X3 <X X] = X133 1
2,1,3) X2 < X1 < X3 X1 = x23|2
2,3,1) X2 < X3 < X1 X3 = x23|2
(3,1,2) X3 < X] <X X1 =x23|2

3,2,1) X3 < X2 < X[ X2 = x2.3|2

and hence its signature is s = (1/3, 2/3, 0). Therefore, from (2.5), its reliability
function can be written as

_ 1- 2 -
Fr(@) = §F1:3(t) + §F2:3(f)

for all ¢. The signature can also be computed from (2.7) as

1 1 2 1
si=—~ > YEnxma) - Y Y, x3) =1-2=3,
(0) xX1+x2+x3=3 (l) X1+x24+x3=2
1 1 2
= Y. Y@nxx) - Y Vi, X2, x3) = 3
(l) X1+x2+x3=2 (2) x1+x2+x3=1
ands3 =1—s1 —s5p =0. |

Note that the signature contains the probabilities of the discrete random variable

J such that T = Xj.,. So we can say that T is a mixture of Xy.,, ..., X,.;, with
weights s, ..., 8,.
If Xq,..., X, are IID, the ordered variables Xi.,, ..., X, are known as the

order statistics. In Reliability Theory, they represent the lifetimes of k-out-of-n
systems. Their basic properties can be seen in Arnold et al. (2008) and David and
Nagaraja (2003). In particular, the expression for their reliability functions are the
following (see, e.g., David and Nagaraja 2003, p. 46).

Proposition 2.2 If X1, ..., X, are [ID~F, then the reliability function of X;., is
i—1
Fin()=)" (") FI@t)F"~I (1). 2.8)
J

j=0



2.3 Signature Representations 31

Proof Let us consider the Bernoulli random variables defined by B;(r) = 1 iff
X; >t. Then N(t) := Z:'l:l B;(t) gives the number of components alive at time ¢.
From the IID assumption, N (¢) has a Binomial distribution B(n, p;) with probability
p: = F(t). Therefore

Fin() = Pr(Xi > ) =Pt (N > n—i) = ) (Z) F" () F* (1)

k=n—i+1
and by doing the change j = n — k we obtain (2.8). (]

Note that we can use the expression (2.8) in (2.5) to obtain Fr as

n i—1

Fr(t) = Zsl- Z (;’) FI(t)F" 1 (¢). (2.9)

i=1  j=0

By interchanging the order of summations in (2.9) we obtain

ro=3( 5 s)()rtore. eo

k=1 \i=n—k+1

where Sy—k+1 =D & 41 Si 1s the probability that the system works when exactly
k components work, where F" % (1) F¥(t) is the probability of have k specific com-
ponents working at age ¢ and where (Z) represents the number of options of choosing
such k£ components. An extension of formula (2.10) to the case of non-ID compo-
nents was obtained in Coolen and Coolen-Maturi (2012) (see also Samaniego and
Navarro 2016).

Example 2.2 For the coherent system considered in Example 2.1 with signature
(1/3,2/3,0), we need

Fi3(t) =Pr(X13 > 1) = F3(1)

and
Fos(t) = Pr(Xas > t) = F2(t) + 3 F(1) F2(1).

By replacing F with 1 — F we get
Fr3(t) = 3F%(t) — 2F>(1).
Note that we do not need
F353(t) = 3F (1) — 3F2(t) + F*(1)
(since s3 = 0). Hence
Fr(t) = %153(;) + %(3152(:) —2F31) =2F%*(t) — F3 ).

These reliability functions are plotted in Fig.2.3, left, when the components are
IID with a standard (1« = 1) exponential distribution. The dashed line is the com-
mon reliability function of the components. The code in R to get these plots is the
following:
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Fig.2.3 Reliability (left) and hazard rate functions (right) of the system in Example 2.2 (red) and
the associated k-out-of-3 systems (black) when the components are IID with a standard exponential
distribution. The dashed lines are the common functions for the components

R<-function(t) exp(-
Rl<-function(t) (R(
R2<-function(t) 3*(
R3<-function(t) 3*R
sl<-1/3

s2<-2/3

s3<-0
RT<-function(t) sl1*R1(t)+s2*R2(t)+s3*R3(t)

curve (RT(x),0,5,xlab="t’,ylab='Reliability’,col="red’, 1lwd=2)
curve (Rl (x),add=T, lwd=2)

curve (R2 (x) ,add=T, 1lwd=2)

curve (R3 (x),add=T, lwd=2)

curve (R (x),add=T, 1lty=2, 1lwd=2)

t)
)) "3
(£))"2-2*(R(t)) "3
t)-3

t
R
( *(R(t)) "2+ (R(t))"3

Note that B B B B
Fi3 < Fr < Fp3 < F33.

This is a general property of this system for all F' (due to s3 = 0). Also note that
Fr < F but that F (dashed line) and F;.3 (black line in the middle) are not ordered.
By changing the signature we can plot other systems. <

Proceeding as in the preceding example, we can compute the signature vectors for
all the coherent systems with 1-4 components. They were first computed by Shaked
and Sudrez—Llorens (2003) and they are given Table2.1. Of course, the systems
equivalent under permutations have the same signatures (so we just include one of
them in the table). However, there are systems not equivalent under permutations
that have the same signature as well (see, e.g., the systems with numbers 20 and
21). As a consequence of (2.5), then they also have the same reliability (distribution)
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Table 2.1 Signatures of all the coherent systems with 1-4 IID components

i T; s

1 X1 = X )

2 X1, = min(Xy, Xp) (2-series) (1,0)

3 X202 = max(Xq, Xp) (2-parallel) 0, 1)

4 X1.3 = min(X1, X2, X3) (3-series) (1,0,0)

5 min(X, max(X2, X3)) (%, %’0)

6 X».3 (2-out-of-3) ©,1,0)

7 max (X1, min(X2, X3)) (, % %)

8 X3.3 = max(X1, X2, X3) (3-parallel) 0,0,1)

9 X4 = min(X1, X2, X3, X4) (4-series) (1,0,0,0)

10 max(min(Xy, X», X3), min(X», X3, X4)) (%, %,0, 0)

11 min(X»:3, X4) (41’1’ %, 0,0)

12 min(X1, max(X», X3), max(X3, X4)) (%, %, %,0)

13 min(X, max(Xz, X3, X4)) (%, %, %,())

14 X7.4 (3-out-of-4) (0,1,0,0)

15 max.(min(Xl,X2),min(X1,X3,X4), o. %’ %70)
min(X7, X3, X4))

16 max(min(Xy, X2), min(X3, X4)) (, %! %, 0)

17 max(min(X1, X7), min(Xy, X3), o. %! %,O)

min(X», X3, X4))
- max.(min(Xl, X»), min(Xz, X3), ©,%,1,0)
min(X3, X4))

max(min(X, max(Xz, X3, X4)), 1

" min(X2, X3, X4)) REER
20 min(max (X, X;), max(X1, X3), . % %’0)
max(X2, X3, X4))
21 min(max (X, X»), max(X3, X4)) 0,%.3.0)
” min(max (X1, Xp), max(X, X3, X4), . %, %’ 0)
max(Xg, X3, X4))
23 X3.4 (2-out-of-4) (0,0,1,0)
24 max(X;, min(Xy, X3, X4)) 035D
25 max (X, min(X», X3), min(X3, X4)) 015D
26 max(X2:3, X4) 0,0,3. 1)
27 min(max(X{, X2, X3), max(X», X3, X4)) 0,0, 1, 5y
28 X4.4 = max(Xy, X2, X3, X4) (4-parallel) 0,0,0,1)
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when the component lifetimes are IID with a common continuous distribution F.
Also note that if 7' is a system with signature s = (s1, ..., S,), then the signature of
its dual system TP issP = (Sn, ..., 81) (see e.g. the systems with numbers 10 and
27). This is a general property and so we do not need to compute the signatures of
the dual systems 20-28. The signatures for all the coherent systems with n = 5 and
n = 6 components were obtained in Navarro and Rubio (2010).

As mentioned above, expression (2.5) is a mixture representation for 7. So we
can use here all the properties for mixtures. For example, the expected lifetime for
the system (MTTF) is

E(T) = siE(Xix).
i=1

A similar property holds for the respective distribution functions and, in the absolutely
continuous case, the respective probability density functions (PDF) satisfy

n
fr@)=>"si fin (). (2.11)
i=1
The PDF of the order statistics can be obtained as follows.

Proposition 2.3 If Xy, ..., X, are[ID~F and F is absolutely continuous with PDF
f, then the PDF of X;., is

fin(t) = i(?)f(r)F’”(r)F"—f (t). (2.12)

Proof From (2.8) we have
i—1

Fin(t)y=Y_ (’J’) FI@F"™ ).

Jj=0

Differentiating this expression we obtain

il i—1
UMOENIODY (';)ij ROIIORNIONY (’;)(n — HFI@OF @)
Jj=1 j=0
=l N o =l N
=nf(t) Z ( . )F]_l(t)F"_/(t) —nf(t) Z ( ] )FJ(,)FH—]—I([)
P AVink o\
i—2 -1 . i—1 1 . i ‘
:nj([)z ( i )Fk(t)Fnikil([)—nf([)Z ( ] )F](I)Fﬂfjfl(t)
k=0 i=o N
= —nf(t)('.l B :)Fi—l(z)F"—f(;)
i—
= —i<'.l>f(t)F"’1 OF" (1)
1
and so (2.12) holds. 0
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Remark 2.1 The PDF in (2.12) can be rewritten as

fin(®) = %f@w*(rwﬂ () 2.13)
where I'(p) = fooo xP~le™*dx is the gamma function. It can be proved that the
function defined in (2.13) for i, n € R satisfying 1 < i < n is a proper PDF. Then
we can consider the random variable X;., having this PDF for i, n € R satisfying
1 <i < nasanextension of the order statistics (k-out-of-n systems) that are obtained
when i and n are integers.

As an immediate consequence of (2.12), the PDF of the system can be obtained
as follows.

Corollary 2.1 If T is the lifetime of a coherent system with IID component lifetimes
X1, ..., X, having a common absolutely continuous distribution function F with
PDF f, then the PDF fr of T can be written as

fry = sifin) = £ ) isi (’:) F @ F = @)
i=1 i=1

forallt.

All these expressions are convex combinations and so, the values for the systems
will be between the minimum and maximum values for the k-out-of-n systems.
In particular, as X1, < --- < Xy, then their respective reliability functions are
ordered, that is,

Fl:n(t) == Fn:n(t)

for all t. Even more, as X1., < T < X,,.,, then
Fion(t) < Fr(t) < Fun(t)

for all ¢. In the IID~F case we can be more precise and write
Fin(t) < Fr(1) < Fjn(0),

where i is the smallest index with s; > 0 and j is the greatest index with s; > 0. In
the preceding example the signature is (1/3,2/3,0). Hence i = 1 and j = 2 and
so the orderings for the reliability functions in Fig. 2.3, left, is a general property for
any continuous distribution F'. In the next chapter we will use (2.5) and the ordering
properties for mixtures given in Shaked and Shanthikumar (2007) to compare two
systems by comparing their signatures.

However, the expressions for the mean residual life and the hazard rate functions
are different. So it is difficult to determine the behavior of these functions in mixtures.
For example, the hazard rate of the system can be written from (2.5) and (2.11) as

Jr@®) _ 3y sifim ()

hr(t) = = = —
r Fr() Z?:lsiFi:n(t)

=D wihin(t) (2.14)

i=1
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where h;., = ﬁ;,,/l:“i;n is the hazard rate of X;.,, and
5i Fizn (1)
> i1 8iFa(0)
Note that 0 < w; () < 1 and Z — w;(t) = 1forall z. Hence (2.14) is also a convex
combination but, in this case, the coefficients wy(¢), ..., w,(¢) depend on .

In the IID case, the hazard rate functions of the k-out-of-n systems are ordered,
that is, hy., > --- > h,.,. Hence, in this case, we also have

hi:n(t) > hT(t) > hj:n(t)

for all F and the indices defined above. For example, the hazard rate functions for
the system in Example 2.2 when the component lifetimes are IID with a standard
exponential are plotted in Fig. 2.3, right. The code in R to get this plot (by using also
the code written above) is:

w; (1) =

f<-function(t) exp(-t)

fl<-function(t) 3*f(t)*(R(t))"2

f2<-function(t) (6*R(t)-6*(R(t))"2)*f(t)

f3<-function(t) (3-6*R(t)+3*(R(t))"2)*£f(t)

fT<-function(t) sl1*fl(t)+s2*f2(t)+s3*£3(t)

curve (fT(x) /RT(x),0,5,ylim=c(0,3),ylab="HR’,col="red’, lwd=2)

curve (fl(x) /R1(x),add=T, lwd=2
curve (f2 (x) /R2 (x) ,add=T, lwd=2
curve (f3 (x) /R3 (x) ,add=T, lwd=2
abline (h=1,1ty=2, 1lwd=2)

t
R
2
0
)
)
)

The following example shows that the continuity assumption in Samaniego’s
representation cannot be dropped out.

Example 2.3 Let us consider the series system with lifetime 7 = X1, =
min(X1, X3), where X1, X5 are [ID with a common Bernoulli distribution of param-
eter 1/2, thatis, Pr(X; = 1) = Pr(X; =0) = 1/2 fori = 1, 2. Then
Pr(T = X)) =1
and
Pr(T = X22) =Pr(X; = Xp) = 3

So (2.5) does not hold with these coefficients. Also note that 1 + 1/2 > 1. However,
the signature computed from the structure by using (2.6) (or (2.7)) is s = (1, 0).
Note that (2.5) holds with these coefficients. <

Therefore, in the general case, that is, when (X1, ..., X},) is an arbitrary random
vector with joint distribution function

F(xlv"'rxn):Pr(Xl lev-"sxn an)
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and joint reliability function
F(xl, ceyXp) =Pr(Xy > xqp, ..., Xy > xp),

we can define two signatures as follows.

Definition 2.1 The structural signature of a coherent system ¢ iss = (s, ..., S,)
where s; is given by (2.6) (or by (2.7)).

Definition 2.2 The probabilistic signature of a coherent system with lifetime 7" and
component lifetimes (X1, ..., X,)isp = (p1, ..., pp) where p; = Pr(T = X;.;).

Clearly, s only depends on the structure of the system ¥ while p can also depend
on the joint distribution function of the components F. In the preceding example
p = (1,1/2) and s = (1, 0). In this case Samaniego’s representation (2.5) holds
for s. We will see that this is true for the general IID case but that we will not have
representations for non-ID components.

As Samaniego’s representation does not necessarily hold in the general case we
need another way to compute the system reliability. It is provided in the following
theorem and it is called the minimal path set representation.

Theorem 2.2 (Minimal path set representation) If T is the lifetime of a coherent (or
semi-coherent) system with minimal path sets P, ..., P, and component lifetimes
(X1,...,Xy), then

r r—1 r
Fry=Y Fp®) =Y > Fpup;)+-+ (D Fpuup @) (215
i=1 i=1 j=i+1

forall t, where Fp(t) =Pr(Xp > t) and Xp = minjep X; for P C [n].

Proof First note that from (2.1), the system lifetime can be written as 7T =
maxi<;<r X p;. Then

Fr(t) =Pr(T >t) =Pr (1m_ax Xp > z> =Pr (U[_{Xp, > 1}).
<i<r

Hence, by using the inclusion-exclusion formula for the union of events, we obtain
(2.15) taking into account that

Pr({Xpl. >t}ﬂ{ij >t}):Pr(Xpl.Upj >t). <

Note that (2.15) proves that the reliability function of the system is a linear com-
bination of the reliability functions of the series systems obtained from unions of
its minimal path sets. However, some coefficients can be negative and so it is not a
mixture representation (as (2.5) was). Note that these coefficients sum up to one (take
t — —o00). These representations are called generalized mixtures and they contain
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the usual mixtures (all the coefficients are non-negative) and the negative mixtures
(some coefficients are negative). They have some common properties with the usual
mixtures. For example, similar expressions hold for the respective distribution and
probability density functions.

For the system with lifetime 7 = min(X, max(X», X3)) and minimal path sets
Py ={1,2} and P, = {1, 3}, we have

Fr(t) = Pr (min(X1, max(Xs, X3)) > 1)
= Pr ({min(X1, X2) > ¢t} U {min(Xq, X3) > t})
= Pr (min(X1, X2) > t) + Pr (min(X1, X3) > t) — Pr (min(Xq, X3, X3) > 1)
= F{1,2)(t) + Fi1.3)(t) — F{i2,3)(0). (2.16)

The reliability functions of series systems can be computed from the joint relia-
bility function F of the components. For example, in this system, we have

F{Lz}(z) = Pr(min(X1, X2) > t) = Pr(X1 > 1, X > t) = F(¢, t, —00).
Analogously, F{1,3}(t) = F(t, —00, t) and F{1’2,3}(I) = F(t, t, t). Therefore,
Fr(t) =F(,t,—o0) + F(t, —0o, 1) — F(, 1, 1).
In the general case, for the series system X{; k) we have
Fu..x@) =Pr(Xy>t,..., Xy >1)=F(,...,1,—00,..., —00)

.....

where t is repeated k times, fork = 1, ..., n. Similarly, for an arbitrary series system
Xp with P C [n] we have

Fp(r) =Pr (mian > t) =Fal,....th),
jepP
where tiP :=tifi € P and tiP = —ooifi ¢ P.
If the component lifetimes are stochastically independent (IND), that is,
F(xl, X)) =Pr(Xy > xp) .. Pr(X, > xp),
then these expressions can be reduced to
Fp(t) = ]_[Pr(xj > 1) = ]_[ Fj(t)
JjeP jeP
and if they are IID then Fp(t) = F'PI(t) where | P| is the cardinality of P.
For the above system, we get
Fr(t) = FL() F2(t) + Fi () F3(t) — Fi(1) Fa (1) F3(1)

in the IND case and _ _ B
Fr(t) = 2F%(t) — F(1)

in the IID case. Of course, this last expression coincides with the one obtained
from Samaniego’s representation. It does not coincide when the components are
independent but not identically distributed (INID). For example, in Fig.2.4 we plot
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the system reliability and hazard rate functions when the components are independent
and have exponential distributions with means 1, 1/2, 1/3 (black) and a common
mean 1/2 (red). In this example, the system with heterogeneous components is more
reliable than the one with homogeneous components. The code is the following:

# Reliability functions

R<-function(t) exp(-2*t)
Rl<-function(t) exp(-t)
R2<-function(t) exp(-2*t)
R3<-function(t) exp(-3*t)
RT2<-function(t) 2* (R(t))"2-(R(t))"3

RTl<-function(t) R1(t)*R2(t)+R1(t)*R3(t)-R1(t)*R2(t)*R3(t)
curve (RT2 (x),0,2,xlab="t’,ylab="'Reliability’,col="red’, 1lwd=2)
curve (RT1 (x) ,add=T, lwd=2)
curve (Rl (x) ,add=T, 1ty=2, lwd=2)

(R2 (x) ,add=T, 1lty=2, 1lwd=2)

(R3(x),add=T, 1ty=2, lwd=2)

curve

curve

#Hazard rates

f<-function(t) 2*exp(-2*t)

fl<-function(t) exp(-t)

f2<-function(t) 2*exp(-2*t)

f3<-function(t) 3*exp(-3*t)
(t

fT2<-function(t) (4*R(t)-3*(R(t))"2)*£(t)

fTl<-function(t) {
f1(t)*R2(t)+R1(t)*f2(t)+f1(t)*R3(t)+R1(t)*f3(t)
-f1(t)*R2(t)*R3(t)-£2(t)*R1(t)*R3(t)-£3(t)*R2(t)*R1(t)

}

curve (fT2 (x) /RT2(x),0,4,col="red’,ylim=c(0,4),1lwd=2,ylab="HR)

curve (fT1 (x) /RT1(x), add=T, lwd=2)

abline (h=1,1ty=2,1wd=2)

abline (h=2,1ty=2,1wd=2)

abline (h=3,1ty=2,1wd=2)

As a consequence we obtain the following representation for the IND case.

Corollary 2.2 (Minimal path set representation, IND case) If T is the lifetime of a

coherent (or semi-coherent) system with minimal path sets Py, ..., P, and indepen-
dent component lifetimes X1, ..., X,, then
r r—1 r
Fry=>Y_T]a®o->> T[] Ao+ -+ ] EO
i=1keP; i=1 j=i+1keP;UP; ke PyU--UP,
(2.17)

forall t, where Fi(t) = Pr(Xy > tYfork=1,...,n.
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Fig.2.4 Reliability (left) and hazard rate functions (right) of the system in Example 2.2 when the
components are independent and have exponential distributions of means 1, 1/2, 1/3 (black) and a
common mean 1/2 (red). The dashed lines are the functions for the components

A similar expression can be obtained from the minimal cut sets. It can be stated
as follows. Its proof is analogous.

Theorem 2.3 (Minimal cut set representation) If T is the lifetime of a coherent (or
semi-coherent) system with minimal cut sets C1, ..., Cs and component lifetimes
(X1,...,Xy), then

s—1 s

Frity=Y FC@) =Y Y FOY% @0+ -+ (1) FOY-Y5 1) (2.18)

i=1 i=1 j=i+1

forall t, where FF (1) = Pr(X? < t)and XF = maxjecp X for P C [n].

Note that we obtain again generalized mixtures. Hence the same expression
also holds for the respective reliability functions. We use the distribution functions
because, in the IND case, it can be reduced to the following corollary.

Corollary 2.3 (Minimal cut set representation, IND case) If T is the lifetime of a

coherent (or semi-coherent) system with minimal cut sets C1, ..., Cs and indepen-
dent component lifetimes X1, ..., X,, then
K s—1 s
Fry=Y_T[r®-> > ] EO+ -+t [ EO
i=1 keC; i=1 j=i+1keC;UC; keC1U---UCy
(2.19)

forall t, where Fr(t) =Pr(Xy <t)fork=1,...,n.

The general expressions obtained from the minimal path or cut sets can be reduced
to simpler expressions when the component lifetimes are exchangeable. The formal
definition is the following.
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Definition 2.3 The random vector (X1, ..., X,) is exchangeable (EXC) if

(X1,..., Xp) =571 Xo@)s--+» Xo@m))
for all the permutations ¢ : [n] — [n], where =g denotes equality in distribution
(law).

Clearly, (X1, ..., X,,) is EXC iff its joint distribution (or reliability) function F
is permutation symmetric, that is,

Fx1,...,x) =571 FxXa1)s - - -, Xa(n))
for all the permutations o : [n] — [n] and all x, ..., x, € R.
If (X1, ..., X,) is EXC, then all the marginal distributions of dimension k are

equal and, in particular, the variables are ID. Hence, the distributions of all the series
(or parallel) systems with k components are equal and we have

Fp(t) = Fy,. @) =F(,....t,—00, ..., —00),

,,,,,

where ¢ is repeated k = |P| times. As a consequence, we obtain the following
representation given in Navarro et al. (2007).

Theorem 2.4 (Minimal signature representation) If T is the lifetime of a coherent

(or semi-coherent) system with EXC component lifetimes (X1, ..., X,), then
n
Fr(t)=Y_aiFi;() (2.20)
i=1
forall t, where ay, . .., a, are some integer coefficients such thatay +---+a, = 1

and F1;(t) = Pr(min(Xy, ..., X;) > 1) fori =1,...,n.

Proof From (2.15), we have that Fr is a linear combination of reliability functions
Fp of series systems. But, if (X1, ..., X,) is EXC, then Fp can be replaced by Fi.;

with i = | P|. Hence (2.20) holds for some coefficients ay, ..., a, € Z. Moreover
these coefficients sum up to one (take t — —o0). O
The vector a = (ay, .. ., a,) with these coefficients was call the minimal signa-

ture of the system in Navarro et al. (2007). A similar representation can be obtained
by using the parallel systems as follows.

Theorem 2.5 (Maximal signature representation) If T is the lifetime of a coherent

(or semi-coherent) system with EXC component lifetimes (X1, ..., X,), then
n
Fr(t) =Y biF(t) 2.21)
i=1
forall t, where by, . .., b, are some integer coefficients such thatby +---+b, = 1

and F;.i(t) = Pr(max(X1, ..., X;) <t)fori=1,...,n.
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The vector b = (b1, ..., b,) with these coefficients was call the maximal signa-
ture of the system in Navarro et al. (2007). Note that both representations (2.20) and
(2.21) are generalized mixtures and that they hold for the general EXC case (includ-
ing discrete or singular distributions). In both we can use distribution or reliability
functions. However, it is better to use reliability functions with series systems and
distribution functions with parallel systems. In the absolutely continuous case, we
can also use probability density functions. We will see later that they do not hold
without the EXC assumption.

Let us see an example. For the coherent system with lifetime 7 = min(X},
max (X7, X3)), we get

Fr(t) = Fuoy(t) + Fu3)(t) — Fi1.2.3,()
that, in the EXC case, can be reduced to
Fr(t) = 2F12(t) — Fi3(1).

Hence its minimal signature is a = (0, 2, —1). To compute its maximal signature
we first write its distribution function as

Fr(t) = FU(@0) + F23 () — FU23p)
which, in the EXC case, gives
Fr(t) = F1.1(t) + F2:2(t) — F3:3(0)

for all ¢. So its maximal signature is b = (1, 1, —1).

The minimal and maximal signatures of all the coherent systems with 1-4 compo-
nents are given in Table?2.2. It can be proved that the minimal (maximal) signature
of a system coincides with the maximal (minimal) signature of its dual system (see,
e.g., the systems in rows 10 and 27). This property is due to the fact that the minimal
cut (path) sets of a system are the minimal path (cut) sets of its dual system.

The EXC case includes the general IID case and so we can obtain the following
representations.

Theorem 2.6 (Minimal and maximal signature representations, IID case) If T is the
lifetime of a coherent (or semi-coherent) system with minimal and maximal signatures

(at,...,ay) and (b1, ..., by) and [ID~F component lifetimes, then
n
Fr(t) = Z a; F' (1) (2.22)
i=1
and
n .
Fr(t) = Z bi Fi(1) (2.23)

i=1

forallt.
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Table 2.2 Minimal a and maximal b signatures of all the coherent systems with 1-4 exchangeable

components

i T;

1 X1 =Xy

2 X122 = min(Xq, Xp) (2-series)

3 X720 = max(X1, X2) (2-parallel)

4 X1.3 = min(X1, X2, X3) (3-series)

5 min(X, max(X3, X3))

6 X723 (2-out-of-3)

7 max (X1, min(X>7, X3))

8 X3.3 = max(X1, X2, X3) (3-parallel)

9 X144 = min(X, X2, X3, X4) (series)

10 max(min(X, X7, X3), min(X3, X3, X4))

11 min(X»,.3, X4)

12 min(X, max(X7, X3), max(X3, X4))

13 min(X, max(Xy, X3, X4))

14 X»2.4 (3-out-of-4)

15 max(min(X, X7), min(X1, X3, X4),
min(X2, X3, X4))

16 max(min(X, X7), min(X3, X4))

17 max(min(Xy, X7), min(X{, X3),
min(X», X3, X4))

18 max(min(Xy, X7), min(X»z, X3),
min(X3, X4))

19 max(min(X, max(X»,, X3, X)),
min(X7, X3, X4))

20 min(max (X, X7), max(X1, X3),
max (X, X3, X4))

21 min(max (X, X7), max(X3, X4))

” min(max (X1, Xp), max(X, X3, X4),
max (X2, X3, X4))

23 X3.4 (2-out-of-4)

24 max(Xl, min(Xz, X3, X4))

25 max (X1, min(X7, X3), min(X3, X4))

26 max(X».3, X4)

27 min(max(X, X7, X3), max(Xz, X3, X4))

28 X4.4 = max(X1, X2, X3, X4) (4-parallel)

a
ey
0, 1)
2, -1
0,0,1)
0,2,-1)
0,3,-2)
(1,1, -1)
3,-3, 1
0,0,0,1)
0,0,2,-1)
0,0,3,-2)
©,1,1,-1)
0,3,-3,1)
0,0,4, -3)

0,1,2,-2)
0,2,0,-1)

0,2,0,-1)

0,3,-2,0)

0,3,-2,0)

0,4,-4, 1)
0,4,-4,1)
0,5,-6,2)

0,6, -8, 3)
(1,0,1,-1)
1,2,-3,1)
1,3,-5,2)
2,0,-2,1)
(4,-6,4,-1)

b
)

2, -
0,1
3,-3,1)
(1,1, -1)
0,3,-2)
0,2,-1)
0,0, 1)
(4, —-6,4,-1)
(2,0,-2,1)
1,3,-5,2)
1,2,-3,1)
(1,0,1,-1)
0,6,-8,3)

0,5,-6,2)
0,4,-4,1)

0,4,-4,1)

0,3,-2,0)

0,3,-2,0)

0,2,0,-1
0,2,0,-1)
0,1,2,-2)

0,0,4, -3)
0,3,-3,1)
0,1,1,-1)
0,0,3,-2)
0,0,2,-1)
0,0,0, 1)
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The proof is immediate from (2.20) and (2.21) since, in the IID case, we have
Fi.;(t) = Fi(¢t) and F;.; (r) = F'(¢) forall . So it is better to use reliability functions
with the minimal signature and distribution functions with the maximal signature.
Note that we do not need the assumption “F is continuous”. In the absolutely con-
tinuous IID case, the system PDF is

@) = f@ Y iaF N0 = 1) Y ibi P

i=1 i=1

where f = F/ = —F is the common PDF of the components.

The minimal (or maximal) signature representation can be used to extend
Samaniego’s representation to the general EXC case (which includes the IID case
with a general distribution F). It is stated in the following theorem. This result was
obtained in Navarro et al. (2008) by using a different proof. A similar result was
obtained previously in Navarro and Rychlik (2007) for absolutely continuous EXC
distributions.

Theorem 2.7 (Signature representation, EXC case) If T is the lifetime of a coherent

system with structural signature (s1, ..., s,) and with EXC component lifetimes,
then
n
Fr(t) =Y siFrn(t) (2.24)
i=1
forallt.

Proof From (2.20) we have

n
Fr(n) = ZaiFlzi(t)
i=1
where a = (ay, ..., ay) is the minimal signature of 7. This representation can be
written as

FT(t) = a(FlZ](t)7 R ] F]In(t))/r

where v’ represents the transpose of v.

We can apply this representation to the k-out-of-n systems as well. Thus, for X 1.,
which only has a minimal path set P; = {1, ..., n} (the unique set with cardinality
n), we obtain the trivial representation

Fl:n(t) = Oﬁl:l(t) +--- +0F1:n—l(t) + 1Fl:n(t)»

that is, its minimal signature is (0, ..., 0, 1).
Analogously, for X».,, its minimal path sets are all the sets with cardinality n — 1
(its has (nfl) = n minimal path sets). Then its minimal path set representation is

Fon(t) = 0F1.1(t) + - - + OF100(t) + nF1_1(t) — (n — 1) F1(2),
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that is, its minimal signature is (0, ..., 0, n, —n + 1) (the last coefficient is —n + 1
because their sum is one).
In general, for X;.,, we obtain
_ _ _ n\ - _
Fi:n(t) = OFlzl(t) +--- 4+ OFlzn—i(t) + (l.)Flzn—i-H(t) +---+ ai,nFl:n(t)
fori =1, ..., n. The coefficients in that representation are well known in the order

statistics literature (see David and Nagaraja 2003, p.46 or (2.25) below). However,
we do not need them. We just need the fact that

(Flzn(t), ) Fn:n(t)), = An(ﬁl:l(t)a ) Fl:n(t))/

for all ¢, where A, = (a;, ;) is a triangular non-singular matrix of real (integer)
numbers. Hence

(Fr1(t), ..., Fin(®) = AN (Frn(0), . . ., Fyn(0)

for all ¢, where A 1 is the inverse matrix of A,
Therefore, by using the minimal signature representation obtained in (2.20), we
get

FT(t) = a(ﬁl:l(t)y e Fl:n(t))/
= aA;l(Fl;n(t), ey Fn:n(t))/
= C(F];n(l), sees Fn:n(t))/

n
= ZCiFi:n(t)
i=1

for all ¢, where ¢ = (cy, ..., cy) :=aA, I are some coefficients that do not depend
on the joint distribution of the component lifetimes (they only depend on a and A;,).

In the IID continuous case these coefficients coincide with the structural signature
coefficients (take e.g. F(t) =t for 0 < < 1), that is, ¢ = s and so (2.24) holds. [J

Remark 2.2 The preceding theorem proves that F7 belongs to the vectorial space
generated by the reliability functions of the k-out-of-n systems which coincides
with the one generated by the series system reliability functions (in the EXC case).
Actually, in many cases, these reliability functions are bases of this space and so the
signatures can be seen as the coordinates of F7 in these bases. Thus the structural
signature can be obtained from the minimal signature as

—aa-l
s=aA,

and vice versa
a=SA,.

Moreover, it can be proved that, in the absolutely continuous EXC case, s; = Pr(T =

Xi.n) (i.e. the structural and probability signatures coincide), see Navarro and Rychlik
(2007).
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Note that the rows of A,, are the minimal signatures of the k-out-of-n systems. As
mentioned in the proof, the coefficients in A, are well known in the order statistics
literature. Actually, from David and Nagaraja (2003), p. 46, we have

_ " o i—1\ -
Fraty= ). (—1)”*”(’]’.)({1 _l.)Fl;,'a). (2.25)

j=n—i+1
Of course, the preceding theorem can also be applied to the case of [ID~ F component

lifetimes. Here we do not the continuity assumption for F but we have to use the
structural signature (not the probabilistic signature).

Remark 2.3 A similar proof can be obtained by using the maximal signature rep-
resentations of the k-out-of-n systems. So we can also write

s=bB,!

and
b =sB,

for a triangular non-singular matrix B, = (b; ;). The coefficients in B, can also be
obtained from David and Nagaraja (2003), p. 46, as

1

Fi;n(t) = Zbi,jij:j(t) = Z(—l)‘/_i <’;> (i : 1>Fj:j(t)‘ (2.26)
=i =i

The rows of B, are the maximal signatures of the order statistics. Note that, as a
consequence, a can be computed from b and vice versa through

b=sB, =aA, !B, =aC,

and
a=sA, =bB,'A, =bC,",

where C, = A,/ I'B,,. If one prefer to use column vectors, just take the transposed
matrices.

Example 2.4 Let us obtain A3 without using (2.25). As mentioned in the proof, the
(trivial) minimal signature representation for X1.3 is

Fi3(t) = 0F 11 (1) + 0F12(1) + 1F1:3(1).
Analogously, for X;.3, we have

Fy3(t) = 0Fp.1 (1) + 3F12() — 2F1:3(1).
Finally, the minimal path set representation for X3.3 in the EXC case is

F33(t) = 3F1.1(t) — 3F12(t) + 1F13(2).

Hence _ _
Fi3(1) 0 0 1 Fi1()
@ | =10 321 F20) |,
F3:3(t) 3-3 1 Fi:3(1)
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that is,
0 0 1
A3=10 3-=-2
3-3 1
Its inverse matrix is
1/31/31/3
A7t =2/313 0
1 0 O

These matrices can be used to obtain one signature from the other. For example, for
the system with lifetime 7 = min(X, max(X3, X3)), s can be computed from a as

1/31/3 1/3
(s1,52,83) = (a1, a2, a3)A; ' = (0,2, -1) [ 2/31/3 0 | =(1/3,2/3,0).
1 0 0

Conversely, a can be computed from s through

w W o

0 1
(a1, az,a3) = (s1,52,53)A3 = (1/3,2/3,0){ 0 3 =2 | =(0,2, -1).
3 - 1

Analogously, we obtain

3-3 1
B3;=10 -2
0 1

S W W

Note that the rows of Bj, are the rows of A, in the reverse order (since the dual system
of X;., 18 X,,—i+1.n). Hence the maximal signature of the system can be obtained as

3-3 1
(b1, b2, b3) = (s1,2,53)B3 = (1/3,2/3,0) | 0 3 =2 | =(1,1,-1).
0 0 1
It can be obtained directly from the minimal signature as
1 00
(b1, b2, b3) = (a1, a2, a3)A; ' B3 = (0,2, 1) [ 2 =10 | = (1,1, —1).
3-31

Note that the rows of C3 = A3 ! B3 are the maximal signatures of the series systems
X1:1, X1:2, X1:3. Analogously,

1 00
(ar, a2, a3) = (b1, b2, b3)B; ' Ay = (1, 1, =1) [ 2 =10 | = (0,2, =)
3-31
thatis, C5 !'= C;. Thisis a general property, that is, C,; I'= ¢, forall n. <

The Samaniego’s representation can also be extended to semi-coherent systems
as follows. This results was obtained in Navarro et al. (2008) (by using a different

proof).
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Theorem 2.8 If T is the lifetime of a coherent system with component lifetimes

X1, ..., Xy contained in an EXC random vector (X1, ..., X,) (k < n), then
n
Fr@) =Y s" Fin(t) (2.27)
i=1
for all t, where sf"), ey s,(,") are some coefficients that only depend on the structure

of the system and that satisfy sf") 44 s,g”) =1.

Proof As (X1,...,Xn)is EXC,sois (X1, ..., X§). Hence, from (2.20), we have
k
Fr() = ZaiFlzk(t),
i=1
where a = (ay, ..., ar) is the minimal signature of 7. This representation can be
written as B B B
Fr(t) =a® (Fr.(), ..., Fi, )
where a®™ := (ai, ..., ax,0,...,0) € Z".
We can also apply here the representation for the k-out-of-n systems obtained in
the preceding theorem. Thus,

(Flzn(t)’ B Fn:n(t)), = An(Flzl(t)a ) Fl:n(t))/

for all 7, where A, is a triangular non-singular matrix of real (integer) numbers.
Hence

(Fro(t), .., Fip(®) = A Y (Frn(0), ..., Fyn(0)

for all ¢, where A 1 is the inverse matrix of A,,.
Therefore, by using the representation obtained above, we get

Fr(t) =a" (Fr.1(0), ..., Fi, ()
= a<n>A;l(Flin(t)9 tee F”:”(t))/
= S(n)(Flzn(t)a R Fn:"(t))/

n
= Z sl'(n)Fi:n (1)
i=1
(n)

for all z, where s™ = (s, ..., sy = a™ A1 are some coefficients that do not
depend on the joint distribution of the component lifetimes (they only depend on a
and A,) and that satisfy sl(") Fog s =, O

The vector s™ = (s 1("), ..., s is called the structural signature of order n of
the system. It can be proved that if (X1, ..., X,) has an absolutely continuous EXC

distribution, then si(") = Pr(T = X;.;). Hence si(") > 0 and so (2.27) is a mixture
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representation. The structural signature of order n of a semi-coherent system ¥ can
also be computed from

1 1
s;w:m 3 v ) O D VG

i—1 oy xj=n—i+l ! o xj=n—i

fori =1,...,n. Of course, if ¥ is a coherent system of order n, then we obtain the
expression of the structural signature given in (2.7).

Analogously, a®™. = (ay, ..., a,0, ..., 0) can be called the minimal signature
of order n. Note that s"” = a™ A1 and a®™ = s A,,. The maximal signature of
order n can be defined in a similar way as b = (b1,...,bt,0,...,0). It can be
used to obtain an alternative proof for the preceding theorem with s = b B -1
and b = s B,.

Remark 2.4 The preceding theorem can also be obtained by using the “Triangle

Rule” of the order statistics. Thus, if (X1, ..., X,+1) are EXC without ties, then
Pr(Xim < Xu+1 < Xit1m) = Pr(Xp+1 = Xit1:m) = n]?
fori =0, ..., n where, by convention X(., = —oo and X,,11., = 0o. Hence
Pr(Xiyn = Xigtnt1) = Pr(Xpq1 < Xiop) = n_l’_ T

and so
i n+l—i

n+1 n+1 °
Consequently the order statistics from an EXC random vector without ties satisfy
the following triangle rule

Fon(t) = ”:—L’Fi:m(r) g Pt © (2.28)
for all z. Note that we can use this expression in (2.24) to write the reliability
function Fr of a coherent system with n components as a linear combination of

Pr(Xip = Xiny) =1 -

F1_,,+1, e, Fn+l .n+1, that is, to compute its signature of order n + 1. Thus, if T has
the signature (sl e, ,,") ) of order n, then
n
Fr = Zsf”F,-;n
n+1-— i
= ,(n) P Fing1 + Zs(n)? i+1n+1
+1
n+1 —l - 1 i—1 -
= t(n) n+1 Finy1 + Zs(n) Fint1
(n) . (n)
—1 (n) n+1-—i (n) nsy
= Fln+1+z< 1 Si 1 n——i—lsi F1n+1+ +1Fn+l:n+l-
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Table 2.3 Signatures of order 4 of all the coherent systems with 1-3 EXC components

T @
= God b b
2 X1, = min(Xy, Xp) (2-series) (%, %, é, 0)
3 X2 = max(Xy, Xp) (2-parallel) (o, %7 % %)
4 X3 = min(X, X», X3) (3-series) 3,100
5 min(X1, max(X», X3)) (%, %, %,0)
6 X3 (2-out-o0f-3) 0,110
7 max(X, min(X2, X3)) 045D
8 X3.3 = max(X1, X2, X3) (3-parallel) (0,0, %, %)

Hence, the signature of order n + 1 can be obtained as

S(n+]):< n_m 1 S(n)+”_ls(n) 2 <n)+”—2s<n>w_’ n Sr(,"))7
n+1

n+1 ! Tn41! n—l—lz’n—i—ls2 n+173
(2.29)
that is, . .
St _ B 1S'(n)1 n+1 —im
! n+1"'" n+1 !
fori = 1,...,n 4+ 1 where, by convention, s(g") = S,E'_l:l = 0. This gives us an

alternative proof of Theorem 2.8 based on the Triangle Rule. Actually, this was the
proof used in Navarro et al. (2008). We can go further and compute the signature of
order n from the signature of order k < n. The explicit expressions can be seen in
Navarro et al. (2008). Alternatively, we can use (2.29) n — k times.

The signatures of order 4 for all the coherent systems with 1-3 EXC components
are given in Table2.3. Let us see in some examples how to compute them.

Example 2.5 We have seen that if (X1, X») are EXC (or just ID), then
Frp =2Fy, — Fia.
Hence

_ 1_ 1
Fi.1 = =F. — .,
1:1 21.2+22‘2

that is, the signature of order 2 of X is (1/2, 1/2). It can also be obtained from
the Triangle Rule as follows. Obviously, the signature (of order 1) of X iss = (1).
Hence, from (2.29), we have

11 11
s?=(=z1,21)=(=.2).
22 2°2

By applying (2.29) again, we get

3) 21 11 11 21 111
S = __7__+__»__ = A A’ A .
3232 32 32 3’33
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Analogously, if (X1, ..., X,) are EXC without ties, then Pr(X; = X;.;,) = 1/n
for i = 1,...,n. Hence, the signature of order n of X; (or X;) is s =
(/n,...,1/n). P |

Example 2.6 Letus consider again the coherentsystem 7" = min(X, max(X», X3))
with three EXC components. Recall that from Tables 2.1 and 2.2, the signature and
the minimal signature of this system are (1/3,2/3,0) and (0, 2, —1), respectively.
Therefore, the signature of order 4 can be obtained as
1 51
=\7 7530/
4°12°3

where (0, 2, —1, 0) is the minimal signature of order 4, that is, the coefficients needed
to write Fr in terms of Fi.;,i = 1, 2, 3, 4, and the matrix is the inverse matrix of

—

s =a®a;l=(0,2,-1,0)

— el

O B = —
[ Xo N NN
O O ORI=

Ay =

I
Aoy o o

0 0 1
0 4 -3
0 8 3
4 4 -1

obtained by placing in the rows the minimal signatures of the order statistics
X1:4, X2:4, X3.4, X4:4. Note that the rows of AZI contain the signatures of order
4 of the series systems X1.1, X1:2, X1:3, X1.4.

Another option is to use the following representation based on the signature
(1/3,2/3,0),

_ 1 - 2 -
Fr@t) = §F1:3(t) + §F2:3(f) (2.30)

and the relations of the distributions of order statistics based on the Triangle Rule
given in (2.28). Using this rule we have

_ 3_ 1 -
Fi3(t) = ZF1:4(t) + ZF2:4(I)

_ 1- 1 -
F3(t) = §F2:4(f) + §F3:4(t)

and replacing these expressions in (2.30), we obtain the signature of order 4 as
follows

2 -
Fr(t) = 3() + = F23(t)

Fi

F -F 2 IF 117“
< 1:4(8) + — 24(1)) 3(5 2;4(l)+§ 3:4(0)
F

-lklr—‘ wl—‘WIH

1
4(t) + 12F24(t) + = F3 4(1).

Another option is to apply formula (2.29) to (1/3, 2/3,0) to get

31 11+3222+2030 (15 10
4343 4343 4774 \412°3 )
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We conclude this section with an example extracted from Example 5.1 in Navarro
etal. (2008) which proves that representation (2.24) does not necessarily hold without
the EXC (ID) assumption. Actually, it proves that the distribution of a system is not
necessarily a mixture of the distributions of the order statistics associated to its
component lifetimes.

Example 2.7 Let us consider the coherent system with three IND components and
with lifetime 7 = min(X, max(X;, X3)). Recall that the minimal path sets of T
are {1, 2} and {1, 3}, and so the reliability function of this system can be written as

Fr(t) = Fuay(t) + Fu3y(1) — Fia().
If we assume that the component lifetimes are IND then
Fr(t) = Fi(F2(t) + FiL(0) F3(t) — Fi (D Fa (D) F3(1).

However, in general, we do not know if Fr can necessarily be written as a mixture
of F1.3, F».3 and F3.3. For example, if the components have exponential distributions
with means 1/2, 1 and 1, respectively, then

Fi(r)y=e¥

Fz(t) = F3(t) —e !

Fiio(t) = Fua)@t) = e,
Fia) =e™¥,

Foa(t) = e 2 4 2e73 — 274,
F33(t) =2 =273 474,
Fr(t)=2¢% — e,

forall r > 0. If we assume that Fy can be written as a mixture of the functions F; 3,
F».3 and F3.3 with some coefficients ¢y, ¢; and c¢3, we have

26—31‘ _ e—4t — Cle—4t +02 (e—2t + 26‘_3t _ 2e—4l‘) +C3 (ze—l‘ _ 26—3t + e—4t)

for all t+ > 0. The functions e * and e~*' are linearly independent for A # .
Therefore, ¢c3 = ¢» = 0 and we conclude that Fr cannot be written as a mixture of
Fi3, F>.3 and F3.3.In particular, Fyr is not equal to the mixture obtained neither with
the structural signature s = (1/3, 2/3, 0) given by

Fuim sFia+ oF
a-—3 1:3 3 2:3

nor with that obtained with the probabilistic signature
Fp = p1F13+ paFas,
where p; = Pr(T = X;.3) fori = 1, 2. In this example
p1 = Pr(X; < min(X2, X3)),

vyhere X ansl Y = min(Xg, X3) are IID. Therefore, p; = p» = 1/2. The plots of
Fr (black), F, (blue) and F, (red) and the corresponding hazard rate functions can
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be seen in Fig.2.5. Note that the reliability functions are different but similar. The
code in R to get the plots of the reliability functions is the following:

R13<-function(t) exp(-4*t)

R23<-function(t) exp(-2*t)+2*exp(-3*t)-2*exp(-4*t)
R33<-function(t) 2*exp(-t)-2*exp(-3*t)+exp(-4*t)
RT<-function(t) 2*exp(-3*t)-exp(-4*t)
Ra<-function(t) (1/3)*R13(t)+(2/3)*R23(t)
Rp<-function(t) (1/2)*R13(t)+(1/2)*R23(t)

curve (R23(x),0,3,1ty=2,ylab="Reliability’,xlab="t’,1lwd=2)
curve (R13 (x) ,add=T, 1ty=2, lwd=2)

curve (R33 (x) ,add=T, 1ty=2, lwd=2)

curve (RT (x) ,add=T, lwd=2)

curve (Ra (x) ,add=T,col="blue’, 1lwd=2)

curve (Rp(x) ,add=T,col="red’, lwd=2)

The code in R to get the plots of the hazard rate functions is the following:

fl<-function(t) 2*exp(-2*t)
f2<-function(t) exp(-t)
fl3<-function(t) 4*exp(-4*t)
f23<-function(t) 2*exp(-2*t)+6*exp(-3*t)-8*exp(-4*t)
f33<-function(t) 2*exp(-t)-6*exp(-3*t)+4*exp(-4*t)
fT<-function(t) 6*exp(-3*t)-4*exp(-4*t)
fa<-function(t) (1/3)*£13(t)+(2/3)*£23(t)
fp<-function(t) (1/2)*£13(t)+(1/2)*£23(t)
curve (f23 (x) /R23(x),0,3,ylim=c(0,4),1ty=2,1lwd=2,ylab="HR")
curve (f13(x) /R13 (x) ,add=T, 1ty=2, lwd=2)
curve (£33 (x) /R33 (x) ,add=T, 1ty=2, 1lwd=2)
curve (fT(x) /RT (x) ,add=T, 1lwd=2)
curve (fa(x) /Ra(x),add=T,col="blue’, lwd=2)
X)

curve (fp(x) /Rp (x) ,add=T, col="red’, lwd=2) <

Note that in the general case, we can define two mixed systems associated to T,
the average system _ .
Fo=s1Fin+-- +Sn nn

obtained with the structural signature and the projected system
FP zplﬁl:n“l‘""i‘PnFn:n

obtained with the probabilistic signature. Both can be considered as good
approximations of Fr, see Navarro et al. (2010) (the second one is usually bet-
ter than the first one as it happen in Fig.2.5). Note that F, is always the reliability
function of a mixed system and that so is F when p; + - - -+ p, = 1. Both F, and
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1.0

Reliability
0.4

0.0
|

Fig. 2.5 Reliability functions (left) Fr (black), F, (blue) and F p (red) and the corresponding
hazard rate functions (right) of the system in Example 2.7 when the components are independent
with exponential distributions of means 1/2, 1, 1. The dashed lines represent the functions for the
k-out-of-3 systems fork = 1,2, 3

F belongs to the vectorial space generated by Fion, ..., Fy.n. However, this is not
always the case for Fr as we have seen in Example 2.7.

2.4 Distortion Representations

The distorted distributions were introduced by Wang (1996) and Yaari (1987) in the
context of theory of choice under risk. The purpose was to allow a “distortion” (a
change) of the initial (or past) risk distribution function. The formal definition is the
following.

Definition 2.4 The distorted distribution (DD) associated to a distribution func-
tion (DF) F and to an increasing and continuous distortion function q : [0, 1] —
[0, 1] such that g(0) = 0 and ¢ (1) = 1, is given by

Fy(t) = q(F (1)) (2.31)

for all ¢.

Note that the conditions on g assure that F is a proper distribution function for any
distribution function F (actually, for this property, we just need a right-continuous
distortion function). Moreover, if ¢ is strictly increasing in [0, 1], then F" and F; have
the same support. Also note that g is a distribution function with support included
in [0, 1].
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_ From (2.31), we have a similar expression for the respective reliability functions
F =1- Fand F; =1 — F, that satisfy

Fq(1) = q(F 1)), (2.32)
where g(u) := 1 — q(1 — u) is called the dual distortion function in Hiirlimann
(2004).

Note that ¢ is also a “distortion function”, that is, it is continuous, increasing
and satisfies g(0) = 0 and g(1) = 1. Actually, expressions (2.31) and (2.32) are
equivalent. However, sometimes it is better to use (2.32) instead of (2.31) (or vice
versa).

If F is absolutely continuous with PDF f = F’ and q is differentiable, then the
PDF of Fj is

fo@) = f(Dg'(F0) = f()G' (F@®)) (2.33)

for all 7.
From (2.32) and (2.33), the hazard rate function of F is

_ L _§F®)
Fg(t)  G(F (1))
for all ¢ such that §(F(t)) > 0, where a(u) := ug’(u)/G(u) for u € [0, 1] and

h(t) = f(t)/F(t) is the hazard rate function of F'.
Analogously, the reversed hazard rate function of Fy is

fo® _ q'(F@®)
Fq(t)  q(F(1)
for all 7 such that g(F(¢)) > 0, where a(u) := uq’(u)/q ) for u € [0, 1] and
h(t) = f(t)/F(t) is the reversed hazard rate function of F.
However, the expression connecting the MRL functions is not so simple. Thus, if
we assume that the support of F is contained in [0, 00), then
ST aFE@)dx F@) [T q(F(x)dx
q(F (1)) GF@) [ Fx)dx
for all ¢ such that §(F (1)) > 0.

Several relevant models are contained in the distorted models. Let us see some of
them:

hq(1) f(0) = a(F(1)h(t) (2.34)

hy(t) = f(t) = a(F(t)h() (2.35)

m(t)

my(t) =

1. Lehmann’s alternatives. They were introduce in hypothesis testing as an alter-
native to the distribution function proposed in the null hypothesis. They were
defined by

Fo(t) = F*(1)

for all ¢, where 6 is a positive parameter. Clearly, this is a distorted distribution
with distortion function ¢ («) = u? and dual distortion function g (u) = 1 — (1 —
u)? for u € [0, 1]. The original distribution is obtained with 6 = 1.
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2. Proportional hazard rate (PHR) Cox model. This model was introduced in

survival analysis to model the different risks of patients. It is defined by the
reliability (survival) function

Fy(1) = F(1)
for all ¢, where 0 is a positive parameter. Clearly, this is a distorted distribution
with dual distortion function g («) = u? and distortion function g (u) = 1 — (1 —

u)?. Again, the original distribution is obtained with & = 1 and, in the absolutely
continuous case. Its hazard rate is

hg(t) = Oh(t),

that is, the hazard rate function hg is proportional to the baseline hazard rate
function 4. Moreover, the « function in (2.34) is constant and equal to 6. In
practice, the 6 parameter is obtained (estimated) as 6 = c1x] + --- + ciXxg,
where cp, - -+, ¢ are some positive parameters and xi, ..., xx represent the
characteristics of the patient.

. Proportional reversed hazard rate (PRHR) model. This model is similar to

the PHR model and it is defined by the distribution function
Fo(t) = F*(1)

for all ¢, where 0 is a positive parameter. Clearly, this model is equivalent to the
Lehmann’s alternative model given in item 1 above. In the absolutely continuous
case, its reversed hazard rate is

ho(t) = 0h(1),

that is, the reversed hazard rate function is proportional to the baseline reversed
hazard rate function (i.e. the function & in (2.35) is constant).

. Order statistics. As we have seen in (2.8), the reliability function of the ith

order statistic from a sample of IID~ F random variables can be written as
il
Fin(t)y =) ( ) FI0F" (1),
—o \J
j=0
Hence it is a distorted distribution with dual distortion function

i—1
éi:n(t) = Z (j)(l - M)junij.

Jj=0
The similar expression for the distortion function is

n
n . s
Gin() =) ( ,>u/(1 — )"
=
Note that both are polynomials (based on Bernstein polynomials B;’ wu) =

(*)u/ (1 —u)"~7). Actually, these distortion functions can also be obtained from
(5.26) and (2.25) as

Qi) = ;(—1)” (';) <f _ 11)“’
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and

n .
. . n —1 .
Ginw) =Y (—1>f—"+’—1( ) (’ .)uf.
.~ Jj/\n—i
Jj=n—i+1
Alternatively, we can also use their maximal and minimal signatures, respec-
tively. In particular, for the minimum (series system) and maximum (parallel
system) values we have F|., = F" and F,., = F". So they are included in the
PHR and PRHR models, respectively.

The distorted distributions were generalized in Navarro et al. (2016) as follows.

Definition 2.5 The distorted distribution (DD) associated to n distribution
functions Fi, ..., F, and to an increasing and continuous distortion function
QO : [0,1]" — [0, 1] such that Q(0,...,0) = 0 and Q(1,...,1) = 1, is given
by

Fo@) = Q(F1(1), ..., Fy()) (2.36)

for all ¢.

As above, the conditions on Q assure that Fy is a proper distribution function
for any distribution functions Fi, ..., F, (actually, for this property, we just need
a right-continuous distortion function). Moreover, from (2.36), we have a similar
expression for the respective reliability functions

Fo(t) = Q(Fi(t), ..., Fu(1)), (2.37)

where Q(ul, oy up) =1 =00 —uy,...,1 —uy) is called the dual distortion
function. Note that Q is also a “distortion function”, that is, it is continuous, increas-
ing and satisfies Q(O, ...,0)=0and Q(l, ..., 1) = 1. Actually, expressions (2.36)
and (2.37) are equivalent. However, sometimes it could be better to use (2.37) instead
of (2.36) (or vice versa). Note that these expressions are similar to copula represen-
tations but that here we obtain a univariate distribution (or reliability) function. The
distortion functions are continuous aggregation functions (see Grabisch et al. 2009).

If F1, ..., F, are absolutely continuous with probability density functions fi, .. .,
fn and Q is differentiable, then the PDF of F is

n n
fo®) =" fi®) 5 QF1(1). ... Fu0) = Y fi() % Q(Fi(0). ... Fy(1)).
i=1 i=1
(2.38)
for all ¢, where 9; G represents the partial derivative of G with respect to its ith
variable.
From (2.37) and (2.38), the hazard rate function of Fy is

Y fiO(Fi(t), ..., Fu(t))
O(Fi(t), ..., Fy(1)

ho(1) = =Y ai(Fi@0), ..., Fa))hi(1)
i=1

(2.39)
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for all ¢ such that FQ (1) > 0, where
i Qui, ..., uy)

o Uy, ... up) = —= >0
’ " O, ..., un)
for ui, ..., u, € [0, 1] such that Q(uy, ..., u,) > 0and h;(t) = fi(¢)/F;(t) for
i = 1,...,n. A similar expression can be obtained for the reversed hazard rate

function.

Let us see some examples.

1. Finite mixtures. As we have mentioned above, the distribution function of a
finite mixture can be written as

F@)=piF1@) +- -+ paFa(®)
for all ¢, where p; > 0 and p; + --- + p, = 1. Therefore it is a distorted
distribution with distortion functions
Oy, ...,uy) = Q(ulv coyUp) = prug -+ palty.

However, note that the negative mixtures cannot be represented as distorted
distributions.

2. Generalized proportional hazard rate (GPHR) model. The PHR model
defined above can be extended by

F(ty=F{"@t)...Fo @),

where 6y, ..., 6, > 0. Clearly, this is a distorted distribution with dual distortion
function

A ) O

O, ...,up) =uy ...u,".
When 0; = --- = 0, = 1, we obtain the reliability of the series system with n

independent components.
3. Generalized proportional reversed hazard rate (GPRHR) model. Analo-
gously, the PRHR model defined above can be extended by

F(t)=F{'(t)... Fo (1),

where 61, ...,0, > 0. Clearly, this is a distorted distribution with distortion
function .

Oy, ... up) =uy --~”Z"~
When 6; = - -- = 6, = 1, we obtain the distribution of the parallel system with

n independent components.

4. Aggregation functions. The continuous aggregation functions are equivalent to
distorted distributions. So we can use them to get new (distorted) distributions.
For example, we can use the arithmetic mean

—n .

u =A1(u1,...,un) =
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This is also a mixture model (with a uniform mixing distribution). Another
example is the geometric mean

ug = Ax(uy, ..., up) := Juy...up.

If it is applied to the reliability functions, then it is included in the GPHR model
and if it is applied to the distribution functions, then it is included in the GPRHR
model.

The goal of this section is to prove that the distribution function of a system can
be written as a distortion of the distribution functions of the components. To this end
we will use the copula theory. The main properties of copulas can be seen in Nelsen
(2006) and Durante and Sempi (2016). Thus, if the random vector X = (X1, ..., X,)
contains the lifetimes of the components in a system then, from Sklar’s theorem, we
know that the joint distribution function F of X can be written as

F(x1,...,x,) = C(F1(x1), ..., Fu(xy)) (2.40)

forall x1, ..., x,, where F1, ..., F, are the marginal (component) distribution func-
tions and C is a copula function, that is, it is a distribution function with uniform
marginals over the interval [0, 1]. Many authors prefer to restrict copula functions
to C : [0,1]" — [0, 1]. In this case, they can always be extended to determine
an n-dimensional distribution function with uniform marginals. Moreover, if all the
marginal distribution functions F1i, ..., F; are continuous, then C is unique. We also
know that if C is a copula, then the right hand side of (2.40) determines a proper joint
distribution function for all univariate distribution functions Fi, ..., F, (i.e., from
a copula C, we can construct multivariate models with a fixed dependence structure
and arbitrary univariate marginals).

A similar representation holds for the reliability functions, that is, the joint relia-
bility function satisfies

F(xi, ..., x0) = C(F1(x1), ..., Fu(xn)) (2.41)

for all xy, ..., x,, where F, ..., F, are the marginal (component) reliability func-
tions and C is a copula function, called survival copula. It is easy to see that C
determines C and vice versa. For example, if n = 2, then

Clur,up) =uj +us—14+C1 —uy, 1 — up)

for all uy, up € [0, 1].
We can use (2.41) to prove that the series systems have distorted distributions.
For example, if we consider X1., = min(Xy, ..., X,), then its reliability function is

Fiom@®) =Pr(X1p > 1) =Pr(X| > £,..., Xp > 1) = C(Fi (1), ..., F,1)),

that is, it is a distorted distribution with dual distortion Q = C. Note that copula
functions satisfy the properties of distorted functions but that the reverse is not true
(we will see an example later).
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If we consider the series system with just the first k components fork =1, ..., n,
then its lifetime is X1 = min(X7y, ..., X) and its reliability function is

Fia) =Pr(Xyx > )=Pr(X| > t,..., Xg > )=C(Fy (1), ..., Fe(),1,..., 1)
that is, it is a distorted distribution with dual distortion function

Q(u1’~'-7ul’l)26(1'{1"-'714/{91"--7])

foruy,...,u, €[0,1].

In the general case, if we consider the series system formed with the components
in the set P C [n], then its lifetime is X p = minjcp X; and its reliability function
is

Fp(t) =Pr(Xp > 1) = Pr(Njep(X; > 1) = Cp(F1(1), ..., F,(1),  (2.42)

where R R
Cp(ur,...,up) :=Cw?, ... ub), (2.43)

n

ulP =u; ifi € P and ulP =1ifi ¢ Pforuy,...,u, € [0, 1]. Hence all the series
systems have distorted distributions. Similar representations can be proved for the
parallel systems by using (2.40).

Now we are in a position to prove the main result of this section which says that

the same property holds for any semi-coherent system.

Theorem 2.9 (Distortion representation, general case) If T is the lifetime of a semi-

coherent system and the component lifetimes (X1, . .., Xn) have the survival copula
C, then the reliability function of T can be written as
Fr(t) = Q(F1(1), ..., Fu(1) (2.44)

for all t, where Q is a distortion function which depends on  and C.

Proof From the minimal path set representation (2.15), we have

r—1 r

Frt)y=Y Fp®) =Y > Fpup )+ + (D Fpu up ).
i=1

i=1 j=i+1
Hence, from (2.42) and (2.43), we obtain (2.44) with

r r—1 r

Ow) =) Cp) =Y Y Cpup;@ +- -+ (=1)T'Cpu.up, @) (245)
i=1 i=1 j=i+1

f9r u = (ug,...,uy) € [0,1]", Where_ap is defined by (2.43). The function

Q is always a distortion function since Fr is a proper reliability function for all
Fi,..., F,. O
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A similar proof can be obtained by using parallel systems and the minimal cut set
representation. The function Q can be called distortion function (or domination)
of the system. Note that it depends on both the structure (the minimal path sets) of
the systems and on the structure dependence between the component lifetimes (the
survival copula). However, it does not depend on the component (marginal) reliability
functions. So (2.44) is a very convenient representation for the system reliability
since all the system characteristics (dependence and structure) are included Q and
the different units are represented by their different marginal reliability functions. In
many situations in practice, we can choose different units (reliabilities) for a fixed
system structure 0 or study different system characteristics (different O functions)
for arbitrary or fixed components.

Next we analyse some particular cases of interest.

Theorem 2.10 (Distortion representation, IND case) If T is the lifetime of a semi-
coherent system with independent component lifetimes X1, ..., X,, then the
reliability function of T can be written as

Fr(t) = Q(Fi(t), ..., Fy(1)

for all t, where Q is a multinomial which only depends on .

The proof is immediate from (2.17) or (2.45). The multinomial 0 was called reli-
ability function of the structure ¥ in Barlow and Proschan (1975), p. 21. However
note that, Q is not a joint reliability function (it is a distortion function). Also note
that this multinomial can be obtained by using the product-coproduct representations
for the structure function given in (1.6) and (1.7). It can also be obtained from the
pivotal decomposition (1.3) or from the Mobius representation (1.10).

In the general case, the distortion function Q in (2.45) can also be obtained from
the Mdbius transform ¢ and C as

o) = > ),
1<[n]

whereu = (uy,...,u,) andu; = (u{uﬁ) withui' =u;ifi € Iandul.[ = 1if
i ¢ 1,see (3.6) in Navarro and Spizzichino (2020).

Theorem 2.11 (Distortion representation, ID case) If T is the lifetime of a semi-
coherent system and the component lifetimes (X1, ..., X,) have the survival copula
C and a common reliability F, then the reliability function of T can be written as

Fr(t) = §(F (1))

for all t, where q is a distortion function which only depends on r and on C.

The proof is immediate from (2.44) with
qu) =0, ... u)
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for u € [0, 1]. In particular, in the EXC case, g can be written as

n
Gy =>"aiClu,....u.1,....1),
i=1

i times n—i times

where (ai, ..., a,) is the minimal signature of order n.

Theorem 2.12 (Distortion representation, IID case) If T is the lifetime of a semi-
coherent system with IID component lifetimes X1, ..., X, having a common relia-
bility F, then the reliability function of T can be written as

Fr(t) = §(F(t))

for all t, where q(u) = Z?:l a;u' is a distortion function and (ay, ..., ap) is the
minimal signature of order n.

The proof is immediate from the two preceding theorems or from the minimal
signature representation given in (2.22). Note that, in this case, g is the polynomial
obtained with the minimal signature coefficients.

Let us see some examples. The simplest one is the representation of the compo-
nents. Thus, the reliability function of X; can be written as

Fi(t) = Qi(F1(t), ..., Fy(t))

for Qi (ui,...,up) =u;andi =1,..., n.
As mentioned above, the representation for the series systems is also immediate.
In particular, the reliability function of X is

Fia(@) = Qux(F1(1), ..., Fy(1))
for B R
Orx(uy,...,uy) =Cuy,...,ux, 1,...,1)
fork =1, ..., n.If the components are IND, then

Ql:k(ul, co Up) = UYL U
If the components are ID with a common reliability F, then Fi(t) = g4 (F (1))
with . R
qQre@) = Qr(uy ..., u) =Cu, ... u, 1,...,1)

————— ——
k times n—k times

and, in particular, it they are IID, then g4 (1) = ukfork=1,...,n.

For the parallel systems, it is better to use the distributional copula C. Thus the
distribution function of Xj.; can be written as

Fiex(t) = Qrk(F1(1), ..., Fr(1))

for
Ok, ... uy) =Cuy, ... ug, 1,...,1)



2.4 Distortion Representations 63

fork =1, ..., n. Hence, its reliability function is
Frex(t) = Qi (F1(1), ..., Fu(1))
for

Qk:k(ula~"7uﬂ)= 1 _C(l_ula'-'al_uka 17""71)
fork=1,...,n. R
We can also obtain representations based on C from the minimal path set repre-
sentation. For example, for X».o we get
Faa(1) = Fi(t) + Fa(t) = Fira(t) = Q22(F1(1), ..., Fy(1))
with B
Qoo(ur, ... upy) =up +up — C(uy, uz).
A similar expression can be obtained for Xj.;. If the components are IND, then

k

Qua(u,..oun) = 1= (L —up)... (L= u) = [ Jur.

i=1

If they are ID, then Fi (f) = G-k (F (t)) for

Gexw)=1—-Cl—u,....1—u,1,...,1)
—_— ) ——
k times n—k times

and, if they are IID, then gx.x (u) =1 — (1 — u)k.
We can also consider a general coherent system. For example, for our favourite
system 7 = min(X 1, max(X», X3)), we have

Fr(1) = Fua)() + Fu3)(0) — Fia(@) = Qr (Fi(t), F2(t), F3(1))
with B R R R
Or(uy,uz,u3) = C(uy,uz, 1) + C(uy, 1, uz) — C(uy, uz, u3).
If the components are IND, then
Or(ui, uz, u3) = uuy + uuz — ujupus = uy (uz L uz).
If they are ID, then Fr(t) = g7 (F (1)) with
Ggru)=Cu,u, 1)+ Cu, 1,u) — Clu, u, u)

and, if they are IID, then g7 (#) = 2u? — u3 for u € [0, 1]. Recall that its minimal
signature is (0, 2, —1).

Proceeding in a similar way we can obtain the dual distortion functions given in
Tables 2.4 and 2.5 for all the systems with 1-3 IND and IID components, respectively.
In the second case all the systems equivalent under permutations have the same
distortions (so they are not repeated in the table).
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Table 2.4 Dual distortions functions for all the systems with 1-3 IND components

T =¥ (X1, X2, X3)

1 X13 = min(Xq, X3, X3)
2 min(X»,, X3)

3 min(Xy, X3)

4 min(Xq, X»)

5 min(X3, max(Xq, X))
6 min(X;, max(Xi, X3))
7 min(X, max(Xy, X3))
8 X3

9 X5

10 X

11 X23

12 max(X3, min(Xy, X2))
13 max(X,, min(Xq, X3))
14 max (X1, min(Xy, X3))
15 max(X», X3)

16 max(X1, X3)

17 max (X, X»)

18 X33 = max(X1, X2, X3)

O(uy, uz, uz)
UUU3
uzu3
uu3
uiuy
U U3 + Upuz — U1UU3
Uiuy + upu3 — ujuUu3
UjUup + Uu3 — UU2U3
u3
uz
up
wiuy +uyuz + uguz — 2uuzu3
U3z + Uiy — ujUU3
Uy + UjU3 — UjUU3
Uy + upusz — UjUU3
up +u3z — uu3
Uy +uz —uju3

uy+uy —ujuy

Uy +up +u3 —ujup — UjU3 — UpU3 + UjuU3

Table 2.5 Dual distortions functions for all the systems with 1-3 IID components

T =¥ (X1, X2, X3)

max (X, min(X2, X3))
X2:2 = max (X1, X2)
X33 = max(X1, X2, X3)

1 X1.3 = min(X1, X7, X3)
2 X120 = min(X1, X7)

3 min(X, max(Xy, X3))
4 X1

5 X2:3

6

7

8

q(u)
I

P
2u? — 3
u
3u? — 213
u+2u? —u?
2u — u?

3u —3u? +u’

The preceding representations can be used jointly with the representation based
on distortions to compute the reliability and hazard rate functions of a system. For
example, in Fig. 2.6, we plot the reliability functions for series and parallel systems of
order 2 when the component lifetimes have exponential distributions of means 1 and
1/2 and when they are independent (left) or they have the following Clayton—Oakes

survival copula (right)

uv
U-+v—uv
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Fig.2.6 Reliability functions for the parallel system X7., (black) and the series system X.» (green)
when the components have exponential distributions of means 1 (red) and 1/2 (blue) and they are
independent (left) or dependent with a Clayton—Oakes copula (right)

foru, v € [0, 1]. This copula induces a positive dependence between the component
lifetimes. Note that, in both cases, Fi.» < F; < F». holds (this property is always
true) and that the positive dependence induced by this copula improves the series
system but that it gets worse the parallel system (as expected). The code in R to get
the right plot is the following. By changing C we can obtain other plots (including
the left plot).

C<-function(u,v) u*v/(u+v-u*v)

QO<-function(u,v) u+v-C(u,v)

Rl<-function(t) exp(-t)

R2<-function(t) exp(-2*t)

R<-function(t) Q(R1(t),R2(t))
curve(R(x),0,4,xlab="t’,ylab='Reliability’, lwd=2)
curve (Rl (x) ,add=T,col="red’, 1lwd=2)

curve (R2 (x) , add T,col="blue’, lwd=2)

curve (C(R1(x),R2(x)),add=T,col="green’, lwd=2)

We conclude this section by extending the signature representations. We have
seen in the preceding section that they hold when the component lifetimes have an
exchangeable (EXC) joint distribution function F. This condition is equivalent to have
ID components and an EXC survival copula C. We have also proved above that the ID
condition cannot be dropped-out. However, let us see that the condition: “CisEXC”,
can be relaxed. To this end we need the following concept extracted from Okolewski
(2017). Recall that we use the following notation. For any set I < {1,...,n},
u; := (uy, ..., u,) denotes the vector with u; = u fori € I andu; = 1ifi ¢ I.
The cardinality of the set / is denoted by |/].
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Definition 2.6 An n-dimensional copula C is said to be diagonal-dependent
(shortly denoted by DD) if

Cp) =C(up) forall P, Q C{I,...,n}with |P| =]Q]|. (2.46)
The function 6 (u) = C(u, ..., u) is called the diagonal section of the copula C.
Hence note that C is DD if and only if
C(p) =6, (u) forall P C{1,...,n}with |P|=m (2.47)
form =1, ..., n, where
Smw) =C(u,...,u, 1,...,1)
——— N——

m—times (n—m)—times

is the diagonal section for the copula of the marginal distribution of the first m-
variables. Clearly, §,(u) = C(u,...,u) = 6(u) and §;(u) = u for all u € [0, 1]
(since all the univariate marginals have a uniform distribution over the interval (0, 1)).
So we just need to check (2.47) form =2,...,n — 1.

In particular, a copula C is DD when all the marginals of dimension m have the
same copula for all 1 < m < n. Of course, all the EXC copulas are, in particular,
DD. The reverse is not true, see the counterexample given in Navarro and Ferndndez-
Sanchez (2020).

Now we are ready to state the following result extracted from Navarro and
Fernandez-Sanchez (2020).

Theorem 2.13 (Distortion reprersentation, DD-ID case) If T is the lifetime of a
semi-coherent system and the component lifetimes (X1, ..., X,) are ID and have a
DD survival copula, then (2.5) holds for the structural signature of dimension n.

Proof From (2.15) we know that the system reliability function Fr canbe written as a
linear combination of the reliability functions of the series systems. If the component
lifetimes are ID with a common reliability function F and a DD survival copula C,
then

Fﬂozp<mgn>¢>:€Nhnwwﬁa»=&dm» (2.48)
je

holds for all  and all P C {1, ..., n} with | P| = m, where
Su):=C(uy...ou, 1,...,1)

———— N——
m—times (n—m)—times

forallu € [0,1]and m = 1, ..., n. Hence, all the series systems with the same
number of components m do have the same reliability function given by (2.48).
Therefore, the general representation (2.15) can be reduced to

Fr(t) = a181(F(1)) + - - - + and (F (1)), (2.49)

where a = (ay, ..., a,) is the minimal signature of order n of the system.
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The preceding representation (2.49) holds for any system structure (with the appro-

priate coefficients a1, ..., a,). For example, the series system with n components
has just one minimal path set P; = {1, ..., n} and lifetime 77., = min(71, ..., Ty).
Hence

Fip(t) =Pr(Ty > t,..., T, > 1) = C(F(t),..., F(t)) = 8,(F(t))

for all 7.
Analogously, the minimal path sets of 7>, are all the subsets with n — 1 elements.
Soithas n = (," ) minimal path sets and, from (2.15),

Fap(t) = n8,—1 (F (1)) — (n — 1)8,(F (1))

holds for all 7. The last coefficient in the preceding expression is n — 1 because the
coefficients in (2.49) sum up to 1 (take t - —o0).

In general, T;., has (n_'; +1) minimal path sets and, from (2.15), its reliability
function can be written as

Fin(t) = @inig18n—ix1(F(0) + -+ + a;n8p (F (1)) (2.50)
for some coefficients a; y—i+1, ..., a;, such that a; ,_j+1 + -+ +ai, = 1 and
ajn—i+1 = (n—?-ﬁ—l) fori = 1, N (N B B

Thus, if we define the column vectors r(t) = (F1.,(t), ..., F.n (1)) and d(r) =

GL(E@)), ..., 8.(F (1)), (2.50) proves that r(t) = A,d(¢) for a triangular real-
valued matrix A, = (a;,j) suchthata; ,—;+1 = (n_’i‘H) anda; j = Ofori =1,...,n
and j = 1,...,n—i.Hence A, is not singular and so we can write d(¢) = A;] r(t),
where A} 1 is the inverse matrix of A,. Moreover, note that (2.49) can be rewritten

as Fr(t) = ad(¢). Then
Fr(t) =aA'v(t) = (c1, ..., c)r(t) = c1 Fip(t) + - - - + ¢y Fpn ()

for all ¢, where (cy, ..., c,) 1= a4, 1 are some coefficients which only depend on
the structure of the system. Therefore, these coefficients should be the same as that

obtained in the IID continuous case, that is, ¢; = sl.(") fori =1,...,n. So (2.5)
holds with the same coefficients for systems with ID component lifetimes and DD
survival copulas. O

In Navarro and Fernandez-Sanchez (2020) it is proved that the set Spp of all the
DD copulas is much bigger than the set Sgxc of EXC copulas. Actually, Spp is
dense in the set of all the copulas while Sgx ¢ is not. Therefore, for any copula C we
can find a “close” DD copula. The following example illustrate these representations.

Example 2.8 Let us consider again 7 = min(X, max(X», X3)) with
Ft)=Pr(X; >, Xo>1)+Pr(X; >6,X3>1) —Pr(X; >1, X2 > 1, X3 >1).

Let us assume

Pr(X| > x1, X2 > x2, X3 > x3) = C(F1(x1), Fa(x2), F3(x3)),
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where C is the survival copula. If we assume F) = F» = F3 = F (ID), then
Pr(Xi > t, X2 > 1) = C(F(t), F(t), 1)
Pr(X: > t, X3 >1) = C(F(t), 1, F(t))
Pr(X; >, X2 > 1, X3 > 1) = C(F(t), F(t), F(1)).
Therefore, Fr(t) = q(F(t)) with
Gu) =Clu,u, 1)+ Cu, 1,u) — Clu, u, u).
Analogously, it can be proved that Fis(t) = cjizg(ﬁ(t)) fori =1, 2 with
g1:3(w) = C(u, u, u)
¢3w) =Cu,u, 1) +C(u, l,u) + C(1,u,u) — 2C(u, u, u).

As the structural signature is s = (1/3,2/3, 0), we do not need F33.
If the components are IID, that is, C (u1, us, u3) = ujuou3, then

q(u) = 2u® —u’
qr3(w) =’
gr3(u) = 3u? — 2u3.
Therefore 1 5
qu) = 56?1:3(14) + gélzs(u)
holds since
2w —u = l(u3) + %(3u2 — 2.
3 3
If C is DD, then
Cu,u,1)=Cu,1,u) = C(1, u, u)
and so
Gw) =2Cu,u, 1) — Cu,u, u)
G1:3(u) = C(u, u, u)
Go3(u) = 3C(u, u, 1) — 2C (u, u, u)
for all u € [0, 1]. Therefore

1 2
qu) = 56}1:3(14) + 5@1:3(14)
holds since
2C(u,u,1) — C(u,u,u) = §C(u, u,u)+ §(3C(u, u,1) —2Cu, u,un)).

However, if C is the following Farlie-Gumbel-Morgenstern (FGM) copula:
Clur, uz, u3) = uruaus(1+6(1 = u2)(1 = u3))



2.4 Distortion Representations 69

for —1 <0 < 1, then
G) =2u® — C(u,u, u)

G1:3() = Clu, u,u)

Gr3(u) = 3u® + 0u>(1 — u)> = 2C(u, u, u).
Therefore ! 5

qu) = =q1:3(u) + sq1:3(u)
3 3
does hold for 6 # 0 since
2 A 1~ 2.9 2 2 =
2u” — C(u,u,u) # §C(u, u,u) + §(3u +0u(1 —u)* —2C(u, u,u))

forO <u < 1. |

Problems

1. Prove that if X is a non-negative random variable, then

EX) = / Fx(x)dx.
0

2. Compute the MTTF in the exponential model.
3. Prove that the exponential model satisfies the lack of memory property.
4. Prove that the exponential model is the unique continuous model that satisfies
the lack of memory property.
5. Prove that the MRL of the exponential model satisfies m(¢) = p for all + > 0.
6. Prove that the hazard rate of the exponential model satisfies k() = 1/u for all
t>0.
7. Obtain the hazard rate of the Weibull model.
8. Obtain the reliability function of a model with hazard rate h(t) = a + bt for
t>0anda,b>0.
9. Obtain the reliability function of a model with hazard rate h(t) = 1/(a + bt)
fort >0anda, b > 0.
10. Obtain the relationship between the reversed hazard rate and mean inactivity
time functions.
11. Obtain a representation similar to (2.14) for the MRL of the system in the I[ID
continuous case.
12. Obtain the minimal path set representation of a system of order 4.
13. Obtain the minimal cut set representation of a system of order 4.
14. Obtain the minimal signature representation of a system of order 4.
15. Obtain the maximal signature representation of a system of order 4.
16. Compute the matrices A4 and A;l.
17. Compute the matrices B4 and B, L
18. Compute the matrix Cy.
19. Obtain the signature of order 4 of a coherent system of order 3.
20. Obtain the signature of order 5 of a coherent system of order 4.
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21.

22.
23.
24.
25.

26.
27.
28.

Prove with an example that Samaniego’s representation does not hold without
the EXC assumption.

Prove that the functionin (2.12) isaproper PDFfor i, n € Rsatisfying1 <i < n.
Prove that 6(u1, u) =u;+uy; —14+C( —uy, 1 —uy).

Compute the distortion functions of a system of order 4.

Use the distortion function of a system to plot its reliability and hazard rate
functions.

Compare the reliability functions of two systems by using distortions.
Compare the hazard rate functions of two systems by using distortions.

Obtain the signature representation for a DD (non-EXC) copula.
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Stochastic Comparisons

Abstract

In this chapter we use the representations obtained in the preceding chapter to
stochastically compare the performance of different systems. We consider the
main stochastic orders: the usual stochastic order, the hazard rate order, the mean
residual life order, the reversed hazard rate order and the likelihood ratio order.
We use different techniques depending on the assumptions made about the com-
ponents. We consider systems with independent and identically distributed (IID)
components, exchangeable (EXC) components, identically distributed (ID) com-
ponents, independent (IND) components or dependent components. The depen-
dence is modeled by using copulas (or joint reliability functions). This chapter is
based on the review paper Navarro (2018b).

3.1 Main Stochastic Orders

First we give the definitions and the main properties of the stochastic orders consid-
ered here. Note that they can be used to compare both the system and the component
lifetimes (i.e. non-negative random variables). For more properties and applications
we refer the interested readers to Belzunce et al. (2016), Miiller and Stoyan (2002)
and Shaked and Shanthikumar (2007).

If X and Y are two random variables (representing the lifetimes of two different
units or systems), there exist several ways to stochastically compare X and Y. The
first option is to compare their means (or expected lifetimes) uxy = E(X) and
wy = E(Y) (if they exist). Thus we write X <j; Y (mean order) when uy < py.

The second main option is the (usual) stochastic order defined as follows.

Definition 3.1 X is said to be smaller than Y in the stochastic order (denoted by
X <gt Y orby Fx <gr Fy)if Fx(t) < Fy(¢) for all ¢, where Fx and Fy are the
reliability functions of X and Y, respectively.
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Note that here (and throughout the book) ‘smaller than’ means ‘smaller than
or equal to’. Also, if both X <gr Y and X >gr Y hold (i.e., X =g7 Y), then
Fx(t) = Fy(¢) for all ¢, that is, they have the same law (distribution). This order can
also be called ‘the reliability order’ since X <gr Y means that the reliability of the
units represented by Y is always equal to or greater than the reliability of the units
represented by X.

The ST order X <g7 Y is characterized by the following property:

E(g(X)) = E(g(Y)) (3.1)

for any increasing function g such that these expectations exist. This property is
sometimes used as a definition. Recall that, throughout the book, we use increasing
(decreasing) in the weak sense, that is, a function g is increasing (decreasing) if
g(a) < g(b) (>) for all a < b. Therefore, the stochastic order can be seen as an
extension of the expected value order for increasing functions. In particular, we have
that X <gr Y implies E(X) < E(Y) whenever both expectations exist. Also note
that, from (2.3),if X <g7 Y and E(X) = E(Y) hold, then X =57 Y.

Another characterization of this order is the following: X <gr Y if and only
if there exist two random variables X* and Y* over the same probability space
(2, S, Pr) such that X* =g7 X, Y* =¢7 Y and X*(w) < Y*(w) for all w € Q2 (see
Shaked and Shanthikumar 2007, p. 5). However, note that if X and Y are defined over
the same probability space 2, X <g7 Y does not necessarily imply that X () <gr
Y(w) for all € Q2. As an immediate consequence we have that if X <g7 Y, then
aX + b <gr aY + b forall a > 0 and b. The ordering is reversed when a < 0.

Another option is to compare X and Y by comparing their respective aging func-
tions. For example, the hazard rate order is defined as follows.

Definition 3.2 X is said to be smaller than Y _in tlle hazard (or failure) rate order
(denoted by X <pypr Y orby Fx <ppr Fy)if Fy/Fx is an increasing function (with
the convention a/0 = o0 for all a > 0).

The HR order can be characterized in terms of the ST order by the following
property:
X<pgrY & X—t1X>1t) <s7 (Y —t|Y >1) forallt. (3.2)

Hence the HR order can be interpreted as follows: X <pyr Y if and only if the
residual lifetime of a used unit with age ¢t from X is ST-smaller than the residual
lifetime of a used unit with the same age ¢ from Y for all ¢. Note that X <pyg Y
implies X <gr Y.

If X and Y are two random variables with absolutely continuous (or discrete)
distribution functions, then X <ggr Y iff hx() > hy(¢) for all ¢, where hxy =
fx/Fx and hy = fy/Fy are the HR functions of X and Y, respectively.

Analogously, the reversed hazard rate order is defined as follows.

Definition 3.3 X is said to be smaller than Y in the reversed hazard rate order
(denoted by X <ggr Y orby Fx <gpgr Fy)if Fy/Fx is an increasing function.
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The RHR order can be characterized in terms of the ST order by the following
property:
X <grY & (X|X <t) <g7 (Y|Y <t) forallt

or equivalently, by
X <purY < t—X|X <t)>s7 ¢t —=Y|Y <t) forallzt. 3.3)

From (3.3), the RHR order can be interpreted as follows: X <gpg Y holds if and
only if the inactivity time of a unit which has failed before age 7 from X is ST-greater
than the inactivity time of a unit which has failed before age ¢ from Y for all ¢.

If X and Y are two random variables with absolutely continuous (or discrete) dis-
tribution functions, then X <gpyg Y iffhy(t) < hy(r) forallt, where hy = fx/Fx
and hy = fy/Fy are the reverse hazard rate functions of X and Y, respectively.

It can be proved that the RHR order does not imply the HR order and that the
HR order does not imply the RHR order. However, they are related by the following
properties:

X <rHRY & —X Zpgr —Y

and
X <grY & —X >gur —Y

since Fx(1) = F_x(—1), fx() = f-x(=1), hx(t) = h_x(—1) and hx(1) =
h_x(—1).

Next we give the definition of a stronger order also related with conditional expec-
tations and aging properties, the likelihood ratio order.

Definition 3.4 If X and Y are two random variables with absolutely continuous (or
discrete) distribution functions, X is said to be smaller than Y in the likelihood ratio
order (denoted by X <pg Y orby Fx <pg Fy) if fy/fx is increasing in the union
of their supports, where fx and fy are probability density (or probability mass)
functions of X and Y, respectively.

Note that X <y g Y holds if and only if

IxO) fr(x) < fx() fr ()
for all x < y. The LR order can also be characterized by the following property:

X<rY & Xls<X=<t)<st Y|s<Y =<1

foralls < ¢ suchthat these conditional random variables exist (i.e., such that Fx (s) <
Fx(t) and Fy(s) < Fy(t)). This property can be used to give a general definition
of the LR order. Hence the LR order can be interpreted as follows: X <pg Y if and
only if when we know that a unit from X and another unit from Y have both failed
in the interval (s, ], the lifetime of the unit from X is ST-smaller than the lifetime
of the unit from Y for all s < 7. In particular, we obtain that the LR order implies
both the HR and the RHR orders and, of course, the ST order. The LR order can
also be characterized by the following property: X <pr Y holds iff nx > ny, where
nz = —f,/fz is known as the Glaser’s eta function (see Glaser 1980).
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The relationships between the preceding orders defined in terms of ST orderings
of conditional random variables can be summarized as follows:

X <irY = X <urY

U A2
X <gurY = X =<s1Y

where the reverse implications are not necessarily true.

We can complete the diagram above by including the orders based on conditional
expectations given below. For a random variable Z, we define the upper end-point
uz of its support as uz := sup{x : Fz(x) < 1}. Analogously, the lower end-point
Iz of its support is [z := inf{x : Fz(x) > 0}. Then the mean residual lifetime order
is defined as follows.

Definition 3.5 X is said to be smaller than Y in the mean residual life order
(denoted by X <yrr Y of by Fx <yrr Fy)ifux < uy and mx(¢t) < my(t)
for all + < uyx for which that expectations exist, where my (t) = E(X —t|X > t)
and my(¢t) = E(Y —t|Y > t) are the MRL functions of X and Y, respectively.

Analogously, we can define the following orders based on conditional expecta-
tions.

Definition 3.6 X is said to be smaller than Y in the mean inactivity time order
(denoted by X <77 Y)iflx <ly andmx(t) > my(¢) for all t > Iy for which that
expectations exist, where my(t) = E(t — X|X <t)andmy(t) = E@ —Y|Y <1t)
are the MIT functions of X and Y, respectively.

Definition 3.7 X is said to be smaller than Y in the doubly truncated mean order
(denoted by X <pry Y)if mx(s,t) < my(s,t) for all s < ¢ for which that
expectations exist, where mx (s, t) = E(X|s < X < t)and my(s,t) = E(Y|s <
Y < t) are the DTM functions of X and Y, respectively.

The definitions and relationships between the orders defined in this section can
be summarized in the diagram given in Table 3.1 that was obtained by Navarro et al.
(1997). The first and last columns can be used as definitions for general distributions.
The implications from the second column to the third column are consequences of
the characterization of the ST order given in (3.1). The other implications can be
obtained taking limits to co or to —oo. The reverse implications are not necessarily
true.

Another option two compare two independent random variables X and Y defined
over the same probability space is the following.

Definition 3.8 If X and Y are two independent random variables defined over the
same probability space, X is said to be smaller than Y in stochastic precedence
(denoted by X SPY) if Pr(X <Y) > 1/2.
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Table 3.1 Relationships between the main stochastic orders. We use the notation Z; = (Z —¢|Z >
N, Z=0t—-Z|Z<t)and Z, =(Z|s<Z <t)

Fx<Fy & X<s1Y¥ = X<yY & EX)<E®Y)

i) T i T

(X >2s7Y & X=<purY = X=<pirY & E(GX) > E(GY)
i) T T T

sXt <st Y1 & X=<[rRY = X=<pruY & E(GX;) < EGY)
(3 [} (3 [}

X, <stV; & X=<ugrY = X=yreY & EX;) <EX))
U U (2 U

Fx<Fy & X<s1Y¥ = X<yY & EX)<E®Y)

It is an open problem to determine if stochastic precedence comparisons have the
transitive property. They do not have it when X and Y are dependent. Hence we do
not know if they define a proper order. For that reason we do not use the notation
X <gp Y.Moreover, note that if both X SP Y and Y SP X hold, then we do not know
if X and Y have the same law. However, stochastic precedence is a reasonable way
to compare the lifetimes of two independent units or systems. Moreover, Arcones
et al. (2002) prove that if X and Y are two independent random variables defined
over the same probability space and X <gr Y holds, then X SP Y. Hence stochastic
precedence is a necessary condition for the ST order to hold. Stochastic precedence
comparisons can be used as an alternative to the mean order when the ST order does
not hold.

3.2 Systems with IID or EXC Components

First of all we prove that the k-out-of-n systems with IID components are LR-ordered
(as expected).

Proposition 3.1 If F is absolutely continuous, then
Xi:n <LR Xj:m

foralli < jandn —i >m— j.
Proof From (2.12), we get
(N i—1p pn—i
Jin(t) = l(l.)f(t)F (OF" (1)
and

(M =1\ pm—j
fj:m(t)=]<j)f(t)F/ (O F™(1).
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Hence .

fj:m(t) —c Fj_l(t)

fin@) " Frizmdi(p)
for a constant ¢ > 0. As F is increasing and F is decreasing, this ratio is increaing
in ¢t under the stated assumptions and so the LR order holds. (]

As a consequence, in the IID case, we have that
Xim ZLR Xin <LR X

foralli, j,n,m € Zsuchthat 1 <i < j <n < m. Note that X;., is LR increasing
in i and LR decreasing in n. In particular, the k-out-of-n systems (order statistics)
are LR ordered in the IID case, that is,

X]:n <LR " =LR Xn:n- (3~4)
As the LR order is the strongest one, then
X1 <0RD *** Z0RD Xnmn (3.5)
for ORD = HR,RHR, ST, MRL, MIT, DT M. This property also hold if F is
not absolutely continuous. Actually,
Xl:n =ST -+ =ST Xn:n (36)
holds in the general case since X, < --- < X,,.;. In the general case we also have
Xim <sT -+ <st X1:1,
for the series systems,

X1 <st -+ <st Xuns
for the parallel systems and, in general, X;., <st X ., wheneveri < jandn —i >
m—j.

However, surprisingly, we will see that neither

Xl:n =<HR ‘' =HR Xn:n (3'7)

nor
X1 <MRL -+ <MRL Xnum- (3.8)

hold in the general (or the EXC) case. This fact was first proved in Navarro and
Shaked (2006).

Now we are ready to prove the first ordering results for systems with IID compo-
nents based on Samaniego’s signature representation. They were obtained in Kochar
etal. (1999) and allows us to compare two systems just by comparing their respective
signatures. Note that the signatures of order n can be considered as probability mass
functions of discrete distributions over {1, . .., n}. Then they can be ordered by using
the orders defined above.

Theorem 3.1 (Kochar et al. 1999) Let Ty and T» be the lifetimes of two coherent
systems based on n IID components with a common continuous distribution function
F. Let s1 and s> be their respective signatures. Then the following properties hold:
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(i) If s\ <sT 82, then T\ <gs7 T for all F;
(ii) If s1 <ugr 2, then Ty <ppr Ty forall F;
(iii) If s1 <Lgr $2, then Ty <p g T» for all abs. cont. distribution functions F.

The proof is obtained from Samaniego’s representation (2.5), the ordering
properties of the k-out-of-n systems in (3.5) for the IID case and the preservation
ordering properties for mixtures of ordered distributions given in Theorems 1.A.6,
1.B.14 and 1.C.17 of Shaked and Shanthikumar (2007). Stochastic precedence com-
parisons were obtained in Theorem 5.6 of Samaniego (2007), p. 70.

These results can be extended to the EXC case by using the representations for
coherent and semi-coherent systems obtained in the preceding chapter. These results
were obtained in Navarro et al. (2008). Note that they also hold for systems with ID
component lifetimes and a common DD survival copula due to Theorem 2.13.

Theorem 3.2 (Navarro et al. 2008) Let T1 and T be the lifetimes of two semi-
coherent (or coherent) systems with component lifetimes (X1, ..., X,) having an
exchangeable joint distribution function F, and signatures of order n (signatures),

sgn) (n)

and s, °, respectively. Then the following properties hold:

(i) Ifsin) <sr s2 ,then Ty <gt T) forall F;
(ii) Ifsi") <HR S2 ,then Ty <ggr T» for all F such that (3.7) holds;
(iii) Ist’) <HR s2 then T\ <yrr T for all F such that (3.8) holds;
(iv) Ifs(ln) <LR s2 then Ty <pr T for all absolutely continuous or discrete joint
distribution functions F such that (3.4) holds.

As in the IID case, this theorem is an immediate consequence of the signature rep-
resentation for the EXC case (2.27) and the mixture preservation properties obtained
in Shaked and Shanthikumar (2007). However, in this case, we need to assume the
respective ordering properties for the k-out-of-n systems (except in the case of the
ST order where they are always true). Note that in (ii7) we need the HR order for
the signatures to get the MRL order for the system lifetimes when the k-out-of-n
systems are MRL ordered. The MRL order for the signatures is not enough. Similar
results holds for the MIT and RHR orders (see Navarro and Rubio 2011). Let us see
an example.

Example 3.1 Let us consider the systems with lifetimes 77 = min(X, max(X»,
X3)) and 7> = max(min(Xy, X3), min(X3, X4)). Note that they are of different
orders (or that the first one is a semi-coherent system of order 4). So we need the
signatures of order 4 to compare them. They ares =(1/4,5/12,1/3,0) and s(4) =
so = (0,2/3,1/3,0), respectively. We also have to assume that (X, X», X3, X4)
has an EXC joint distribution F (or that they are IID or just ID with a DD survival
copula).
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To check the ST order we need to compute the reliability functions S (14) and S§4)
of the respective signatures. They are given in the following table:

s 11/4l5/12]1/3]0
sP1 1 374 [1/3]0
sV o 273 ]1/3]0
sSSPl ] 1 J1y3)o

As S 54) < Sg”, then s§4) <sr s(24) holds. Therefore, from Theorem 3.2, (i), T1 <sr
T, holds for all EXC joint distributions F. This includes the IID~F case for any
univariate distribution function F. Note that these systems cannot be ordered by
using Theorem 3.1.

Analogously, to check the HR order, we need to compute the ratio of the reliability
functions S 54) and S§4) of the respective signatures. They are given in the following
table:

s 1] 1 [173]0
s@ 11]3/4[1/3]0
s$V/sPas3) 1 |-

—_—

Hence s§4) and s(24) are not HR ordered. Therefore, we do not know if 77 and 7> are
HR ordered for all EXC joint distributions F such that (3.7) holds (or all F in the
IID case). Note that Theorems 3.1 and 3.2 just include sufficient conditions for this
ordering.

Finally, if we want to get the LR order, we need to compute the ratio of the

respective signatures s§4) and sg‘). It is given in the following table:

s 1o ]2/3]173]0
s |1/4]5/12]173]0
s s o |8/5] 1 |-

As expected, s§4) and s§4) are not LR ordered (since they are not HR ordered). So

we do not know what happen with the system lifetimes in the LR order. Note again
that Theorem 3.2 just includes sufficient conditions.

To illustrate these theoretical results we consider the IID case with a standard
exponential distribution. The system reliability functions are plotted in Fig. 3.1, left.
As expected they are ordered. This property holds for any distribution function F.
Even more, it holds for any joint EXC distribution function F. The code in R to get
this plot is the following:

R<-function(t) exp(-t)
sl<-c(1/4,5/12,1/3,0)
s2<-c(0,2/3,1/3,0)

Rl4<-function(t) (R(t))"4
R24<-function(t) 4*(R(t))”~ 3-3*(R(t))"4
R34<-function(t) 6* (R(t))"2-8*(R(t)) "3+3*(R(t))” 4
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Fig.3.1 Reliability functions (left) and hazard rate functions (right) for the systems 77 (blue) and
T, (red) in Example 3.1. The dotted lines correspond to the functions of the k-out-of-4 systems for
k=1,2,3,4

R44<-function(t) 4*R(t)-6*(R(t)) " 2+44*(R(t))” 3-1*(R(t))"
Rl<-function(t) {
s1[1]1*R14(t)+sl[2]*R24(t)+s1[3]1*R34(t)+sl[4]*R44(t)
}
R2<-function(t) {
s2[1]1*R14(t)+s2[2]*R24 (t)+s2[3]1*R34(t)+s2[4]*R44 (t)
}
curve (R14
curve (R24

x) ,xlab="t’,ylab='Reliability’,0,3,1lty=3, 1lwd=2)
x),1lty=3,add=T, lwd=2)

curve (R34 (x),1lty=3,add=T, 1lwd=2)

curve (R44 (x),1lty=3,add=T, lwd=2)

) ,add=T, lwd=2)

)

(
(
(
(
curve (R1 (x
x),add=T,col="red’, lwd=2)

curve (R2 (

The system hazard rate functions are plotted in Fig. 3.1, right. In this case, they
are not ordered. Thus, the second system is better when they are new but, from time
t = 0.5 on (half a year if # is measured in years), the used systems with the first
structure are a little bit better than that with the second. However, they have the same
limiting behavior 2 when t — o0. Note that, in this example, the limiting behavior
of the hazard rate function of the k-out-of-4 system is k for k = 1, 2, 3, 4 and that
the common hazard rate of the components is 4(t) = 1 for ¢+ > 0. The additional
code to plot these hazard rate functions is the following:

f<-function(t) exp(-t)

fld<-function(t) f(t)*4*(R(t))"3

f24<-function(t) f£(t)*(12*(R(t))"2-12*(R(t))"3)
f34<-function(t) f£(t)*(12*R(t)-24*(R(t))"2+12*(R(t))"3)
fd4d4<-function(t) £(t)*(4-12*R(t)+12*(R(t))"2-4*(R(t))"3)
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fl<-function(t) {
s1[1]1*f1l4(t)+sl[2]*f24(t)+s1[3]1*f34(t)+sl[4]*£44(t)
}
f2<-function(t) {
S2[1]1*£f14(t)+s2[2]1*f24 (t)+s2[3]1*£f34(t)+s2[4]*f44(t)
}

curve (fl4 (x) /R14 (x) ,ylab="HR’,0,3,1ty=3,ylim=c(0,4),1lwd=2)
curve (f24 (x) /R24 (x) ,1ty=3,add=T, lwd=2)

curve (f34 (x) /R34 (x),1lty=3,add=T, 1lwd=2)

curve (f44 (x) /R44 (x) ,1ty=3,add=T, lwd=2)

curve (fl(x)/R1(x),add=T,col="blue’,lwd=2)

curve (f2 (x) /R2 (x) ,add=T,col="red’, lwd=2) <

Proceeding as in the preceding example we can obtain all the ordering properties
for all the coherent systems with 1-4 components given in Table 2.1. They were
obtained in Navarro et al. (2008) and are given in Figs. 3.2, 3.3 and 3.4. The systems
with repeated signatures are not included in the graphs (since they are equal in law
to other systems in the graphs). Note that in the EXC case, we need some extra-
conditions for the HR, MRL and LR orders. We do not need them in the IID case.
Also note that the graph for the ST and LR orders are symmetric, thatis, T; <ogp T}
iff the respective dual systems satisfy 7” <orp 7;”. This is not the case for the HR

and MRL orders. For the hazard rate order, we have T; <pg T iff TjD <rur TP
under the respective properties for the order statistics in the EXC case. A similar
property holds for MRL and MIT orders.

As we have seen in the preceding example, when the signature ordering does not
hold, we do not know if the systems are ordered since the theorems just contain suf-
ficient conditions. In Navarro and Rubio (2011) it is proved that the conditions given
in (i), (ii) and (iv) of the preceding theorem are actually necessary and sufficient

Fig.3.2 ST orderings for
the systems in Table 2.1 and
an EXC F. They also hold
for the IID case
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Fig.3.3 HR (resp. MRL)
orderings for the systems in
Table 2.1 and an EXC F
under (3.7) (resp. (3.8)).
They also hold for the IID
case (here both conditions
hold and so it is better to get
the HR order)

Fig.3.4 LR orderings for
the systems in Table 2.1 and
and EXC F under (3.4).
They also hold for the IID
case for any absolute
continuous distribution
function F

conditions to have the ST, HR and LR orderings, respectively, for any exchangeable
distribution function F under these conditions for the order statistics. This result can
be stated as follows. This is not true for the MRL order and, as we will see later, it
is not true for the IID case.

Theorem 3.3 (Navarro and Rubio, 2011) Let Ty and T; be the lifetimes of two semi-
coherent (or coherent) systems with component lifetimes (X1, ..., X,) having an
exchangeable joint distribution function F, and signatures of order n (signatures),

sgn) and sgl), respectively. Then the following properties hold:

(i) s <7 s8 iff Ty <gr Ty for all F;
(i) s\ <pr S iff Ty <ug Ts for all F such that (3.7) holds;
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(iii) sgn) <LR s(2n) iff T1 <pr Ta for all absolutely continuous or discrete distribu-
tion functions F such that (3.4) holds.

Proof The proofs of the “only if” parts are obtained from Theorem 3.2.

To prove the “if” partin (i), we assume that 71 <gr 7> holds for all EXC F. Then
we consider a particular EXC F defined as follows. Let (X1, ..., X;;) be a random
vector defined as X; = o (i) fori = 1,...,n, where o : [n] — [n] is a randomly
chosen permutation in the set of all the permutations of the set [r]. Clearly, the joint
distribution F of (X1, ..., X;) is EXC since

X1, .o, Xn) =s7 Xeqy, -+ Xe)

holds for any permutation t. Note that X; has a uniform distribution on [n] for all i.
Moreover, as we choose a specific (common) permutation o, the associated ordered
data are X;;,, = i for sure for all i. Therefore, T; = 1,...,n with probabilities

s&") for j = 1,2. Hence, T1 <s7 T3 holds for this EXC distribution F which is

equivalent to sﬁ") <sr s;").

The proofs of the “if” parts of (ii) and (iii) are analogous taking into account that
the specific EXC distribution defined above trivially satisfies (3.7) and (3.4) (since
X, = i for sure for all 7). ([l

This theorem assures that Figs. 3.2, 3.3 and 3.4 contain all the ordering properties
for the EXC case. Navarro and Rubio (2011) noticed a surprising property: Some
systems that cannot be ordered by using signatures of order n, can be ordered with
signatures of order m for some m > n. This fact seems to be against the preceding
theorem but this is not the case. Let us see an example that proves that Fig. 3.4 does
not contain all the ordering properties for the IID case. We will see in the next section
that the same happen for Fig. 3.3, providing a procedure to detect all the orderings
for the IID case. We will also prove that Fig.3.2 does contain all the ST orderings
for the IID case.

Example 3.2 Letus considerthe systems 5 and 24 from Table 2.1 with lifetimes 75 =
min(X 1, max(X», X3)) and Tp4 = max(X1, min(X»>, X3, X4)). Their signatures of
order 4 are s = (1/4,5/12,1/3,0) and 55, = (0, 1/2, 1/4, 1/4). The respective
reliability vectors are:

s 1y4]5/12[1/3] 0
SO 11 [3/4[1/3] 0
T
s o [1/2]1/4[1/4
4S§j)4 1] 1 |12]1/4
S5 /891 1| 4/3[3/2|+00

As Sg!‘)/Sg‘) is increasing, s§4) <HR sgi) holds. So we can connect these systems in
Fig. 3.3 and their respective lifetimes satisfy Ts <yg Th4 for all EXC F satisfying
(3.7). In particular this ordering holds for the IID case and the ST order holds for
any EXC F (note that s§4) <sT sg‘) holds).
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However, to check the LR order we compute the following table:
s | o [1/2]1/4]1/4
s [1/4]5/12]173] 0
)/s(4) 0 |6/5(3/4|+00

Therefore, s(4) and s(4) are not LR-ordered. So these systems are not LR ordered for

all EXC F and o} they are not connected in Fig.3.4.
However, if we compute the respective signatures of order 5 from (2.29), we get

O _ 41 11+35 25+21 31+104o (13 3 1O
5 54°54 ' 512°512 53’53 5°5 ) \510°10°'5’

and
o) .

LIIl»—A

o 40 10+3121+2131+1141 03 3
s - =Y = A = s = A = A = Yy T A A0
24 5°5 '52°52 54’54 5454 107 10

Hence,

s | 0 [3/10[3/10]1/5] 1/5
s& [1/5]3/10[3/10]1/5] 0
>/s<5’ ol 1| 1]1|+o0

Therefore sgS) <LR s24) holds and, from Theorem 3.2, (iv), Ts <pr T»4 for any

EXC joint distribution F.

This property seems to contradict the property obtained with the signatures of
order 4 taking into account that these properties are equivalent from Theorem 3.3,
(iii). What is the explanation?

The answer is the following. Note that we have proved that 75 <; g T»4 for all
EXC F of dimension 5. However, this is not true for all EXC F of dimension 4.
In particular, this property fails for the distribution of dimension 4 constructed in
the proof of Theorem 3.3 (since the systems’ probability mass values s§4) and sgi)
are not LR-ordered). This is due to the fact that this particular EXC distribution of
dimension 4 cannot be extended (or included) in an exchangeable distribution of
order 5. Note that we can affirm that 75 < g T>4 holds for all EXC F of dimension
4 that can be extended (e.g. that are marginals) of EXC distributions of dimension 5.
This is actually what happen in the IID case that can be extended to any dimension.
So we can affirm that T5 <; g T4 holds for the IID case and all distributions F (of
dimension 1). Then note that we can connect these systems in the graph for the IID
case. In the next section we will see how to complete the graphs for the IID case for
all the orderings. <

3.3 Systems with ID Components

Recall that, from the preceding chapter, if the component lifetimes of a system
are identically distributed with a common distribution F' and a common reliability
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F =1 — F, then the respective system’s functions can be written as

Fr(t) = q(F(1)) (3.9

and ) )
Fr(t) =q(F(@)) (3.10)

for all ¢, where g and g are two (univariate) distortion functions satisfying g (1) =
1 —q( — u) for all u € [0,1]. These distortion functions are increasing and
continuous and depend on the system structure (minimal path or cut sets) and on the
dependence between the component lifetimes (copula or survival copula).

Hence, we can apply to systems with ID components all the ordering properties
obtained for distorted distributions in Navarro et al. (2013, 2014) and Navarro and
Gomis (2016). They are stated in the following proposition. We say that a function
g is bathtub (upside-down bathtub) shaped if there exist #; < f; such that g(¢) is
decreasing (increasing) for ¢ < ¢1, constant for ¢ € [#1, 2], and increasing (decreas-
ing) for ¢ > #,. In many applications, the hazard rate functions of the components
are bathtub shaped.

Proposition 3.2 If T; has the reliability function q; (F (1)) and the distribution func-
tion q; (F(t)) fori = 1,2, then the following properties hold:

(i) Ty <st T forall Fiff g» > q1 (or q2 < q1) in (0, 1);
(ii) T <ur T» for all F iff g2/q1 decreases in (0, 1);
(iii) T1 <rur Tz for all F iff q2/q1 increases in (0, 1);
(iv) Ty <pr T» for all absolutely continuous distribution functions F iff q5/q}
decreases (or q/q increases) in (0, 1);
(v) T <mrr Tz for all F such that E(T1) < E(T») if g2/q:1 is bathtub in (0, 1).

Proof The proof (i) is immediate.
To prove (ii) we note that 77 <y g T3 holds iff

g2(F(1))
q1(F(1))

is increasing in . Clearly, this property holds when g2/ decreases in (0, 1) since F
is decreasing. Conversely, if 71 <gr T holds for all F, then it holds for a continuous
F (e.g. a standard exponential or a uniform distribution), and then g, (u)/q1 () is
decreasing for u € (0, 1).

The proof of (ii7) is similar to that of (ii).

To prove (iv) we recall that the respective PDF can be written as f;(t) =
f(q/(F(t)) fori = 1,2, where f = F' is the common baseline PDF. Hence,
T1 <rr T» holds iff the ratio

hH® _ HE®)
[@ G(F@)
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is increasing in . Clearly, this property holds when g5 /g, decreases in (0, 1) since F
is decreasing. Conversely, if 71 < g T» holds for all F, then it holds for a continuous
F and so g}/g; decreases in (0, 1). The proof for ¢} /g is similar.

Finally, to prove (v), we note that if g»/q is bathtub in (0, 1), then the ratio

B0 _ @F©)

Fi@t) qi(F ()
is bathtub in 7. Hence, from the results given in Belzunce et al. (2013), T} <pygrr T2
holds for all F such that E(T}) < E(T3). O

Note that in all the orderings we have necessary and sufficient conditions except
in (v) where we just have a sufficient condition and that there we need the additional
condition E(T1) < E(T). Note that if g» /g, is decreasing (or increasing), then we
get the HR order from (ii) which is stronger than the MRL order. Moreover, we do
not need the additional assumption E(77) < E(T3).

Clearly, these properties can be applied to compare systems with ID components
having a common distribution function F' by using the distortion representations
obtained in Sect.2.4. The result for the ST order can be stated as follows.

Proposition 3.3 Let T| and T, be the lifetimes of two semi-coherent (or coherent)
systems with ID component lifetimes having an common distribution function F,
and distortion functions q and q», respectively. Then the following properties are
equivalent:

(i) g1 < g2 (orq1 > q2)in (0, 1);
(ii) T\ <st Tp forall F;
(iii) T <st T3 for a continuous F.

Proof From Proposition 3.2, (i), we have that (i) implies (ii).

Clearly, (ii) implies (iii).

Finally, if (iii) holds, then 77 <g7r 7> for a continuous F, that is, I:“Tl < I:”Tz.
Hence, if 0 < u < 1, then there exists 7 such that F (f) = u (since F is continuous).
Therefore

gi(u) = g1 (F(1)) = Fr,(t) < Fr,(t) = @2(F (1)) = g2 (u)
forall u € (0, 1). U

For the HR order we have the following result.

Proposition 3.4 Let T| and T, be the lifetimes of two semi-coherent (or coherent)
systems with ID component lifetimes having an common distribution function F,
and distortion functions q\ and q», respectively. Then the following properties are
equivalent:

(i) q2/q1 is decreasing in (0, 1);
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(ii) T\ <ggr T» forall F;
(iii) T1 <ugr T» for a continuous F.

The proofis similar to that of the ST order. Note that in both cases, the systems may
have different orders (i.e. numbers of components), different structures and different
dependency relationships (copulas). The only requirement is that they have acommon
distribution function F. Also note that then we get distribution-free ordering results,
that is, comparisons for any F. Similar results can be stated for the RHR and LR
orders from Proposition 3.2. In the last case we need to assume that the respective
distortion functions are differentiable. However, the result for the MRL ordering is
different. It can be stated as follows.

Proposition 3.5 Let Ty and T, be the lifetimes of two semi-coherent (or coherent)
systems with ID component lifetimes having an common distribution function F,
and distortion functions q1 and qa, respectively. If g2/q1 is bathtub in (0, 1), then
T1 <mrr T» for all F such that E(Ty) < E(T>).

The converse property does not hold (for strict bathtub shaped functions, that is,
with both strict decreasing and strict increasing pieces). A counterexample can be
seen in Navarro and Gomis (2016). Let us see how to apply the preceding results to
systems with dependent ID components.

Example 3.3 Let us consider a series system and a parallel system with ID compo-
nents having a common reliability F' and a survival copula C. The reliability function
of the series system X1.» can be written as

Fio(t) =Pr(X12 > 1) =Pr(Xy > 1, X2 > 1) = C(F(t), F(1)) = q12(F (1)),

where g1.2(u) = 6(u, u) is the diagonal section of the copula C.
Analogously, the reliability function of the parallel system X»., is

Fr(t) = Pr(max(X1, X») > 1)
=Pr(X; > 1) +Pr(Xo > 1) —Pr(X| > 1, X2 > 1)
=2F (1) — C(F(), F(1))
= @2(F (1),
where g2 () = 2u — C(u, u) foru € [0, 1].
Note that, in this case (and in the general case), we know that
Xi2 =st Xi =st X222
holds fori = 1, 2, for all F and for all C. B
From Proposition 3.4, X 1.2 <gr X; holds for all F iff the ratio
G12w)  Cu,u)

qi(u) u
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is increasing in (0, 1). In a similar way, X; <gr X».2 holds for all F iff

Gro)  2u— Clu, )

gi (u) u
decreases in (0, 1), that is, iff 6(14, u)/u is increasing in (0, 1). Analogously, it can
also be proved that X1.2 <pr X»2. holds for all F iff the same condition holds
(i.e. c (u, u)/u is increasing in (0, 1)). Therefore, in the ID case, these orderings are
equivalent and they will just depend on the copula c (they are distribution-free with
respect to F).

Of course, if the components are IID, that is, C (u, v) = uv foru, v € [0, 1], then

6(u, u)/u = u, which is increasing, and so

X12 <HR Xi <HR X202 (3.11)

holds for i = 1, 2 and for all F. This is a well known property already obtained in
the preceding section (by using the LR order).

Analogously, if we consider the following Clayton—Oakes copula

Clu,v) = ——— u,vel0 1], (3.12)

U—+v—uv
which induces a positive dependence between the components, we get
C (u, u) u? 1
u 2 —ud 2—u

which is increasing in (0, 1). So (3.11) holds for all F' and this copula. Of course,
the same MRL orderings also hold for any F. However, there exist copulas such that
this condition does not hold (see Example 4.1 in Navarro et al. 2018).

Let us study now the LR orderings. Thus, X1 <pr X; holds for all F iff
41.,(w)/q!(w) = gj.,(u) is increasing in (0, 1), that is, when §.2(u) is convex
in (0, 1). This is also the condition for the other LR orderings. In the IID case
q12m) = u? is convex in (0, 1). Thus we can prove again that

X12 <Lr Xi <Lr X202 (3.13)

holds for any F in the IID case. For the copula (3.12), we note that

_ ~ u
gr2u) =C(u,u) =
2—u

is convex in (0, 1) and so (3.13) holds for any F.

To illustrate these theoretical results we consider a standard exponential
distribution F, and then we plot in Fig.3.5 the reliability functions (left) and the
hazard rate functions (right) of these systems for the IID case (dashed lines) and the
copula in (3.12) (continuous lines). The R-code to get these plots is the following:

# Reliability functions
#IID case:

R<-function(t) exp(-t)
gIID<-function(u) u”2
Gl2<-function(t) gIID(R(t))
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Reliability

Fig. 3.5 Reliability (left) and hazard rate functions (right) for the series system Xp.» (black),
the components X; (red) and the parallel system X».» (blue) in Example 3.3 for the case of IID
components (dashed lines) and dependent ID components (continuous lines) with the survival copula
in (3.12)

G22<-function(t) 2*R(t)-Gl2(t)

curve (Gl2 (x) ,xlab='t’,ylab='Reliability’,0,3,1lty=2, 1lwd=2)
curve (G22 (x) ,add=T,col="blue’, lty=2,1lwd=2)
curve (R(x) ,add=T,col="red’, 1lwd=2)

#ID-C case:

C<-function(u,v) u*v/(u+v-u*v)
g<-function(u) C(u,u)

Rl12<-function(t) g(R(t))

R22<-function(t) 2*R(t)-R12(t)

curve (R12 (x) ,xlab='t’,add=T, 1lwd=2)

curve (R22 (x) ,add=T,col="blue’, lwd=2)

curve (R(x),add=T,col="red’, lwd=2)

# Hazard rate functions

#IID case:

f<-function(t) exp(-t)

gpIID<-function(u) 2*u

gl2<-function(t) f(t)*gpIID(R(t))
g22<-function(t) 2*f(t)-gl2(t)
curve(gl2(x)/Gl2(x),ylab="HR’,0,3,ylim=c(0,2),1lty=2, 1lwd=2)
curve (g22(x) /G22 (x) ,add=T,col="blue’,1lty=2, lwd=2)
curve (f(x) /R(x),add=T,col="red’, lwd=2)

#ID-C case:

gp<-function(u) 2/(2-u)”2

fl2<-function(t) £(t)*gp(R(t))

f22<-function(t) 2*£(t)-£f12(t)
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curve (f12(x) /R12 (x),add=T, lwd=2)
curve (f22 (x) /R22 (x) ,add=T,col="blue’, 1lwd=2)
curve (f (x) /R(x),add=T,col="red’, lwd=2)

Analogously, we can compare the systems obtained in the IID case with that
obtained with the copula C. For example, X 11 :IZD <gr X Ez holds for all F since

o) w/Q-w 1
‘711:12D(”) o u? T 2u—u?

is decreasing in (0, 1). Analogously, we get that XilzD >HR ng holds for all F
since R
GSo(w)  2u—u/Q-—u)  3-2u

@gPw  2w—ur  2-w?
is increasing in (0, 1). Note that the series system improves with the positive depen-
dency but that the parallel system get worse (see Fig.3.5). <

As we have seen in the preceding example, the (distribution-free) ordering prop-
erties between two systems with ID components will just depend on the copula, that
is, the dependence structure. So they can be related to well known positive/negative
dependence properties. These relationships where studied in Navarro et al. (2018)
and Navarro et al. (2021). For instance, the results obtained in the preceding example
for series and parallel systems with two ID components can be stated as follows.

Proposition 3.6 Let X | and X, be the lifetimes of two components having a common
distribution function F and copula and survival copula C and C, respectively. Then
the following properties are equivalent:

(i) X122 <gr X1 forall F;

(ii) X1 <gr Xo22forall F;
(iii) X122 <ur X2 forall F;

(iv) C(u, u)/u is increasing in (0, 1);

(v) (1 —C(u,u))/(1 —u) is increasing in (0, 1).

Note that to prove (iv) (or (v)) we just need one of these orderings for a continuous
distribution function F. Also note that in the ID case, as F>.p = 2F — F., then

_ 1- 1 -
F(@) = EFl:Z(t) + EFzzz(t)

for all ¢, that is, the common components’ distribution is a uniform mixture of
the distributions of the series and the parallel system. So the HR function of the
components will be always between that of series and parallel systems (for any
copula). This fact explains why the orderings stated in the preceding proposition are
equivalent. For the LR order, we have the following result. The conditions for the
RHR order can be seen in Theorem 4.2 of Navarro et al. (2018).
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Proposition 3.7 Let X| and X, be the lifetimes of two components having a common
absolutely continuous distribution function F and copula and survival copula C and
C, respectively. Then the following properties are equivalent:

(i) X122 <rr X1 forall F;
(ii) X1 <pr X212 forall F;
(iii) X120 <pr X2 forall F;
(iv) 6(14, u) is convex in (0, 1).
(v) C(u,u) is convex in (0, 1).

Analogously, the condition for the comparisons of the IID case with the DID case
are the following. They were obtained in Proposition 17 of Navarro et al. (2021).

Proposition 3.8 Let X1 and X, be the lifetimes of two components having a common
distribution function F and survival copula C. Let 8&(u) = C(u, u) for u € [0, 1].
Let Y1 and Y, be two IID lifetimes with distribution F.

(i) Y12 <st X12 (=s7) for all F iff u* < 8p(u) (=) for all u € (0, 1);

(ii) Y12 <ur X12 (=HR) for all F iﬁ‘(?@(u)/uz is decreasing (increasing) in
©, 1);

(iii) Y12 <pRr X122 (>LRr)forallabs. cont. F iﬁ‘(Sé(u)/u is decreasing (increasing)
in (0, 1),

(iv) Yoo >s1 X200 (Zs7) forall F iﬁ‘u2 <da) (=) forallu € (0, 1);

(v) Y22 >gr X2 (Zgr) for all F iff CQu — dawm))/QRu — uz) is increasing
(decreasing) in (0, 1);

(vi) Yoo > r X202 (ZLRr)for all abs. cont. F iff (2 — Sé(u))/(l — u) is increasing
(decreasing) in (0, 1).

Note that Yo <s7 X1 (=s7) holds iff Y., >s7 X2 (<s7). However, the
other orderings are not equivalent. A random vector (X1, X>) is Positive (Negative)
Quadrant Dependent, shortly written as PQD (NQD), if F(x,y) > Fi(x)F2(y)
(=) for all x, y, (see, e.g., Joe 1997). If F1, F» are continuous, these (dependence)
properties only depend on the copula.

Proposition 3.9 Let X| and X» be the two random variables having distribution
Sfunctions F| and F, and copula and survival copula C and C, respectively. Then the
following properties are equivalent:

(i) (X1, X2) is POD (NQD) for all Fy, F»;

(ii) (X1, X2) is POD (NQD) for two continuous distributions F1, F;
(iii) C(u,v) > uv (<) forallu,v € [0, 1];
(iv) Cu,v) > uv (<) forallu,v € [0, 1].

Note that, in the ID case, Y12 <s7t X122 (=s7) and Y22 >g7 X222 (<g7) hold
for all F when (X1, X7) is PQD (NQD). Thus the series system is better under a



3.3 Systems with ID Components 91

Fig.3.6 All the HR
orderings for the systems in
Table 2.1 and IID
components. The red arrow
is an ordering that cannot be
obtained by using signatures
of order 4

positive dependence but the opposite holds for the parallel system (as we have seen
in the preceding example). These orderings are reverted for the NQD condition. The
other conditions can also be related with dependence properties (see next section).
These are expectable properties (series systems improve under positive dependence
since both component lifetimes are similar while parallel systems does so when they
are different).

Note that the necessary and sufficient conditions obtained above can also be used
to obtain all the distribution-free comparisons of coherent (or semi-coherent) systems
with IID components. All the orderings for systems with 1-4 components (given in
Table 2.1) were obtained in Navarro (2016). In some cases, these results improve
the results obtained by using signatures (see the preceding section). For example, for
the HR order we obtain the relationships given in Fig. 3.6. Note that we have a new
ordering (13 — 24) that cannot be obtained from signatures of order 4 (see Fig. 3.3).
Analogously, for the LR order, we obtain the relationships given in Fig.3.7. Note
that we have three new orderings (13 — 24,5 — 24 and 13 — 7) that cannot be
obtained from signatures of order 4 (see Fig.3.4). For the ST order we obtain the
same orderings given in the preceding section (see Fig. 3.2). However, for n = 5 and
n = 6, there exist systems that can be ST-ordered with distortion functions but that
cannot be ordered with signatures (see Rychlik et al. 2018). Moreover, note that the
results based on distortions can also be used to check the ordering conditions for
k-out-of-n systems needed in the ordering results based on signatures for the EXC
case. For example, for n = 3, we can check if X 1.3 <gr X2.3 <gr X3:3 holds for
a given copula C.

In other situations we may want to study if, for a fixed system (structure) and a fixed
dependence (copula), an order is preserved. Thus, if the components X1, ..., X, are
ID~F and Y7, ..., Y, are ID~G, they share the same copula C and F <pgrp G
holds, we want to study if 71 <pgrp 7> holds (or holds under some conditions) for
a given order ORD, where 71 = ¢(X1,...,Xp) and Tr = ¢ (Y1, ..., Y,) are the
lifetimes of two systems having the same structure.
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Fig.3.7 All the LR
orderings for the systems in
Table 2.1 and IID
components. The red arrows
are three orderings that
cannot be obtained by using
signatures of order 4

To this end we can use the following ordering results for distorted distributions
extracted from Navarro et al. (2013). The similar results for the non-ID case were
obtained in Navarro et al. (2016).

Proposition 3.10 Ler X and Y be the two random variables having absolutely con-
tinuous distribution functions Fx and Fy. Let T and S be two random variables
having distribution functions q(Fx) and q(Fy) for a distortion function q. Let q be
the dual distortion function and let a(u) = uq’(u)/q (), @ (u) = uq’(u)/qw), and
Bw) = ugq"w)/qw).

(i) If X <s7 Y, thenT <gs7 S;
(ii) If X <pr Y and « is decreasing in (0, 1), then T <ygr S;
(iii) If X <grugr Y and & is increasing in (0, 1), then T <gygr S;
(iv) If X <pr Y and B is non-negative and decreasing in (0, 1), then T <pp S.

Proof The proof of (i) is immediate (since g and g are increasing functions).

To prove (ii), we assume X <gpg Y, thatis, hx > hy holds for the respective
hazard rate functions. Hence, X <gr Y also holds, that is, F Y < Fy. Then we use
(2.34) and that « is decreasing and non-negative to get

hr(t) = a(Fx(t)hx(t) > a(Fy()hy(t) = hs(t)

for all ¢, for the respective hazard rate functions of T and S. Then T <gg S holds.

The proof of (ii7) is similar to the preceding one from (2.35).

Finally, to prove (iv), we note that X <y g Y implies nx > ny for the respective
Glaser’s eta functions defined in the first section of this chapter. Moreover, X <y r Y
implies X <ggp Y (i.e. hx > hy)and X <g7 Y (i.e. Fx < Fy). Then we use (2.33)
and that 8 is decreasing and non-negative to get

nr(t) = nx () + BF(t)hx (1) > ny(t) + B(Fy ()hy (t) = hs(t)
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for all ¢, for the respective Glaser’s eta functions of 7 and S. Then T <;p S
holds. O

Note that the ST-order is always preserved. However, we need some conditions
for the preservations of the other orders. An alternative condition for the preservation
of the HR is that the function g (uv)/g(u) is increasing in (0, 1)2. It can be proved
that the HR order is preserved in k-out-of-n systems with IID components (i.e. « is
decreasing for that systems). However, this is not the case for other coherent systems.
Let us see an example.

Example 3.4 Let us consider the two systems with lifetimes 77 and 7>, with a
common structure ¢ (x, x2, x3) = max(xy, min(xz, x3)) and with [ID components
having distribution functions F and G, respectively. Then the common dual distortion
function for these systems is

q(u) =u +u? — .
Hence,
14 2u — 3u? _ 14 2u — 3u?
u+ur—ud 14 u—u?’
By plotting « in [0, 1], we see that it is non monotone (it first increases and then
decreases). Therefore we do not know if the HR order is preserved. For example let
us consider IID components having the reliability function

Fr:a)=1—-(1—eH* >0 (3.14)

a(u)=u

fora = 2, 5. Then we plotin Fig. 3.8, left, the reliability functions of the components
F(t) = F(r:2) (black dashed lines) and G(r) = F(¢;5) (red dashed lines) and
that of the respective systems (black and red continuous lines). As we can see,
the components are ST ordered and this order is preserved in the systems (i.e. the
system with the most reliable component, is more reliable than the other). In Fig. 3.8,
right, we plot the hazard rate functions of the components (dashed lines) and the
systems (continuous lines). As we can see, F' <gr G holds. However, the hazard
rate functions of the systems are not ordered. The code in R to get these plots is the
following:

# Reliability functions:
Rl<-function(t) 1-(l-exp(-t))”~
R2<-function(t) 1-(l-exp(-t))”
g<-function(u) u+u”2-u"3
RTl<-function(t) g(R1(t))
RT2<-function(t) g(R2(t))
curve (RT1(x) ,xlab='t’,ylab='Reliability’,0,7,lwd=2)
curve (RT2 (x) ,add=T,col="red’, lwd=2)

curve (Rl (x) ,add=T, 1ty=2, lwd=2)

curve (R2 (x) ,add=T,col="red’, 1lty=2,1wd=2)

2
5
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Fig. 3.8 Reliability functions (left) and hazard rate functions (right) for the components (dashed
lines) and the systems (continuous lines) in Example 3.4 for the case of IID components with the
reliability function in (3.14) and @ = 2 (black) and a = 5 (red)

# Hazard rate functions:

fl<-function(t) 2*exp(-t)*(l-exp(-t))

f2<-function(t) 5*exp(-t)*(l-exp(-t)) 4

ap<-function(u) 1+2*u-3*u”2

fTl<-function(t) f1(t)* gp(R1(t))

fT2<-function(t) f2(t)* gp(R2(t))

curve (fT1 (x) /RT1(x) ,xlab="t’,ylab="HR’,0,7,1wd=2)

curve (fT2 (x) /RT2 (x) ,add=T,col="red’, 1lwd=2)

curve (fl(x) /R1(x),add=T,1lty=2,1wd=2)

curve (f2 (x) /R2 (x),add=T,col="red’,lty=2, 1lwd=2) |

3.4 Systems with Non-ID Components

First, we recall that, from the representation results obtained in the preceding chapter,
the system distribution function can be written (in the general case) as

Fr(t) = Q(F1(1), ..., Fa(0),
and its reliability function as
Frt) = Q(Fi(1), ..., Fa(1),

that is, they are generalized distorted distributions from the distributions of the com-
ponent lifetimes. The explicit expression for the distortion functions Q and Q can be
obtained from the minimal path (or cut) sets representation and the survival copula Cc
(or the copula C). So they only depend on the structure function and the dependence
between the components (i.e. they do not depend on F1, ..., F,).
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If the components are independent (IND), then the function Q is a multinomial
and itis known as the reliability function of the structure (see Barlow and Proschan
1975, p. 21). Actually, this multinomial is the one obtained in the pivotal decompo-
sition (1.3) or in representation based on the Mobius transform (1.10) when these
Boolean functions are extended to real numbers. In this case Q is also a multinomial.

In both cases we can use the following ordering results for generalized distorted
distributions obtained in Navarro et al. (2016) (arbitrary components) and in Navarro
and del Aguila (2017) (ordered components). Note that we have necessary and suf-
ficient conditions for the ST, HR and RHR orders. In Navarro et al. (2016) there are
sufficient conditions for the LR order.

Theorem_3.4_lf T; ha:v the distribution function Q;(F1, ..., F,) and the reliability
function Qi (F1, ..., Fy), fori =1, 2, then the following properties hold:

(i) Ty <st Trforall Fi, ..., Fy iff Q1 < Q2 (or Q1 = Q2)in (0, )";
(ii) Ty <gr Tr forall Fy, ..., F, iff Q2/ Q1 is decreasing in (0, 1)";
(iii) Ty <gpugr Ta forall Fy, ..., F, iff Q2/Q is increasing in (0, 1)".

Proof The proof of (i) is immediate.
To prove (ii) we note that 71 <yg T3 holds iff

Fr,(t)  Qa(Fi(0), ..., Fa(®))

_ = =" _ (3.15)
Fry@®)  Qi1(F1(@), ..., Fu®))
is increasing in ¢. o
If this ordering holds for all Fi, ..., F, and we want to prove that Q»/Q; is
decreasing in u for fixed usz,...,u, € (0, 1), we choose distribution functions

such that F;(t) = u; fort € (1,2) andi = 2,...,nand Fi(t) = 1 fort < 1,
Fi(ty =2 —1tfort € (1,2), and Fi(t) = O for t+ > 2. Then, from (3.15), we
have that Qg(m, R un)/Ql (u1, ..., uy,) is decreasing in 1. We can prove that it
is decreasing in the other variables in a similar way.

Conversely, if we assume that 0,/01 is decreasing in all its variables in (0, 1)",

as Fi, ..., F, are decreasing, from (3.15), 1’7"T2(t)/1'7"71 (t) is increasing in 7.
The proof of (ii7) is similar to the proof of (ii). ([l
Theorem 3.5 If T; has the distribution function Q;(F1, ..., F,) and the reliability

function Q,(F], R Fn), fori = 1,2, then the following properties hold:

(i) Ty <st Ts forall Fy,..., F, such that F\ >gs7 --- >s7 F, iff 01 < Q2 in

D={(u,....,up) €0, 1]" 1y > -+ > up);
(ii) Ty <ygr Tr forall Fy, ..., F, such that F1 >gp -+ >ngr F, iff the function
_ ) V1, V1V2,...,V]...0
H, ..., v0) = Q2(v1, viva L Un) (3.16)
O1(vi, v1v2, ..., V... Vy)

is decreasing in (0, 1)";
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(iii) Ty <gur T» for all Fy, ..., F, such that F; <gpgr --- <ruR Fu iff the
function
V], VU2, ..., V] ... 0
Hi,...,vp) = Q2(vi, viv2 1+ Vn) 3.17)
Q1(v1,v1v2, ..., V1 ... Uy)

is increasing in (0, 1)".

Ifroof The proof of (i) is immediate since F| >g7 - -- >gs7 F, implies Fi > >
F,.
To prove (ii) we recall that 71 <ypr T> holds iff the ratio in (3.15) is increasing
in t.
. If we want to prove that this S)rdgring holds for all F; >ygr --- >gr F, when
H is decreasing, we note r; = F;/F;_| _is decreasing for i = 2, ..., n. Therefore,
ri € [0, 1] (since r; (0) = 1). Moreover, F; € [0, 1] and it is also decreasing. Hence,

O0x2(Fi(t), Fa(t), ..., Fu(1))

HF1(0), (1), ..., (1) = == _ _
00O = 5 O, o, Fa)

is increasing in ¢ and so 71 <gr 7> holds.

Conversely, let us assume that 71 <gg T holds for all F; >y --- >gp F,. If
we want to prove that His decreasing in v; for fixed vy, ..., v, € (0, 1), we choose
the following reliability functions:

_ 1, forO0<r <1
Fit)y={2—-t,forl <t <2

0, for t>2
and
_ 11— —wvy...vt,for0<r <1
Fi(t) = v...v;2—1,forl <t <2
0, for t>2
fori =2,...,n. Hence
Fr(t) 1—(1—wv)t,for0<r<1
PR)=—=——-=
Fi () v, forl <t <2
and
L. 1—(1—vy...v)t
rit) = _F’i _ = for0=t <1
Fi_1(t) vi, forl <t <2

fori =3, ..., n,which are continuous and decreasing. Therefore, F| >R --- >gRr
F,, holds and from (3.15), we have that

O02(Fi(t), ..., Fy(t))
O1(Fi(t), ..., Fu(t))

is decreasing for ¢ € (1,2). So H(vi,...,v,) is decreasing for v; € (0, 1), for
all va, ..., v, € (0, 1). We can prove that it is decreasing in the other variables in a

=HQ2—=t,v2,...,0)
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similar way (see Navarro and del Aguila 2017). For example, for the second variable,
given v, v3, ..., v, € (0, 1), we can choose the following reliability functions:

11— —wvt,for0<r<1
v, forl <t <2
vi(3—1),for2 <1 <3

0, for t>3

Fi(t) =

B - —wvt,for0<tr <1
() = vi2—1),forl <t <2
0, for t>2

and
. vi...v3(1 = (1 —wvpp), for0<r <1
Fi(t) = vi...n3v1(2—1t), forl <t <2
0, for t>2
fori =3,...,n. Hence
I,forO0<tr<l1
F>(t ’ - =
=20 1o el =r=2
Fi(1) 0,for2 <t<3
and _
Fi(2) vi, for0 <t <1
ri(t) = = =1
Fi_i(t) vi, forl <t <2
fori =3, ..., n, and the result holds as above.
The proof of (iii) is similar to the proof of (i7). O

Let us see an example which shows how to use the preceding theoretical results
to compare systems.

Example 3.5 As in the preceding section, we can consider the series and parallel
systems with lifetimes Xi.2 and X»7.2, respectively. Now we do not assume a com-
mon distribution for the component lifetimes X; and X;. So they have arbitrary
distribution functions F) and F3, a copula C and a survival copula C. Remember
that

X12 <st Xi <st X22

holds for all F;, F» and all C.
Howeyver, if we consider the hazard rate order, then

X120 <mr Xi

holds for all Fy, F; iff C (u, v)/u is increasing in (0, 1)2. Of course, this ordering
holds for IND components since é(u, v)/u = (uv)/u = v is increasing (a well
known property). In this case, it can be proved that the hazard rate of the series
system is h1.p = hi + hy, where h; is the hazard rate of X;. So k1., > h; for
i=1,2.
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Fig. 3.9 Reliability (left) and hazard rate functions (right) for the series system Xi.» (black), the
components X; (red) and the parallel system X». (blue) in Example 3.5 for the case of IND
components (dashed lines) and dependent (continuous lines) components with the survival copula
(3.12)

However, surprisingly, this property is not true when the components are depen-
dent. Thus, if we consider the Clayton—Oakes survival copula (3.12), then

6(u,v) _ v

u U—+v—uv
is decreasing in u and increasing in v. Therefore, for this copula,

X122 <mr X1

does not hold for all F;, F>. Forexample, if we consider two exponential distributions
Fi(t) = 1—exp(—it)fort > 0andi = 1, 2, then we obtain the reliability (left) and
hazard rate (right) functions plotted in Fig.3.9 for IND components (dashed lines)
and dependent components (continuous lines) with the survival copula in (3.12).
Note that they are ST ordered in both cases (as expected), that X1, <gp X also
holds in both cases, that X1., <gg X3 holds for the IND case but that it does not
hold for this copula. Note that the used series systems with age ¢ are going to be
ST better (i.e., more reliable) than the used components X, with the same age ¢, for
t > 0.694. Also note that they are equivalent when r — oco. However, the used series
systems with age ¢ are going to be ST worse than the used components X with the
same age t, for all 7.

To explain these properties, we can use Theorem 3.5, (ii) to obtain that X1., <gr
X holds for all Fy >gpr F> iff the function

01(v1, viv2) _ V]
Qi2(r,viv2)  C(vy, viv2)

Hy(v1, 1) =

is decreasing in (0, 1)2. Analogously, X1.» <gr X7 holds for all F; >gpr F> iff the
function _
O2(vi,viv2) v

Q121 vivy)  C(uy, viv2)

Hy(vi, v2) =
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is decreasing in (0, 1)%.
If the components are dependent with the survival copula in (3.12), then

V1 (1 + Vv — Vi) I+ vw—vwn

Hy(vi,v2) =

)

v%vz v2
which is decreasing in (0, 1)2, and

2
viv2(v1 + viv2 — VyV2)
=1+wv — vy,

Hy(vi, v2) = 5
vivy
which is decreasing in vy but increasing in v;. Hence, X1, <pgr X1 holds for all
F1 >R F> (and this copula) but X1., <gr X»> does not hold for all F; >yr F>
(as we can see in Fig.3.9). In this case, the series system is HR ordered with the
best component (X1) but not always with the worse one (X3). If they are ID, both
orderings hold (see Fig. 3.5 in the preceding section).

Let us study now the parallel system. For example, X1 <gr X».» holds for all
Fy, F, iff . .

u+v—C(u,v) v—C(u,v)

1+
u u

is decreasing in (0, 1)2. If the components are IND, then

v—a(u,v) (1 )
— =y -—1
u u

which is increasing in v and decreasing in u. So, surprisingly, this ordering does not
hold for all Fy, F> even if the components are IND, as can be seen in Fig. 3.9, right,
where X».» (dashed blue line) and the best component X (bottom red line) are not
HR ordered. However, X7.» (dashed blue line) and the worse component X; (top red
line) are HR ordered.

In this figure, the same holds for the Clayton—Oakes copula. As above we can use
Theorem 3.5, (ii), to study if this is a general property. Thus X| <gxgr X»2.2 holds
for all F; >pgyg F> iff the function

Q22(vi,viv2) v+ v — C(vg, v1v2)
Q1(v1, v1v2) v

is decreasing in (0, 1)2. Analogously, X» <y r X2 holds for all F; >yg F> iff the
function

H3(vi, v2) =

Q22(vi,viv2) v +vvy — C(vi, v1v2)
Q2 (v, v1v2) viv2

is decreasing in (0, 1)2. If the components are IND, then

Hy(vi, v2) =

2
- V1 + Vv — vy
Hy(v,v0) = ———— 1= =1+ v — v

V1
which is decreasing in v; and increasing in vy. So X1 and X».» are not HR ordered
in Fig.3.9. However, if the components are IND, then

V] + Vv — v%vz 1

=—4+1—-v
) v2

Hy(vi, 1) =
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which is decreasing in both v and v;. So X, and X».; are HR ordered in Fig. 3.9. This
is a general property for IND ordered components (the parallel system is HR better
that the worse component). This property also holds for the chosen Clayton—Oakes
copula since
1 —vivy

v2(1 4+ v2 — vjv2)

is decreasing in both vy and v;. However, X and X». are not HR ordered as can be
seen in Fig. 3.9, right. Also note that the series systems in both cases are HR ordered
but that the parallel systems are not. The code in R to get these plots is the following:

Hiy(vi,v) =1+

#Reliability functions:

#IID case:

Rl<-function(t) exp(-t)

R2<-function(t) exp(-2*t)
QIND<-function(u,v) u*v

Gl2<-function(t) QIND(R1(t),R2(t))
G22<-function(t) R1(t)+R2(t)-Gl2(t)

curve (Gl2 (x) ,xlab="t’,ylab='Reliability’,0,3,1lty=2,1lwd=2)
curve (G22 (x) ,add=T,col="blue’,lty=2,1lwd=2)
curve (R1(x),add=T,col="red’,1lty=2,1lwd=2)
curve (R2 (x),add=T,col="red’, 1lty=2,1lwd=2)
#Clayton

C<-function(u,v) u*v/ (u+v-u*v)
R12<-function(t) C(R1(t),R2(t))
R22<-function(t) R1(t)+R2(t)-R12(t)

curve (R12 (x) ,xlab='t’,add=T, lwd=2)

curve (R22 (x) ,add=T,col="blue’, lwd=2)

#Hazard rate functions

#IND case

fl<-function(t) exp(-t)

f2<-function(t) 2*exp(-2*t)

Q1IID<-function(u,v) v #partial derivative 1

Q2IID<-function(u,v) u #partial derivative2

gl2<-function(t) {
£1(t)*Q1IID(RL1(t),R2(t))+£2(t)*Q2IID(R1(t),R2(t))

}

g22<-function(t) fl(t)+f2(t)-gl2(t)

curve(gl2(x)/Gl2(x),0,3,ylab="HR’,ylim=c(0,3),1lty=2, 1lwd=2)

curve (g22 (x) /G22 (x) ,add=T,col="blue’,1ty=2, lwd=2)

curve (fl(x)/R1(x),add=T,col="red’, 1lwd=2)

curve (f2 (x) /R2 (x) ,add=T,col="red’, 1lwd=2)

#Clayton

Cl<-function(u,v) v 2/ (u+v-u*v) "2 #partial derivative 1

X
X

X)
X)
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Fig.3.10 Reliability (left) and hazard rate functions (right) for the series system X;. (black), the
parallel system X5., (blue) and the components X (Exponential, red) and X, (Pareto, green) in
Example 3.5 for the case of IND components (dashed lines) and dependent components (continuous
lines) with the survival copula (3.12)

C2<-function(u,v) u”2/(u+v-u*v) "2 #partial derivative 2
fl2<-function(t) f£1(t)*C1l(R1(t),R2(t))+£f2(t)*C2(R1(t),R2(t))
f22<-function(t) fl(t)+f2(t)-£12(t)

curve (f12 (x) /R12 (x) ,add=T, lwd=2)

curve (f22 (x) /R22 (x) ,add=T,col="blue’, 1lwd=2)

We can modify this code to plot these functions for other marginals and/or other
copulas. For example, if we consider the same exponential for X; but the Pareto
distribution F>(z) = 1 — 1/(1 + 5¢) for t > 0 for the second component lifetime
X5, then they are not ordered and we obtain the plot in Fig.3.10 (for the same
copula). Note that the series and parallel systems are HR ordered in the case of
IND components (dashed lines) but that they are not ordered for the Clayton—Oakes
copula (black and blue continuous lines). This is a really surprising property! <

As in the preceding section, we can obtain conditions for distribution-free ordering
results based on properties of the copula and/or the survival copula. These conditions
are related with negative dependence properties. These relationships were studied in
Navarro et al. (2021). Let us see some examples. The proofs are straightforward.

To get these results we need the definitions of well-known dependence properties
and how they can be stated in terms of copulas. A continuous random pair (X, Y)
with copula C is said to be:

e Positive (Negative) Quadrant Dependent, shortly written as PQD (NQD), iff
Pr(X <x,Y <y)>Pr(X <x)Pr(Y <y)forall x, y. If the marginal distribu-
tions are continuous, then the PQD (NQD) property is equivalent (see Proposition
3.9) to C(u, v) > uv (C(u, v) < uv)in [0, 1]3;
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Table 3.2 Relationships among positive (left) and negative (right) dependence properties
SI(Y|X) = LTD(Y|X) SD{|X) = LTI(Y|X)

[ A3 [ |
RTI(Y|X) = PQD RTD(Y|X) = NQD

e Left Tail Decreasing (Increasing) in X, shortly written as LTD(Y'| X) (LTI(Y | X)),
if, and only if, Pr(Y < y|X < x) is decreasing (increasing) in x for all y or,
equivalently, C(u, v)/u is decreasing (increasing) in u for all v in (0, 1)2. The
concepts LTD(XY) and LTI(X|Y) are defined in a similar way;

e Right Tail Increasing (Decreasing) in X, shortly written as RTI(Y | X) (RTD(Y | X)),
if, and only if, Pr(Y > y|X > x) is increasing (decreasing) in x for all y or, equiv-
alently, Cc (u, v)/u is decreasing (increasing) in u for all v in (O, 1)2;

e Stochastically Increasing (Decreasing) in X, shortly written as SI(Y|X)
(SD(Y|X)), if, and only if, (Y|X = x) is ST-increasing (decreasing) in x.

We say that (X, Y) is LTD if it is both LTD(Y|X) and LTD(X|Y). The concepts
LTI, RTI, RTD, SI and SD are defined similarly. The relationships among the above
dependence properties are summarized in Table 3.2. Also note that the PQD (NQD)
property implies that the Pearson correlation, Spearman correlation and Kendal tau
coefficients are nonnegative (nonpositive), see Nelsen (2006). So all of them are
positive (negative) dependence properties.

In the first proposition we compare the components with the series system.

Proposition 3.11 Ler X| and X» be component lifetimes with survival copula C
and distribution functions F1 and F», respectively. Then the following statements
are equivalent:

(i) X122 <ugr X1 holds for all Fi and F>;

(ii) 6(14, v)/u is increasing in u € (0, 1) for every v € (0, 1);
(iii) (W—14+C{ —u,1 —v))/u is increasing in u € (0, 1) for every v € (0, 1);
(iv) (X1, X2) is RTD(X»|X1).

Note that we need a negative dependence property (RTD) to separate the series
system from its components. For the RHR order we get the following conditions.

Proposition 3.12 Let X| and X be component lifetimes with copula C and with
distribution functions F1 and F», respectively. Then the following statements are
equivalent:

(i) X1 <grur X2:2 holds for all F| and F»;

(ii) C(u,v)/u is increasing inu € (0, 1) for every v € (0, 1);
(iii) (v—1+ 6(1 —u, 1 —v))/uis increasing inu € (0, 1) for every v € (0, 1).
(iv) (X1, X2)is LTI(X2|X1).



3.4 Systems with Non-ID Components 103

Note that here we also need a negative dependence property and that the conditions
are duals (by changing C with C). To compare series and parallel systems we have
the following condition.

Proposition 3.13 Ler X| and X, be component lifetimes with survival copula Cand
with distribution functions F| and F,, respectively. Then:

(i) X122 <mgr X2 holds for all Fy, F» iﬁ‘é’\(u, v)/(u + v) is increasing in (0, 12,
(ii) X120 <ruR X2:2 holds for all F1, F» iff C(u, v)/(u +v) is increasing in (0, 1)2.

For ordered components we have the following results.

Proposition 3.14 Let X and X2 be component lifetimes. Then:

(i) X1:2 <ggr X1 holds forall F| >yg F> iﬁff(u,’\uv)/u is increasing in (0, 1)2;

(ii) X122 <ur X» holds for all Fi >gr F2 iff C(u, uv)/(uv) is increasing in
0, D%

(iii) X1 <pr X2 holds for all F1 >gr Fy iff uv — C(u, uv))/u is decreasing in

0, 1)

(iv) Xo <gr X222 holds for all F1 >gr F> iff (u — C(u, uv))/(uv) is decreasing
in (0, D?2;

(v) X122 <gr X2 holds for all F1 >y F> iff C(u, uv)/(u + uv) is increasing
in (0, 1)2.

Note that all the conditions for the survival copula C in the preceding proposition
can be seen as negative dependence properties.
Proposition 10 in Navarro et al. (2021) proves that, for any copula C, X and X».»
are not HR ordered for all F;, F>. Note that X1 <ggr X».» holds for all F;, F> iff
1-C(—u,1—-v)

u

is decreasing in (0, 1)>. However, note that this ratio is always increasing in v. Hence,
the results given in Example 3.5 for X and X». are valid for any copula C (i.e. for
some distribution functions Fj and F; they are not HR ordered).

Analogously, it can be proved that X; and X;., are not RHR ordered for all
F1, F>. To get these orderings we need to assume ordered components (as stated in
the preceding proposition).

As in the preceding section, we can compare systems with dependent and inde-
pendent components. If X; and X, have a copula C and a survival copula C and Y,
and Y, are independent, X| and Y| have the common distribution function F; and
X5 and Y; have the common distribution function F,, then we obtain the following
results.

Proposition 3.15 The following statements are equivalent:
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(i) X122 =s1 Y122 (respectively, <sr) holds for all F| and F»;
(ii) Xo.2 <sT Y2:2 (respectively, >sr) holds for all F\ and F;;
(iii) C(u,v) > uv (respectively, C(u,v) < uv)in [0, 11%;
(iv) 6(u, v) > uv (respectively, 6(14, v) <uv)in [0, 11%;

(v) (X1, X2) is POD (respectively, NOD).

Proposition 3.16 The following statements are equivalent:

(i) 2(\1:2 >nRr Y12 (respectively, <pr) holds for all F\ and F;;
(ii) C(u,v)/(uv) is decreasing (respectively, increasing) in (0, 1)2;

(iii) (X1, X»2) is RTI (respectively, RTD).

Proposition 3.17 The following statements are equivalent:

(i) Xo.0 =ruR Y22 (respectively, <grpr) holds for all F\ and F;;
(ii) C(u,v)/(uv) is increasing (respectively, decreasing) in (0, 1)2;

(iii) (X1, X2) is LTI (respectively, LTD).

As we have seen in Example 3.5, the comparison results for the general case can
also be applied to systems with IND components. The results for all the semi-coherent
systems with 1-3 components were obtained in Navarro and del Aguila (2017). Their
dual distortion functions are given in Table 3.3. All the ST and HR orderings for these

Table 3.3 Dual distortions functions of coherent systems with 1-3 independent components

N

O 00 N AN L A W N~

I S e T = T S S
0 N O R WD = O

T =y (X1, X2, X3)
X153 = min(X1, X2, X3)
min(X>, X3)
min(X1, X3)

min(Xq, X7)

min(X3, max(X1, X2))
min(X3, max(Xy, X3))
min(Xy, max(Xs, X3))
X3

X2

X1

X2:3

max (X3, min(X, X))
max(X,, min(Xy, X3))
max (X1, min(X,, X3))
max (X, X3)

max(X1, X3)

max (X1, X2)

X3.3 = max(X1, X2, X3)

O(ui, uz, u3)
upuzu3
uxu3
uiuz
Uiuy
Ulu3 + urusz — UjUU3
uiup + upu3z — Ujusu3
uiuy + uju3z — ujuou3
us
u
ug
wiuy + ujuz + uouz — 2ujuru3
U3z + ujuy — UjUU3
Uy + uUjusz — UjU U3
Uy + upuz — ujUU3
up + uz — ugu3
Uy +u3z —ujus
Uy +uy —ujuy

Uy +uz +u3z — Uiy — UU3 — UgU3 + UUU3
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Table 3.4 Relationships for the ST order between the coherent systems with independent compo-
nents given in Table 3.3. The value 2 indicates that 7; <g7 T; holds for any Fy, F», F3 (i denotes
the row and j the column). The value 1 indicates that T; <g7 T; holds forall F| >g7 F> >g7 F3.1t
also indicates that 7; <gr T; does not hold for all Fy, F>, F3. The value O indicates that 7; <sr T
does not hold for all F; >g7 F» >s7 F3

sT 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 1 1 2 2 1 2 2 1 2 2 2 2 2 2 2 2
3 o 2 1 2 1 2 2 1 2 2 2 2 2 2 2 2 2
4 o o 2 0 2 2 0 2 2 2 2 2 2 2 2 2 2
5 o o o 2 1 1 2 1 1 2 2 2 2 2 2 2 2
6 o 0o o0 o0 2 1 0 2 1 2 2 2 2 2 2 2 2
7 o 0 0 O o0 2 0 O 2 2 2 2 2 2 2 2 2
8 o o0 o0 O o0 o0 2 1 1 0 2 1 1 2 2 1 2
9 o 0 0 O o0 O 0 2 1 0o 0 2 1 2 1 2 2
o o o o o0 o o o o 2 o0 o o0 2 0 2 2 2
11 o o o0 o0 o o0 o0 o o0 2 2 2 2 2 2 2 2
2 o0 o0 o0 o0 o o o O o0 o 2 1 1 2 2 1 2
13 o o o0 o0 o o0 o0 o o0 o o0 2 1 2 1 2 2
4 o0 0 o0 0O o0 o o o o o o o 2 o0 2 2 2
15 o o o0 o0 o o o0 o o o o o o0 2 1 1 2
6 0 o0 o o0 O o o o o o o o o o 2 1 2
7 o o0 o o0 o o o0 o0 o o0 o o0 o0 o o 2 2
18 o o o0 o o o0 o0 o o o o o o0 o o o0 2

systems are given in Tables 3.4 and 3.5. The value 2 indicates that the ordering holds
for any components, the value 1 that it only holds for ordered components and the
value 0 that it does not hold for ordered components. The relationships for the HR
order and ordered components are summarized in the graph given in Fig.3.11.

We conclude this section by showing how to proceed when the systems are built
just by using two kind of components. Here we assume that 77 and 7> are the
lifetimes of two coherent systems with components having one of the two (different)
distribution functions F (type A) or G (type B). For example, we can consider the
systems in Fig.3.12.

Under this assumption, it is clear that the system reliability functions can be
written as

Fr,(t) = Qi(F, G)
fori = 1, 2, where Q,- : [0, 112 — [0, 1] are two (bivariate) distortion functions.
They can be obtained from the general distortion functions obtained in Chap.2 (by
using minimal path or cut sets). Under some exchangeabillity assumptions between
the components of the same type, these distortion functions can also be computed
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Table 3.5 Relationships for the HR order between the coherent systems with independent compo-
nents given in Table 3.3. The value 2 indicates that T; <p g T holds for any Fy, F>, F3 (i denotes
the row and j the column). The value 1 indicates that 7; <gyg T holds forall F| >yr F2 >pg F3.
It also indicates that 7; <yg T; does not hold for all Fy, F3, F3. The value O means that T; <yg T}
does not hold for all F; >gr Fr» >gr F3

HR 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
2 2 1 1 1 1 1 2 2 1 1 1 1 1 2 1 1 1
3 o 2 1 0 0o 1 2 1 2 0 1 1 1 1 2 1 1
4 o o0 2 0 0 0 0 2 2 0 0 0 0o 0 0 2 O
5 o o0 o0 2 0 0 2 1 1 0 0 1 1 1 1 2 2
6 o 0 0 0 2 0 0 2 1 0 0 o 1 o0 2 1 2
7 o o0 0 o0 o0 2 0 O 2 0 0 0 1 2 1 1 2
8 o o0 0 0 o0 o0 2 1 1 0 0 0 0 1 1 1 1
9 o o0 o0 O o O o0 2 1 0 0 O O O O 1 O
10 o 0 0 0 o 0 0 o0 2 0 0 0 0 0 0 0 o0
11 o o0 o0 o o o o0 o o0 2 0 1 1 2 2 2 2
12 o 0 o0 o o o O o o o0 2 0 1 1 1 1 1
13 o 0 o0 o0 o0 o0 o o o o0 o0 2 1T O 0 1 O
14 o 0 o0 o0 o0 o0 o o o o0 o o 2 o0 0 0 o
15 o o0 o o0 o o o0 o o o o o o0 2 1 1 1
16 o o0 o o0 o o O O o o0 O O o o0 2 o0 O
17 o o0 o0 0 o0 o O O o o0 O O o o0 o 2 o0
18 o o0 o0 o o o o o o o0 o o o0 o o0 o0 2

from the survival signature defined in Coolen and Coolen-Maturi (2012) (see also
Samaniego and Navarro 2016).
For example, for the systems in Fig. 3.12, if we assume IND components, we have

01, v) = uv + v> — uv?

and

Qz(u, v) =2uv — uv?

foru, v € [0, 1]%. _ _
In this case 71 <g7 T5 (resp. >gs7) holds for all F, G iff Q1 < Q> (resp. >s7).
If we define the difference function

Au,v) = Qs(u,v) — Q1(u, v),

this ordering holds for all F, G iff A(u, v) > 0 (resp. < 0) for all u, v € [0, 1].
However, in some cases, we need conditions between F and G to get this ordering.
Thus, for the systems in Fig. 3.12, we obtain

A(u,v) = 2uv — uv? — (uv + v? — uvz) =uv — v
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Fig.3.11 Hazard rate ordering relationships between the coherent systems with 1-3 independent
components given in Table3.3 when F| >yr F> >ggr F3 holds

Fig.3.12 Two coherent systems of order 3 with a similar structure built with components of type
A and B.

Therefore, A(u, v) > 0 (< 0) iff u > v (<). Hence, T1 <st T» (resp. >gr) holds
iff F>G (<), that is, the best component should be placed at the first position (as
expected). Note that they are not ST ordered when F and G are not ST ordered.

In other situations, the conditions to get this ordering can be more complicated.
In this case we can proceed as follows. We plot the level curves (contour plot) of
A in [0, 1]%. In this plot we highlight the border line which leads to A = 0 and we
define the regions

Ry = {(u,v) €[0,1]: A(u,v) <0}

and
Ry = {(u,v) € [0,1]: A(u, v) = 0}.
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Then we add to this plot the parametric curve (F@t),G(t)) for t > 0. Note
that this curve always starts at the point (F(0),G(0)) = (1, 1) and finished at
(F(00), G(c0)) = (0, 0). These plots were called RR-plots (Reliability-Reliability
plots) in Samaniego and Navarro (2016). Thus, we have three options:

o If (F(1), G(1)) € R forall 1 > 0, then T} >g7 T for these F, G.
o If (F(t),G(t)) € Ry forallt > 0, then T} <g7 T for these F, G.
e In the other cases, 71 and T, are not ST ordered for these F, G.

Let us see an example.

Example 3.6 Letuscompare the first system 77 in Fig. 3.12 with a 2-out-of-3 system
T>» = X».3 having two components of type A and one of type B. We assume that all
the components are independent. Then

02(u, v) = 2uv + u? — 2u*v
and
A(u,v) =2uv + u> —2u’v — (uv + v? — uvz) = uv 4 u? — v* — 2u%v + v’

The level curves of A are plotted in Fig.3.13, left. The regions R; and R, are
determined by the zero-level curve A = 0 (R, above, and R;, below). In the right
plot we add several RR-plots. In the first one (blue line), we assume G = F2. As
the curve (RR-plot) belongs to the region R, we have T1 <g7 T». The same happen
for the second example (red line), where we assume G = F. Note that we have this
property T} <s7 T> forallG < F (and also for some G > F). However, in the third
case (green line), we assume G2 F and the curve crosses both regions. Therefore,
T and T3 are not ST-ordered. Finally, we choose G = F 3Ge.G=1—(1—-F)
and then the curve (purple line) belongs to the region Rj. So we have 71 >sr T5.
Note that the level curves can be used to determine approximately the difference

Fig.3.13 Level curves of A for the systems in Example 3.6 and RR-plots (right) when we assume
G = F? (blue line), G = F (red line), G*> = F (green line) and G = F3 (purple line)
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between both system reliability functions. For example, if /' = G (red line), then
0 < F» — F1 <0.2. The R code to get these plots is the following:

# RR-plots

Ql<-function(u,v) u*v+v 2-u*v”2
Q2<-function(u,v) 2*u*v+u”2-2*u”2*v
D<-function(u,v) Q2 (u,v)-Q1(u,v)
x<-seqg(0,1,0.01)

y<-seq(0,1,0.01)
z<-outer (x,y,D)
contour (x,v, z,xlab="u’,ylab='v")
curve (x” 2,add=T,col="blue’, 1lwd=2)

curve (x+1-1,add=T,col="red’, 1lwd=2)
curve (x70.5,add=T,col="green’, lwd=2)
curve (1-(1-x)"3,add=T, col="purple’, lwd=2) L |

3.5 AParrondo Paradox in Reliability

The Parrondo’s paradox shows how, in some games, a random strategy might be better
than any deterministic strategy. Di Crescenzo (2007) noted that a similar paradox
holds in reliability for series systems with independent heterogeneous components.
The problem can be stated as follows.

Let T = min(X1, X3) be the lifetime of a series system with two independent
components having reliability functions Fj and Fz We can assume that the compo-
nents of type 1 are better than the others, that is, F 1> Fz (but we will see later that
we do not need this assumption).

On the other hand, we can consider the series system with lifetime § =
min(Y7, Y>), where Y; and Y> are IID with common reliability

- 1 - 1 -

G = EF 1+ EFZ.
This system represents the case in which we choose the components randomly from
a mixed population with a 50% of units of type 1 (with reliability F}) and a 50% of
units of type 2 (with reliability F»), while in the first option we choose for sure one
component of each type.

Which one is the best option? Does this property depend on Fy and F>? What is
the best general option? Could this property be extended to other system structures?
What happen if the components are dependent?

The respective system reliability functions in both options can be represented with
distortions as

Fr(t) =Pr(X) > t, X2 > t) = Fi() F2(t) = Q7 (Fi (1), Fa(t))
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and

- L 1- 1- 2L -
Fs(t)=Pr(Y1 >1, Y2 >1)=GHG(1) = (EFI(T) + EFz(t)> = Qg(F1(1), F2(1))

with }
Or(uy,u2) =uius
and 5
- up+uy
Os(uy, uz) = <—)
2
for uy, us € [0, 1]. It is easy to prove that QT < QS since

(the geometric mean is always less than the arithmetic mean), or just since
duuy < u% + 2uiuy + u%

holds for all u1, us € [0, 1] because 0 < (u; — uz)2. Note that we do not need the
condition u; > u», thatis, F; > F». They can be ordered in the reverse sense or even
not ordered. In any case, the system with randomly chosen components is always
ST better, thatis, T <g7 S for all F 1 Fg. So the Parrondo paradox holds!

The respective reliability functions for exponential components with means 5 and
1 can be seen in Fig. 3.14, left. In the right plot the first unit has a Weibull distribution
with reliability Fj(f) = exp(—t*) for ¢ > 0. The reliability functions of T and §
are plotted in black and blue, respectively. Note that the first one is always worse
than the second. As mentioned above, this property holds for all F{, F;. The red
and orange plots correspond to the series systems obtained with just units of type 1
(red) or 2 (orange). Of course, in the left plot, the best option is the red curve, that
is, the series system obtained with just the best units. In many situations this is not a

o o ]
@© @©
o 7 o 7
2> © 2> ©
= o7 = o]
o o
8 el
T < | o < |
o o r o
[ [
o 7] o 7
o o
ol ol
T T T T T T T T T T T
0 1 2 3 4 5 0.0 0.5 1.0 1.5 2.0

Fig.3.14 Reliability functions for the series systems 7' (black) and S (blue) in Parrondo paradox
for exponential (left) and Weibull (right) distributions. The red and orange plots correspond to the
series systems obtained with just units of type 1 (red) or 2 (orange)
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realistic option since we do not use the units of type 2, the bests units could be more
expensive, we mighty not know which ones are the best units, or the units could be
not ordered (as in the right plot). However, in the green plot we use an 50% of units
of type 1 and 2 obtaining a better series system. How can we build this system? To
answer this question we need some additional results.

First we are going to study when this “Parrondo paradox’ holds. It is easy to see that
it can be extended to series systems with n independent components. The explanation
is simple since these systems are better when the units are similar (homogeneous).
Hence, here the Parrondo paradox is not a paradox but an expectable property. This
property is reverted for parallel systems since, in this case, the systems are better when
the units are different (heterogeneous). What happen in other system structures? Do
these properties hold when the components are dependent?

The answers to some of these questions were obtained in Navarro and Spizzichino
(2010). They are based on the notions of Schur-concave and weakly Schur-concave
functions defined as follows (see Durante and Papini 2007).

Definition 3.9 A function g : R” — R is weakly Schur-concave (convex) if

gluy, ... up) =g, ... .u) (=)

forall uy,...,u,, whereu = (uy +--- + u,)/n.

Definition 3.10 A function g : R” — R is Schur-concave (convex) if

gluy, ... up) < gy, ..., vn) (=)
forall uy, ..., u,,v1,..., v, suchthatu; +---+u, = v +---+ v, and such that
j J
Zui:n =< Zvi:n
i=1 i=1
forall j = 1,...,n — 1, where u;., and v;., are the ordered values obtained from

the respective vectors.

To explain the meaning of these properties let us consider n = 2. In both cases,
we study the monotonicity of function g(u1, u2) when we move the points in the line
u1 + uy = c. The function g is Schur-concave when it is increasing when the points
move to the diagonal. Obviously, then the maximum value is obtained in the point
at the diagonal (u, i), that is, then it is also weakly Schur-concave. For example, the
function g(u1, up) = uju, is Schur-concave since if we assume u| 4+ uy = c, then

glur, up) = ujuy = uy(c —uy)

which is increasing for #; < ¢/2 and decreasing for u; > ¢/2. Its maximum value
is obtained when u1 = ¢/2, that is, u; = u>. The 3D plot and contour plot (level
curves) can be seen in Fig. 3.15. Note that g increases when we move to the diagonal
(mountain shape). Analogously, it can be proved that g (11, up) = 1 —(1—u1)(1—u3)
is Schur-convex. The code for these plots is the following:
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Fig.3.15 Plot (left) and contour plot (right) for g(uy, uz) = ujus

#Schur-concave

g<-function(x,y) x*y

x<-seq (0,3, length=50)

y<-seq (0,3, length=50)

z<-outer (x,vy,9)
persp(x,y,z,xlab="ul’,ylab="u2’,zlab="g(ul,u2)’,col="red’)
contour (x,y,z,col="blue’)

Now we can state the following result.

Theorem 3.6 (Navarro and Spizzichino 2010) Let Q be the dual distortion function
of a system. Then the Parrondo paradox holds (is reverted) for this system if and only
if Q is weakly Schur-concave (convex).

Proof Note that to check the Parrondo paradox we have to compare
Fr(t) = Q(F(1), ..., Fy(1)

with B o B
Fs(t) = Q(G(n), ..., G(1))

where G = (F + -+ + F,)/n. Hence, Fr < Fg holds if and only if Q is weakly
Schur-concave. The property is reverted when Q is weakly Schur-convex. O

Of course, in particular, the Parrondo paradox holds (is reverted) when Q is Schur-
concave (convex). For series systems with independent components, we have
Ql:n(ula"‘vun)Zul"'unv

which is Schur-concave. So the Parrondo paradoxllolds for any F1, ..., F,. If the
components are dependent with a survival copula C, then

Ql:n(ul’ "'7”}1) = 6(“1, -~~’un)~

Hence, the Parrodo paradox holds if and only if Cis weakly Schur-concave. Many
copulas are Schur-concave (see Nelsen 2006). For example, all the Archimedean
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copulas are Schur-concave. Do not exist strict Schur-convex copulas. There are some
copulas that are at the same time Schur-convex and Schur-concave (i.e. they are
Schur-constant). For them, both option coincide (i.e. T =g S).

However, Durante and Papini (2007) obtained a strict weakly Schur-convex cop-
ula. Hence, under this survival copula, the Parrondo paradox is reverted in this series
system with dependent components. This is really a paradox since, in this case, it is
better to have heterogeneous components in a series system!

These properties are reverted for parallel systems. If the components are
independent, then their dual distortion function is

an(ul"un)=1_(1_u1)(1_un)y

which is Schur-convex in [0, 1]” and so the Parrondo paradox is reverted. If the
components are dependent with a copula C, then

OQun(Ui, ... un) =1—=C( —up, ..., 1 —uy)

and so the Parrondo paradox is reverted when C is weakly Schur-concave. So this
property holds for many copulas. However, as stated above, it is not always true
(which is also a paradox). For other system structures it is not easy to prove if Q is
weakly Schur-concave/convex.

We can try to extend the Parrondo paradox to other (stronger) orders by using
the comparison results obtained from distortions. For example, in the case of series
systems with two independent components, to extend it to the HR order we haver to
study the monotonicity of the ratio

Os(ui,up) (i +up?/4 1wy | w

QT(ul,uz) uiun 2 4uy 4u1'

It is easy to see that it is not monotone in [0, 112. So the Parrondo paradox cannot be
extended to the HR order as can be seen in Fig.3.16. Note that T <yr S holds for
two exponential distributions with mean 5 and 1(left) but that it does not hold when
the first exponential is replaced with a Weibull (right) with hazard rate k() = 41
for t+ > 0. Also note that, in both cases, the limiting value of kg coincides with the
one of the hazard rate of the series system obtained with the best components when
t — oo. This is a well known property in mixture models where the leading term
is determined by the best components since the worse components fail before (see
Navarro and Hernandez 2008a, and the references therein).

Let us come back now to the question of the green line in Fig.3.14. To answer
this question let us consider more general systems with randomized components.
They were studied in Navarro et al. (2015). If we have two type of components with
reliability function Fx and Fy we can consider the deterministic system 7 which
have k components from X and n — k from Y. Its reliability function is

Fr,(t) = Q(Fx(t), ..., Fx(t), Fy(t), ..., Fy(1))

k times n—k times

fork =0, ...,n. Here k = 0 means that we only use units from Y and k = n that
we just use units from X.
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Fig.3.16 Hazard rate functions for the series systems 7' (black) and S (blue) in Parrondo paradox
for exponential (left) and Weibull (right) distributions. The red and orange plots correspond to the
series systems obtained with just units of type 1 (red) or 2 (orange)

Then we can consider the randomized (mixed) system Tx which choose 7 when
the random variable K = k, where K is a discrete random variable over the set
{0,...,n}.

Note that the systems 7 and S in the Parrondo paradox when n = 2 are obtained as
T = T, (i.e. we choose one component of each type) and S = Tx where K =0, 1, 2
with probabilities 0.25, 0.5, 0.25, respectively. Note that E(K) = 1. Also note that
T can be obtained with the atom random variable K which takes the value 1 for sure.

Also note that the red and orange lines in Fig. 3.14 correspond to 7> and Ty, respec-
tively. As mentioned above, in some cases, these options are unrealistic because they
only use units of one type. To have “fair” comparisons, we should impose E(K) = 1,
that is, we use a 50% of units from each type. Under this condition, which one is
the best option for K? The answer is given in the following result extracted from
Navarro et al. (2015). There we use the convex (CX), increasing convex (ICX) and
increasing concave (ICV) orders. Their definitions and main properties can be seen
in Shaked and Shanthikumar (2007).

Proposition 3.18 [f the number k of components of type X is chosen randomly
according to the random variables K\ or K, and
k) =Q(u,...,u,v,...,v)
——— ——
k times n—k times

is convex (concave) in {0, 1, ..., n} forallu,v € (0, 1), then:

(i) K1 <cx K> implies Tg, <s7 Tk, (=sT);
(ii) X >s7 Y and K1 <jcx K2 (Zicv) imply Tk, <st Tk, (=57).

This result says that if ¢ is convex, then the more convex K, the better. If the units
from X are ST better than the ones from Y, then the convex ordering can be relaxed
to the weakly ICX order. These properties are reverted when ¢ is concave.
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In our series system with two independent components
(p(k) — MkUn_k

which is a convex function of k for any u, v € (0, 1) since

@' (k) = @(k) log(u/v)
and

¢ (k) = p(k)(log(u/v))? = u*v" ¥ (log(u/v))* > 0.

Hence, from (i) in the preceding proposition, when two randomized options are
ordered in the convex order, the respective systems are ST ordered in the same sense.
As mentioned above, the first option T is obtained with K| which takes the value
1 with probability 1 and the second § with K, with probabilities 0.25, 0.5, 0.25
for k = 0, 1, 2, respectively. Another reasonable assumption could be a uniform
distribution, thatis, K3 = 0, 1, 2 with probability 1/3. Finally, we could also consider
K4 with probabilities 0.5, 0, 0.5 for k = 0, 1, 2, respectively. In all these options we
have E(K;) = 1 fori = 1, 2, 3, 4 (i.e. they use the same number of components of
each type). It can also be proved (e.g. by plotting their respective probability mass
functions) that
Ky <cx K2 <cx K3 <cx Ka.

Therefore, from (i),
Tk, <st Tk, <s1 Tk; <st Tk,

for all Fy, Fy. Actually, K4 is the more convex option for K such that E(K) = 1.
Hence it is always the best option in this system. It corresponds to the green line in
Fig.3.14 and it assumes that the series systems are built with two units of type X or
with two units of type Y, randomly. This is the best option for our system and any
Fx, Fy,thatis, the green line will be always above the other lines (reliabilities). Note
thatitis also a “random option” (so it can also be seen as a Parrondo paradox) and that
we do not need Fx > Fy. However, if this property holds, this best option could be
unreasonable in practice since the 50% of the customers will have a very good system
with two good units but the others will have a very bad system built with two bad
units. In this case, what should be done in practice? The answer is not easy. Although
this best option is very dispersed (we have very good and very bad systems), note
that this what we do at home, for example, with the remote control when we have
good and bad batteries (we put together the units of the same type). This is the best
option for series systems with independent and heterogeneous components.

Problems

1. Compare two systems with IID components by using their signatures. Plot the
respective functions to confirm (or reject) the comparisons obtained.

2. Check that an arrow in Fig. 3.2 is correct. Plot the respective functions to confirm
(or reject) the comparison obtained.

3. Check that a no-arrow in Fig.3.2 is correct. Plot the respective functions to
confirm (or reject) the comparison obtained.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Check that an arrow in Fig. 3.3 is correct. Plot the respective functions to confirm

(or reject) the comparison obtained.

. Check that a no-arrow in Fig.3.3 is correct. Plot the respective functions to

confirm (or reject) the comparison obtained.

. Check that an arrow in Fig. 3.4 is correct. Plot the respective functions to confirm

(or reject) the comparison obtained.

Check that a no-arrow in Fig.3.4 is correct. Plot the respective functions to
confirm (or reject) the comparison obtained.

Study the orderings for series and parallel systems with ID components for
a given bivariate survival copula. Plot the respective functions to confirm (or
reject) the comparisons obtained.

Study the orderings for series systems with ID components and two different
bivariate survival copulas. Plot the respective functions to confirm (or reject)
the comparisons obtained.

Study the orderings for two systems with ID components for a given trivariate
survival copula. Plot the respective functions to confirm (or reject) the compar-
isons obtained.

Study the effect of the dependence parameter of a copula in the reliability of a
system with ID components. Plot the respective functions to confirm (or reject)
the comparisons obtained.

Study the orderings X 1.3 <gr X2.3 <ggr X3:3 forID components and a survival
copula C.

Find an EXC copula for which X1.0 <gr X2:» does not hold in the ID case.
Plot the hazard rate functions to confirm that this comparison does not hold.
Check that a number in Table3.4 is correct. Plot the respective functions to
confirm (or reject) the comparison obtained.

Check that a number in Table3.5 is correct. Plot the respective functions to
confirm (or reject) the comparisons obtained.

Check that an arrow in Fig.3.11 is correct. Plot the respective functions to
confirm (or reject) the comparison obtained.

Check that a no-arrow in Fig.3.11 is correct. Plot the respective functions to
confirm (or reject) the comparison obtained.

Compare X2, X1, X2 and X». for a fixed bivariate survival copula C and
arbitrary distributions Fi, F3.

Compare two semi-coherent systems of order 3 for a fixed trivariate survival
copula C and arbitrary distributions Fi, F», F3.

Compare two systems by using RR-plots.

Confirm the Parrondo paradox in series systems with independent components.
Confirm the Parrondo paradox in series systems with dependent components
and an Archimedean copula.

Study the Parrondo paradox in a non-series system with independent compo-
nents. Plot the respective reliability functions.

Prove that the Parrondo paradox holds for series systems with n independent
components.

Prove that the Parrondo paradox is reverted for parallel systems with n indepen-
dent components.
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Aging Properties

Abstract

In this chapter we study the process of growing old for the system and the com-
ponents. To this end we use the main aging functions and the associated aging
classes (IFR, NBU, DMRL, ILR and their respective dual classes). In particular
we state conditions for the preservation of some of these aging classes under the
formation of coherent systems. We also consider different system residual and
inactivity times. The limiting behavior (when the time increases) of some system
aging functions are studied as well. The same technique can be used to get bounds
for them.

4.1 Main Aging Classes

First we give the definitions and the main properties of the aging classes considered
here. Note that they can be used to describe the aging process of the system and the
components. For more properties and applications we refer the readers to Belzunce
et al. (2016), Miiller and Stoyan (2002) and Shaked and Shanthikumar (2007).

Let X be a non-negative random variable (r.v.) representing the lifetime of a unit
or a system (some aging classes can also be defined for r.v. that can take negative
values). Let F be its distribution function and let F = 1 — F be its reliability function.
As in the first chapter, we consider its residual lifetime X; = (X —#|X > ¢) and the
MRL function m(t) = E(X —t|X > t) fort > 0 (when these expectations exist). If
F is absolutely continuous, then f = F’ represents its pdf and & = f/F its hazard
(or failure) rate function. Then we consider the following aging classes.

Definition 4.1 X is said to be Increasing (Decreasing) Failure Rate, I[FR (DFR),
if Xy >s7 X; (Ss7) for all s < ¢ (such that these conditional r.v. exist).
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By historical reasons, the researchers prefer to use “failure rate” for this class but
“hazard rate” for the order. However, if you prefer, these classes can also be written
as IHR/DHR. The HR order could also be written as the FR order. Note that IFR
means that the used units with residual lifetimes X, are ST decreasing in 7. These
kind of conditions represent positive (or natural) aging properties where the unit get
worse when the time goes on. Here “positive” does not mean “good”. The reverse
conditions represent “negative” (or unnatural) aging behaviors. The IFR condition
can also be written as

Fx+)F@t)—F(x+1)F(s) >0

for all s < ¢ and all x > 0. This equality is reversed for the DFR class. The IFR
(DFR) is also characterized by a log-concave (log-convex) reliability, that is, In F is
concave (convex). If F is abs. cont., then IFR (DFR) is characterized by an increasing
(decreasing) hazard (or failure) rate. Obviously, this property explains its name. The
exponential distribution belongs to both classes (since it has a constant hazard rate
in [0, 00)). Moreover, the ST order used in the definition can be replaced with the
HR order since hy, (x) = h(x +t) forall ¢, x > 0.

As we will see later, these classes are not preserved under the formation of coherent
systems. So we could consider the following weaker conditions.

Definition 4.2 X is said to be New Better (Worse) than Used, NBU (NWU), if
X >s7 X; (Zgs7) forall + > 0 (such that these conditional r.v. exist).

Note that in these classes we need to assume that X is non-negative. Again, the
exponential distribution belongs to both classes since X =g7 X, for all # > 0. The
condition for the NBU property can also be written as

F(xX)F(t) > F(x +1),

that is, In F is superaditive. Obviously, IFR implies NBU and DFR implies NWU
but the reverse implications do not hold. Between these classes we have the ones
defined as follows.

Definition 4.3 X is said to be Increasing (Decreasing) Failure Rate Average,
IFRA (DFRA), if the function

1 [t 1 -
AQ) = ?/0 h(x)dx = —;ln F(1)

is increasing (decreasing) for all ¢ > 0.

It can be proved that these conditions are equivalent to
F(et) = FE(1) (<) .1

forallc € (0, 1) and all # > 0. As in the preceding case, the exponential distribution
belongs to both classes and we have

IFR= IFRA = NBU



4.1 Main Aging Classes 119

and
DFR = DFRA = NWU.

The classes based on the reversed failure rate are defined in a similar way. For
example, X is DRFR (IRFR) is h = f/F is decreasing (increasing). Block et al.
(1998) proved that there are no non-negative random variables which have the IRFR
property.

For the mean residual life function we have the following classes.

Definition 4.4 X is said to be Increasing (Decreasing) Mean Residual Life, IMRL
(DMRL), if the MRL function

1 [
mt)=EX —t|X > 1) = %fo F(x)dx

is increasing (decreasing) for all ¢+ > 0.

For the exponential distribution we have m(¢) = E(X —¢t|X > t) = E(X) and so
it belongs to both classes. Note that here the positive (negative) aging is represented
by the DMRL (IMRL) class. Weaker classes can be obtained as follows.

Definition 4.5 X is said to be New Better (Worse) than Used in Expectations,
NBUE (NWUE) if E(X) > E(X —¢t|X > t) (<) forall t > 0.

Clearly, we have
IFR= DMRL = NBUE

and
DFR = IMRL = NWUE.

The last classes are the strongest ones and are related with the LR order.

Definition 4.6 X is said to be Increasing (Decreasing) Likelihood Ratio, ILR
(DLR), if X; >1r X; (Zrpr)forall0 < s <t (such that these conditional r.v. exist).

Clearly, the condition for the ILR (DLR) class implies the IFR (DFR) property
(since the LR order is stronger than the ST order) and is equivalent to: f is log-
concave (log-convex). They can also be stated in terms of the Glaser’s eta function
n(t) = —f'(r)/f (), ILR means that n is increasing and DLR that it is decreasing.

The relationships between these classes are summarized in Table4.1. The dual
classes satisfy similar relationships.

For more properties on aging classes see Bryson and Siddiqui (1969), Barlow and
Proschan (1975), Block et al. (2006) and Navarro et al. (2008). In many applications,
the units (or the systems) do not have monotone failure rate (or mean residual life)
functions. Actually, very often, they have a Bathtub shaped Failure Rate (BFR),
that is, h(¢) is decreasing for ¢ € [0, #1], is constant in [#1, 7], and is increasing in
[t2, 00) for some t; < f,. However, few distributions have this shape for their hazard



120 4 Aging Properties

Table 4.1 Relationships among the main positive aging classes

ILR = IFR = IFRA = NBU
U U U
DRFR DMRL = NBUE

rate functions. Some authors try to solve this problem by adding parameters to well
known distributions. Others prefer to consider mixtures (or generalized mixtures)
of populations which also explain why this shape appears (when the populations
contains different units), see e.g. Navarro and Herndndez (2004, 2008a,b) and the
references therein. We will also see that this shape appears when we consider systems.

4.2 Systems with ID Components

First of all, we recall that if T is the lifetime of a system with ID component lifetimes
having a common distribution function F, then, from Theorem 2.11, the system
distribution function can be written as Fr(t) = g (F (¢)) for all t and for a continuous
and increasing distortion function ¢ : [0, 1] — [0, 1] such that g(0) = 0 and
g (1) = 1. The respective reliability functions satisfy Fr (t) = c}(ﬁ(t)) for all ¢,
where g(u) := 1 — g(1 —u) for all u € [0, 1] is another distortion function.

Then we can use the preservation results for distorted distributions obtained in
Navarro et al. (2014) to study the preservation of aging classes in systems. They can
be stated as follows. We say that an aging class A is preserved by a distortion g iff
q(F) e Aforall F € A.

Theorem 4.1 Let F; = q(F) be a distorted distribution. Then:

(i) The IFR (DFR) class is preserved by q iff a(u) = uq’'(u)/q(u) is decreasing
(increasing) for u € (0, 1).
(ii) The DRFR class is preserved by q iff a(u) = uq’'(u)/q(u) is decreasing in
0, 1).
(iii) The NBU (NWU) class is preserved by q iff q is submultiplicative (supermulti-
plicative), that is,

qwv) < qu)q), (=) forallu,v € [0, 1]. 4.2)
(iv) The IFRA (DFRA) class is preserved by q iff q satisfies
qu) = (@), (=) forallu,c €l0,1]. (4.3)

(v) If F is absolutely continuous and ILR and there exists ug € [0, 1] su_ch that
Bw) = ug”(w)/q’ (v) is non-negative and decreasing in [0, ug) and B(u) =
(1 —u)q"(u)/q' (u) is non-positive and decreasing in [uo, 11, then F is ILR.
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Proof To prove (i), we use (2.34) which allows us to write the respective hazard
rate functions as
hg(t) = a(F(t))h(t).

Then, if we assume that « is decreasing (increasing) and 4 is increasing, then A,
is increasing (decreasing) since F is always decreasing.

Conversely, if we assume that the IFR (DFR) class is preserved, then it is preserved
for a standard exponential distribution which has reliability function F(t) = exp(—t)
and hazard rate function 2 () = 1fort > 0. Hence h, (t) = a(exp(—1t)) is increasing
(decreasing) for ¢ € (0, c0) and so « decreases (increases) in (0, 1).

The proof of (ii) is analogous to that of (7).

To prove (iii), we note that F,, is NBU (NWU) iff

g(F(x +1) < G(F(x)q(F (), (=) forallx,t > 0.

If we assume that F is NBU and ¢ is submultiplicative, that is, it satisfies (4.2),

then
G(F(x+1) <g(Fx)F®) < g(F(x)q(F @)

for all x, ¢ > 0 and so F; is NBU.

Conversely, if the NBU class is preserved, then it is preserved for a standard
exponential distribution, that is,

G(F(x +1) < G(F(x)q(F(0))
holds forall 7, x > 0 and F(z) = exp(—z). Hence
gle e ) < qe™)qe™)

holds for all £, x > 0 and so (4.2) holds. The proof for the NWU class is similar.

Finally, to prove (iv) we note that, from (4.1), F, is IFRA (DFRA) iff

G(F(ct) = (§(F0)))*

forallc € (0,1) and all t > 0.

If we assume that F is IFRA and (4.3) holds, then

q(F(ct) = G(F (1) = (G(F 1))

forall c € (0, 1) and all t > 0.

Conversely, if the IFRA class is preserved, so is it for the standard exponential
distribution. Thus we get

g™ = (ge™)°

for all ¢ € (0, 1) and all # > 0. Hence, (4.3) holds. The proof for the DFRA class is
analogous.

The proof of (v) can be seen in Navarro et al. (2014). O

Note that we can also obtain reverse results. For example, if the distorted distribu-
tion Fy is IFR and « is increasing, then F is also IFR. Also note that if both IFR and
DER classes are preserved, then the function « is constant in (0, 1) and so g (u) = u€
holds for u € [0, 1] and ¢ > 0 (PHR model). This property is satisfied by series
systems with IID components and so both classes are preserved for them. However,
note that if « is increasing (or decreasing) but it is not constant, then just the DFR
(IFR) class is preserved. If « is not monotone, then neither of them are preserved.
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Remark 4.1 We can prove that if the IFR class is preserved, that is, « is decreasing,
then the NBU class is also preserved. Note that if the IFR is preserved, as the standard
exponential distribution is IFR, we have that §(e~") is IFR. Then, it is also NBU and
SO
le™ ") =gle™'e™) = geHale ™)

holds for all x, ¢ > 0. Hence we get (4.2). A similar property holds for the NWU
class (it is preserved when the DFR class is preserved).

Analogously, we can prove that if the IFR class is preserved, then the IFRA class
is preserved too. Note that if the IFR is preserved, as the exponential distribution is
IFR, we have that g(e~“") is IFR for all ¢ > 0. Then, it is also IFRA and so

ge™) =q((e™) = (ge™)°
holds for all ¢ € (0, 1) and # > 0. Hence we get (4.3). A similar property holds for
the DFRA class (it is preserved when the DFR class is preserved).

Let us see some examples. In the first one we see that the IFR class is preserved
under the formation of k-out-of-n systems with IID components. This property was
proved by Esary and Proschan (1963). As a consequence, the DFR class is not
preserved, except in the case of series systems.

Example 4.1 Let us consider the k-out-of-n system with IID~F components and
lifetime X;., (i.e. k = n — i + 1). From (2.8) and (2.12), its hazard rate function is

(" t Fi—l Fn—i (" Fi—l Fn—i-i—l t _
()ﬁ() RO _.m: z(l_,z1 : (W F" _Q IO _ o Eaono,
Yico QFIOF i) Y52 () FI@Fi @) F(1)

J

hi:n(t)=

where A is the common hazard rate of the components and

i) i
S0 () =y ===t S (i =i )
being w(u) := u/(1 — u) an increasing function in (0, 1). Hence, « is decreasing
in (0, 1) and so the IFR class is always preserved. As a consequence, the NBU and
IFRA classes are preserved as well and the DFR class is not preserved except in the
case i = 1 (series systems) where «(u) = n. Note that from the results given in the
preceding chapter, the HR order is also preserved under the formation of k-out-of-n
systems with IID components. It can be proved that DRFR, IRFR, NWU and DFRA
classes are not preserved.

To confirm these results we consider k-out-of-3 systems for k = 1, 2, 3, with IID
components having a common standard exponential distribution and constant hazard
rate. In Fig. 4.1, we plot their respective « functions (left) and hazard rate functions
(right). Note that the components are DFR but that X5.3 and X3.3 are not DFR. Also
note that the limiting behavior of 3.3 (black line, right) coincides with that of &
(dotted line, right). The R code to plot these functions is the following. It can be
changed to get similar plots for other systems/distributions.

a(u) =
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Fig.4.1 Alpha functions (left) and hazard rate functions (right) of k-out-of-3 systems fork = 1,2, 3
(black, blue, red) with IID components having a common standard exponential distribution in
Example 4.1. The dotted line represents the hazard rate of the components

# Alpha functions:
R<-function(t) exp(-t)

u) u”3

u) 3*u”2-2*u”3
u) 3*u-3*u”2+u”3

al3p<-function(u) 3*u”2

)
gl3<-function (
g23<-function (
(

g33<-function

g23p<-function(u) 6*u-6*u”2

g33p<-function(u) 3-6*u+3*u”2

al3<-function(u) u*gl3p(u)/gl3(u)

a23<-function(u) u*g23p(u)/g23 (u)

a33<-function(u) u*g33p(u)/g33(u)

curve (a33 (x),xlab='u’,ylab='Alpha’,ylim=c(0,3),1lwd=2)
curve (a23 (x) ,add=T, col="blue’, lwd=2)
curve(al3(x),add=T,col="red’, lwd=2)

#Hazard rate functions:

f<-function(t) exp(-t)

h<-function(t) £(t)/R(t)

curve (a33 (R(x)) *h(x),ylim=c(0,3),ylab="HR’,xlab="t’,0,3,1lwd=2)
curve (a23 (R(x)) *h(x),add=T,col="blue’, lwd=2)

curve(al3 (R(x))*h(x),add=T,col="red’, lwd=2)
curve (h(x),add=T, 1ty=3,1lwd=2)

In the following example we show that the IFR class can also be preserved in
other systems but that we can also find systems where this class is not preserved.

Example 4.2 Let us consider the systems with [ID~F components and with life-
times 77 = min(X{, max(X», X3)) and 7> = max(X, min(X>5, X3)). Their
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Fig.4.2 Alpha functions (left) and hazard rate functions (right) for the systems 77 (blue) and 7»
(black) with IID components having a common standard exponential distribution in Example 4.2.
The dotted line represents the common hazard rate of the components

respective distortion functions are g1 (1) = 2u* —ud and o(u) = u + u® —ud

and their alpha-functions
ug’(u) 4 —3u
() = 0 = T
q1(u) 2—u

and

ugy(u) 1+ 2u — 3u?

@ 1tu—u?

for u € (0, 1). It can be proved that o is strictly decreasing but that «» is not
monotone in (0, 1) (see Fig. 4.2, left). Therefore, the IFR class is preserved in 77 but
it is not preserved in 7>. Moreover, the DFR class is not preserved in these systems.

This is a very surprising property since when we put (independent) components
with “natural” aging (IFR) into system 7>, then we get a system that does not have
this natural aging property. Actually, as we can see in Fig. 4.2, right, the system 75
improves when ¢ > fy & 1.444. The meaning of this fact can be seen in Fig. 4.3, left,
where we plot the reliability functions of the residual lifetimes (73); = (T>—t|T > t)
for t = 0 (black line, new units), t = 0.2 (blue line), t = 1.444 (green line,
more reliable age), and + = 5 (red line, liming behavior). Note that 7> seems to
be NBU since its residual lifetimes are ST worse than 7>. We can confirm this
property by using Theorem 4.1 showing that g is submultiplicative. We will see in
the next section that this property holds for all the coherent systems with independent
components.

The hazard rate functions for 75 are plotted in Fig. 4.3, right, when the components
have Weibull distributions F(t) = 1 — exp(—tﬂ), t > 0, with shape parameter
B =0.5,1,1.2,2 (green, black, red, blue). The dotted lines represent the hazard rate
of the components. Note that the IFR and DFR classes are sometimes preserved but
that this is not always the case. Also note that the limiting behavior of the hazard
rate functions of the systems and the components coincide. We will show later that
this is a general property for this system.

ax(u) =
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Fig.4.3 Reliability functions (left) for the system 7> with IID components having a common stan-
dard exponential distribution in Example 4.2 when new (black line) and with ages t = 0.2, 1.444, 5
(blue, green, red). Hazard rate functions (right) for 7, when the components have Weibull distribu-
tions with shape parameter g = 0.5, 1, 1.2, 2 (green, black, red, blue). The dotted lines represent
the hazard rate functions of the components

The code to get these plots is the following:

#Reliability functions (Figure 4.3, left):

R<-function(t) exp(-t)

g2<-function(u) u+u”2-u” 3

f<-function(t) exp(-t)

h<-function(t) f(t)/R(t)

R2<-function(t) g2 (R(t))

curve (R2 (x) ,xlab="t’,ylab='Reliability’,ylim=c(0,1),0,3,1lwd=2)
curve (R2 (x+0.2) /R2(0.2) ,col="blue’,add=T, lwd=2)

curve (R2 (x+1.444) /R2(1.444) ,col="green’,add=T, lwd=2)

curve (R2 (x+5) /R2(5) ,col="red’,add=T, lwd=2)

# Hazard rate functions (Figure 4.3, right):
R<-function(t,b) exp(-t~"b)

h<-function(t,b) b*t” (b-1)

curve (a2 (R(x),1)*h(x,1),ylab="HR',ylim=c(0,5),0,3,1lwd=2)

curve(h(x,1),add=T, 1ty=3, lwd=2)

curve (a ( (x,1.2))*h(x,1.2),add=T,col="red’, 1lwd=2)
curve(h(x,1.2),add=T,1lty=3,col="red’, lwd=2)
curve(a2(R(x,0.5))*h(x,0.5),add=T,col="'green’, lwd=2)
curve(h(x,0.5),add=T,1lty=3,col="green’, lwd=2)

curve (a2 (R(x,2))*h(x,2),add=T,col="blue’, 1lwd=2)
curve(h(x,2),add=T,1lty=3,col="blue’, lwd=2)

By using the tools showed in the preceding example we can study the preservation
of IFR and DFR classes in systems with IID components. The results for systems
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Table 4.2 Dual distortion functions §;, alpha functions «; (u) = uc}i/(u)/c},- (u) and preservation of

IFR and DFR classes for all the coherent systems with 1-4 IID components

i T; qi o Preserved
1 X1 =X u 1 IFR&DFR
2 Xjp=min(X{, X3) (2 —series) u? 2 IFR&DFR
3 Xpp =max(Xy, X2) (2 — parallel) 2u — u? = IFR
4 X13=min(X, X2, X3) 3 — series) u’ 3 IFR&DFR
5 min(X, max(Xp, X3)) w2 — 3 4213; IFR
6 X532 — out — of —3) 3u? — 213 g:gz IFR
P 2
7 max (X1, min(Xs, X3)) u+u?—ud 1+2u—35 _
1+u—u >
8 X3.3 = max(Xy, X2, X3) (3 — parallel) 3u —3u? +u3 376u+3u2 IFR
3—3u+tu
X1.4 = min(X{, Xo, X3, X4) (series) ut 4 IFR&DFR
10 max(min(X[, X2, X3), min(X2, X3, X4)) 2u3 —ut G-t IFR
11 min(X23, X4) 3ud — 2t =5 IFR
2
12 min(X{, max(Xp, X3), max(X3, X4)) w? +ud —ut 2:3“7*4'3 _
u—u
2
13 min(X;. max(X, X3, X4)) 3u? — 33 + ut §=Juthy IFR
3—3u+tu
14 Xp.4 3—out—of —4) 4ud — 3t li:éﬁu IFR
Is max(min(X1, Xp), min(X1, X3, X4), 2 a w3 — ot 2+6u—8u2 3
min(X7, X3, X4)) 14+2u—2u2
2
16 max(min(X, Xp), min(X3, X4)) 22 —ut = IFR
—u
17 max(min(X1, Xp), min(X1, X3), o2 — 44y IR
min(X2, X3, X4)) 2—u2
18 max(min(Xy, X2), min(Xp, X3), P 6—6u IFR
min(X3, X4)) 3=2u
max(min(Xj, max(Xp, X3, X4)), -
i x(min(X 1, max(X2, X3, X4)) 32 — 23 6=t IFR
min(X», X3, X4)) T
20 min(max(Xy, X2), max(Xy, X3), AP — . A 8 120t 4u? IFR
max(Xp, X3, X4)) 4—dutu?
2
21 min(max(X1, X2), max(X3, X4)) 4u? — 43 +ut 8=Ldutb” IFR
4—4utu
» min(max(Xy, X2), max(Xy, X3, X4), P +2u4 10— 18u-+842 .
max(Xy, X3, X4)) 5—6u+2u?
2
gl X — —of — 2 _¢.3 4 12—24u+12u
2 X3.4(2 —out —of —4) 6u? — 8u> + 3u 6_&?3“23 IFR
24 max(Xy, min(X7, X3, X4)) u+ud —ut % _
14+u Eu 7
25 max(X;,min(X,, X3), min(X3, X4)) u+2u® —3ud +ut %% _
3 2 _ 5,3 4 14+6u—15u“+8u _
26 max(X2.3, X4) u + 3u Su® +2u 1+3M_52u2+23u3
27 min(max(X 1, X7, X3), max(Xp, X3, X4)) 2u —2u3 +u? 2—6u”+4u” IFR
* 272u2+2u3 R
28 Xp4 = max(X|, X2, X3, X4)(@ — parallel)  4u — 6u? + 43 — y4 4=12ut12u”—du” IFR

4—6u+du—u

with 1-4 components are in Table4.2. Recall that, in this case, the NBU class is
always preserved, that the IFR is preserved in k-out-of-n systems, and that the DFR
class is preserved as well in series systems. Conditions for the preservation of the
NBUE and NWUE classes were obtained in Lindqvist and Samaniego (2019). There
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it is also proved that the DFR class is not preserved by any coherent systems with
IID components other than series systems.

In the last example we show that we can also study systems with dependent ID
components. This example proves that the IFR class is not preserved in k-out-of-n
systems with dependent components and that the DFR class can be preserved in these
systems.

Example 4.3 We consider now series and parallel systems with two dependent com-
ponents having standard exponential distributions and the Clayton—Oakes survival
copula in (3.12). Their respective dual distortion functions are

q12(u) = T

and
u

72—
for u € [0, 1]. Then their respective alpha functions are

@:2() = 2u —

051:2(“)22_”
and
@ 2u2 —8u+6
o2U) = ———F——.
22 242 —Tu+6

They are plotted in Fig. 4.4, left. We can see there that «.; is increasing but that «5.»
is decreasing. Therefore, the IFR class is preserved in X7.; but it is not preserved
in X1.». We have the opposite for the DFR class. The hazard rates for standard
exponential components are plotted in Fig.4.4, right. As the components are both
IFR and DFR, we get that /1., is decreasing and hj.; is increasing. Moreover, they
have the same limiting behavior as that of the hazard rate of the components. Also

o o
[N [
0 | o |
g <
o o
[STNEE. - 7
< I
0 0
o o 7]
o o
[She [Shn
T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0 1 2 3 4 5
u t

Fig.4.4 Alpha functions (left) and hazard rate functions for the series (black) and parallel (blue)
systems in Example 4.3. The dotted line represents the hazard rate of the components
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note that X1, <gr Xi; <mgr X2 holds for any F (since the alpha functions are
ordered). The code to get these plots is the following:

# Alpha functions:
C<-function(u,v) u*v/ (u+v-u*v)
gl2<-function(u) C(u,u)

u) 2*u-C(u,u)

u) 2/(2-u)”

u) 2-gl2p(u)

u) u*ql2p(u)/gl2(u)
a22<-function(u) u*g22p(u)/g22 (u)

(
g22<-function(
qgl2p<-function (
g22p<-function (
al2<-function(
(
curve(al2 (x) ,xlab="u’,ylab='Alpha’,ylim=c(0,2),1lwd=2)
curve(a22(x),add=T,col="blue’, lwd=2)

# Hazard rate functions

R<-function(t) exp(-t)
f<-function exp(-t)
h<-function £(t) /R(t)

)

)

)

curve(al2 (R(x))*h(x),ylab="HR’,xlab="t’,ylim=c(0,2),0,5, lwd=2)

x))*h(x),add=T,col="blue’, lwd=2)
d=

T,1ty=3,1lwd=2)

(t
(t
(
curve (a22 (R(
curve (h(x),ad

We can also study the preservation of the DMRL/IMRL classes. Abouammoh and
El-Neweihi (1986) proved that the DMRL class is preserved under the formation of
parallel systems with IID components. This result was extended in Navarro (2018a)
given sufficient conditions for the preservation of DMRL/IMRL classes. They can
be stated as follows.

Theorem 4.2 Let Fy; = q(F) be a distorted distribution and let q be its associated
dual distortion. Then:

(i) The DMRL class is preserved by q if
= =2
qw) _ q°(w)

< == forallv € (0, 1). 4.4)
ue(Ov] U voq’(v)
(ii) The IMRL class is preserved by q if
= =2
inf L0 5 T e 0.1), (4.5)
ueO,v] u v2g’ (v)

Proof First, we recall that the MRL function of F can we obtained as

1 ©
m(t) = m/t F(x)dx
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for ¢ such that F(r) > 0. A similar expression holds for the MRL m of F;;. Hence

m/(t) =sign _Fz(t) + f([)/ F(x)dx
1

Therefore, F is DMRL iff
f@ [
F2(1) Ji
for all + > 0. We assume that this property holds and then we want to prove that a
similar condition holds for Fy, that is,
fOG (F@) [
GF@) Ji
for all + > 0. We note that
FOF (F@) [

F(x)dx <1 (4.6)

GF(x)dx < 1

FOF F@) [ qFx) -

_ G(F(x))dx = _ - F(x)d
2Eo) b TON=T0E 0, ) TR T
and then, from (4.4), we get
FOGFE@®) [ - FOFF®)  GHEF®) o
- F dx < — = = Fx)dx <1
2Eo) ) TONETREG) Pogdao S TS
where the last inequality holds from (4.6).
The proof of (ii) is similar. ]

The result for parallel systems with IID components given in Abouammoh and
El-Neweihi (1986) can be obtained as follows.

Example 44 If X, ..., X, are [ID~F, then the distortion functions of X,., =
max(Xy, ..., X,) are ¢,.,(u) = u" and

an(u) =1- QH:n(l —u)=1-(1- u)n
for u € [0, 1]. To check if (4.4) holds, we consider the function

gn(u) — q":n(’fi) — 1- (1 - u)n - (n> _ (")u + <n>u2 ot (_])n+1(n>un—l'
u u 1 2 3 n

It is a decreasing function in [0, 1] and so

Gn:n ()

ue(0,v] u

= lim g,(u) = g,(0) =n.
u—0t

Moreover, a straightforward calculation shows that

G N - ORI 71 )N

257 - m 257/ — =
v qn:n(v) v—=>0t v qn:n(v) 9n:n (0)
for u € [0, 1]. Therefore, (4.4) holds and the DMRL class is preserved.
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The next example (extracted from Navarro 2018a) shows that the DMRL is also
preserved in other systems.

Example 4.5 Let us consider the coherent system with lifetime
T = min(max(X1, X2, X3), max(X2, X3, X4))

and [ID~F components. Then g (u#) = 2u — 2ud + ut (see system 27 in Table4.2).
Hence _
q(u)

gl(u) = ——= =2-2u> +u’
u

which is a decreasing function in (0, 1). Therefore

g (u) .
sup —— = lim gi(u) = g1(0) =2.
ue©,v] U u—0t
Moreover,
) 2—=202+0v%)? o2 =2v% 4032
2W) =5~ = > =

T v2g'(v) 2—6v2+4vd T o0t 2 — 602 + 403
for all v € (0, 1) (since g is increasing in (0, 1)). Hence, (4.4) holds and the DMRL
class is preserved.

Example 3.3 in Navarro (2018a) shows that the DMRL class is also preserved in a
parallel system with dependent components and that the IMRL class can be preserved
under the formation of series systems with dependent components. Example 3.4 in
this paper shows that the DMRL class is not preserved under the formation of series
systems (order statistics) with IID components. Lindqvist and Samaniego (2019)
proved that the IMRL class cannot be preserved in systems with IID components.
More preservation properties for the IFR and ILR classes in series and parallel
systems can be seen Navarro and Shaked (2010) and in the references therein.

4.3 Systems with Non-ID Components

In this case we will use the representation of the distributions of systems as gener-
alized distortions of the distributions of the components obtained in Theorem 2.9
and the preservation results for them obtained in Navarro et al. (2014). They can be
stated as follows.

Theorem 4.3 Let Fg = Q(F, ..., Fy,) be a generalized distorted distribution.
Then:

(i) The IFR (DFR) class is preserved by Q ifa; (u) = u;9; Q(u)/Q(u) are decreas-
ing (increasing) fori = 1,...,n and foru = (uy,...,u,) € (0, H".
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(ii) The DRFR (IRFR) class is preserved by Q if a;(w) = u;0; Q(w)/Q(u) are
decreasing (increasing) fori = 1,...,n and foru = (uy, ..., u,) € (0, )"

(iii) The NBU (NWU) class is preserved by Q if Q is submultiplicative (supermul-
tiplicative), that is,

Qv ... Ugvy) < O, ... u) Q1L ..o, V), () 4.7

foralluy,...,u,, vy,...,v, €[0,1]. B
(iv) The IFRA (DFRA) class is preserved by Q if Q satisfies
O, ....up) = (Qur, ..., un)", (=) (4.8)

foralluy,...,u,,ce€l0,]l1].

Proof To prove that (i) holds, we recall that the hazard rate of Fp can be written as

n
ho(t) =) ai(Fi®),.... Fy()hi(0),
i=1

where hy, ..., h, are the hazard rate functions of Fi,..., F,. If hy,..., h, are
increasing (decreasing) and «j, ..., a, are decreasing (increasing), then hg is
increasing (decreasing) since all the reliability functions are decreasing.

The proof of (ii) is similar.

To prove (iii), we note that Fp is NBU (NWU) iff

Q(Fi(x+1), ..., Fy(x +1) < Q(F1(x), ..., Fa(0) Q(F1(1), ..., Fu(1)), (2)

for all x, r > 0. If we assume that F; are NBU fori = 1,...,n and Q is submulti-
plicative, that is, it satisfies (4.7), then

O(F1(x +1), ..., Fy(x +1) < Q(FI(X)F1 (1), ..., Fy(x)F(x))
< Q(F1(x), ..., Fy(x)Q(Fi(t), ..., Fu(t))

and so Fp is NBU. The proof for the NWU class is similar.
The proof of (iv) is analogous to the preceding one.

Note that we just have sufficient conditions. We must say that the conditions in
(i) and (ii) are quite strong. The conditions in (7) (in (ii)) are satisfied by series
(parallel) systems with independent components and so both classes are preserved.
As we can see in Fig.3.9, the IFR and DFR classes are not preserved in parallel
systems with independent components. However, the conditions for the NBU and
IFRA classes given in (iii) and (iv) are mild conditions. Actually, we can prove that
they holds for any coherent system with independent components. These properties
were proved in Esary et al. (1970) (see also Barlow and Proschan 1975, p. 85). We
include them in the next proposition with a different proof.

Proposition 4.1 (Esary et al. 1970) If Q is the distortion function of a coherent
system with independent components, then Q satisfies (4.7) and (4.8).
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Proof To prove (4.7) we note that Q(ulvl, ..., Uyvy) is the dual distortion func-
tion of a system 77 with the same structure as the original system but replac-
ing its components with series systems with two independent components. Let
X1,..., Xy, Y1, ..., Y, be the component lifetimes in that system.

Analogously, the function

Oy, ...,un)0W1, ..., vn)

is the dual distortion function of the system 7> obtained by connecting in series two
independent copies 73 and T of the original system with (independent) component

lifetimes X1, ..., X, and Y1, ..., ¥, respectively.

Thus, if Py, ..., P, are the minimal path sets of the original system, the system T
works iff at least one P; = {i1, ..., ix} of these minimal path sets works, that is, the
components with lifetimes X;,, ..., X;,, Y;;, ..., Y;, work. Then the corresponding

path sets in 73 and Ty work, and so 7> works as well. Note that we have proved
that 7> works whenever T works, that is, 71 < T>. So T1 <gr T> holds for any
Fi, ..., F, and hence their dual distortion functions are ordered as in (4.7).

To prove (4.8) we first note that, when the components are independent, Q is the
polynomial obtained by extending the structure function in the pivotal decomposition
to R.

We are going to prove (4.8) by induction in the number of components. It is clearly
true for n = 1 since Q(ul) = u1. Then, we assume that it is true for all the coherent
systems with less than n independent components.

As the components are independent, Q(u1, ..., u,) is a polynomial of degree 1
in u#1 and so we have

Q(ula '-'au}’l) ZMIQ(laMZs ~’un)+(1 _ul)Q(Oa u27 "'7“}1)
(since these linear functions coincide in two points #; = 0 and u; = 1).
Then
Q. ... u) =u§ QL us, ... ul)+ (1 —u)Q, us, ... uf)

holds for all ¢ € (0, 1), where Q(1, us, ..., u,) and Q(0,us, ..., u,) are dual
distortion functions of coherent systems with less than n components (we delete
the first component and all the irrelevant components). Hence, by the induction
hypothesis, we get

QS, ..., uS) > uS(Q(L uz, ..., un)) + (1 —u$)(QO0, uz, . ..., un))".

Finally, we use that Ay + (1 — 19)x¢ > (Ay + (1 —A)x)“ holds forall0 < x <y
andall 0 < A < 1.Then, as Q(1, ua,...,uy) > QO,us,...,u,), we get

OWs, ..., u5) > w1 QL uz, ..., up) + (1 —u1)Q0, uz, ..., up))°
= (Q(ui, ..., up))"
and so (4.8) holds. O
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We have seen in Fig. 4.3, left, that a coherent system with IID exponential compo-
nents preserves the NBU property. From the preceding proposition, this is actually
the case for any coherent system with independent components. This property says
that a new coherent system with IND components is always ST better than the resid-
ual lifetimes of its used systems with any age r > 0. However, note that, as we can
see in that figure, these residual lifetimes are not ST ordered for any ¢ (in that figure
the worse used system is obtained at t = 1.444).

4.4 Residual and Inactivity Times of Systems

In the preceding sections we have analyzed the behavior of the residual lifetimes of
a system 7 with age t defined as T; = (T — ¢|T > t) for t > 0. In these residual
lifetimes we assume that, at time 7, we just know that the system is working. As we
have seen, the reliability function of 7; is

Fr(t4+x)  OF1(t+x),...,F(t+x)
Fr(1) Q(Fi(1), ..., Fx()

for ¢ such that Fr(r) > 0, where Q is the dual distortion function of the system.
In other situations, we may have different information at time ¢. For example,

we may know that all the components are working. In this case, the system residual
lifetime is

Fr(x|t) = 4.9)

TP =T —t1X1>t,....,X, >1)

for t such that Pr(X; > ¢, ..., X,, > t) > 0. Other options will be considered later.
Note that T; =g7 T, when T' = X1, (series system).

One can presume that 7;* is better than 7;. Thus, if we are in a plane, we would
prefer to know that all the engines are working, instead of just to know that the plane
engine system is working. However, we will see that, surprisingly, this is not always
the case.

To compare the reliability functions of these residual lifetimes, we need to write
them as distortions of the same distributions. To this purpose we will use the residual
lifetimes of the components defined as X; ; = (X; —¢|X; > ¢) fori =1, ..., n with
reliability functions
Fi(x +1)

Fi(1)
for x > 0. They are defined for ¢+ > 0 such that Fi(t) > Ofori =1,...,n. We
shall assume these conditions in this section whenever we consider these conditional
distributions.

The representation for the first case is immediate since from (4.9) we get

O(Fi(OFi(x|), ..., Fy()Fu(x]t))
0RO, B
= Qi(Fi(x]0), ..., Fy(x]1)), (4.10)

Fi(x|t) =

Fr(x|t) =
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where _ -
Q(F1(Duy, ..., Fy(t)uy)
Q(Fi(t), ..., F(®))
is a distortion function which depends on 0 (i.e. the system structure and the copula
of the component lifetimes) and on Fi (), ..., F,(¢) fort > 0.

The representation for the second case is stated in the following proposition. It is
extracted from Navarro (2018c).

Qt(ul’ coylp) =

Proposition 4.2 The reliability function of T* = (T —t|X| > ¢t,..., X, > t) can
be written as ) o )
Fr«(x[t) = Qf (F1(xt), ..., Fu(x]1)), (4.11)

where Q:‘ is a distortion function which depends on the system structure (the minimal
path sets), the survival copula C and on Fi(t), ..., F,(t).

Proof Recall thatif Py, ..., P, are the minimal path sets of the system, then its life-
time can be written as T = max;—;,.._, minjcp, X ;. Hence, the reliability function
of T;* is
Fr«(x|t) =Pr(T —t > x|X1 > 1,..., X, > 1)
Pr(max;—;,.  ,minjep, X; >t +x, X1 >1,..., X, > 1)
Pr(X; >t ...,X, >1)

.....

where o B
D) =Pr(X;>t,....X, >1)=C(F|(t),..., F,(t)) > 0.

This implies F;(r) > 0 fori = 1, ..., n. Then, by applying the inclusion-exclusion
formula to the numerator N (¢) above, we obtain

,
N(t):ZPr(jn;ing >t +x, X >t,...,X,,>t)

i=1

r—1 r
—Z Z Pr( min X; >t+x, X >t,...,Xn>t>
keP;UP

i=1 j=it1 J

+---+(—1)r+1Pr< min Xg>t+x,X;>t,...,X, >t),
ke PU---UP,

where
Gp(t):zpr(ming >t+x, X >t,...,X,1>t>
je
=Pr (mjePXj >t +x, mjgéPXj > l)
= Cp(Fi(x]0), ..., Fy(x]0)) 4.12)
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and N R
Cpup,...,up) =Cul, ... ub)
with ulP ‘= u; F;j(r)ifi € P and ulP = Fi(t)if i ¢ P. Therefore

r—1 r

N6 =Y Grt)=Y_ > Grup, )+ + (=1 Gpu.up ).

i=1 i=1 j=i+1
Hence, by using (4.12), (4.11) holds. O

If the components are ID, then the above representations for 7; and 7,* can be
reduced to univariate distortions. In both cases, we can use the results for distorted
distributions stated in the preceding chapter to compare these residual lifetimes. Let
us see a simple example.

Example 4.6 We consider a parallel system 7" = max (X, X2) with two possible
dependent component with lifetimes X and X, and with survival copula C. As we
have seen before, the system reliability function can be written as

Fr(1) = Q(F1(1), F2(1)),

where Q(ul, ur) =ujy +uy — 6(u1, uy) foruy, up € [0, 1].
Let 7; and T;* be the residual lifetimes defined above. Then the reliability function
of T; can be written as in (4.10) for

i Fi (1) + ua P (t) = Cui Fi (1), un Py (1))
Fi1(t) + F2(1) — C(F1(0), F2(2))
Analogously, the reliability function of 7;* can be written as in (4.11) for
Cui Fi(1), Fx(t)) + C(F1 (1), u2 Fa (1)) — C(uy Fi (1), uze(t))
C(Fi (1), F>(1))
If the components are independent, that is, C(ul, uy) = ujuy, then
ur Fi (1) + ua Fa(t) — uyua Fy (8) Fo (1)
Fi(t) + F2(1) — Fi(0) F2(2)

O (ur, uz) =

OF (1, uz) =

Qt(”l,uz) =

and

= u Fy() F>(t) + ua Fi (O Fa(t) — wyun Fy (O Fa (1) -
Of (uy,u2) = ——— = Q(u1, u2).
Fi(t) F2(1)
In particular, if we assume that the components are ID with a common reliability
F and a survival copula C then these representatlons can be reduced to Fr(x|t) =

i (F (x|1)) and Fr+(x|t) = g (F (x|r)), where F(x|t) = F(x +1)/F (1),

wE({t) — CwF @), uF 1))
2F (1) — C(F(1), F(1))

qr(u) =
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Fig.4.5 Dual distortion functions (left) and reliability functions (right) for 7 (red), 7; (black) and
T;* (blue) for the parallel system in Example 4.6 when ¢t = 1, the components have a common
standard exponential distribution and a Clayton—Oakes survival copula

and
CwF@), F(t)) + C(F(t),uFt)) — CwF (1), uF(t))

C(F (1), F(1))

for u € [0, 1]. By comparing (or plotting) these functions we can see if 7; <g7 T,*
holds (as expected). For example, in the IID case we get

2 —uF@)
2—F(@)

for all u € [0, 1], and so T; < T;* for any ¢ and any F.

If the components are dependent with the Clayton—Oakes survival copula in
(3.12), and ¢ = F(t) = exp(—1), we obtain the plots in Fig.4.5, left. As they are
ordered, we have 7; <gr T,*. In Fig.4.5, right we can see the respective reliability
functions when the components have a common standard exponential distribution.
We can also compare them with the original system 7T (red curves). Note that T is
NBU and so 7; <gr T holds for all ¢ (and, in particular, for + = 1). However, we
have T <gr T;* fort = 1. It can be proved analytically (see Navarro 2018c) that
T; <sr T, is a general property for any ¢ (any c¢) and any Clayton—Oakes copula
with positive correlation. Therefore, for these copulas, 7; <sr 7;* holds for any ¢
and any F.

However, if we choose the following Gumbel-Barnett Archimedean copula

q; () =

<2u—u*=q(u)

gr(u) =u

C(uy, uz) = uyuz exp[—(nup)(Inuz)],

then we obtain the plots in Fig.4.6. There we can see that 7; and 7;* are not ST
ordered for r = 1. However, note that both are worse than T (red lines). The code
to get these plots is the following. For other ¢ values, copulas or distributions just
change the corresponding definitions in that code.
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Fig.4.6 Dual distortion functions (left) and reliability functions (right) for 7 (red), 7; (black) and
T, (blue) for the parallel system in Example 4.6 when r = 1, the components have a common
standard exponential distribution and a Gumbel-Barnett survival copula

# Figure 4.6
R<-function(x) exp(-x)
t<-1
c<-R(t)
C<-function(u,v) u*v*exp (-
g<-function(u) 2*u-C(u,u)
gt<-function (u) (2*u*c—C(u c,u*c))/(2*c-C(c,c))
gt2<-function(u) (2*C(u*c,c)-C(u*c,u*c))/C(c,c)
curve (gt (x) ,ylab='Distortion’,xlab="u’, lwd=2)
curve (g(x),add=T,col="red’, lwd=2)
curve (gt2 (x) ,add=T,col="blue’, 1lwd=2)

(a

(a

(a

log(u) *log (v))

t(R(x)),vlab='Reliability’,0,5,xlab="t’,1lwd=2)
( (x)),add=T,col="red’, lwd=2)
2(R(x)),add=T,col="blue’, lwd=2)

curve
curve
curve

We can use the equality Q;k = Qtoprove that T; <gr T;* holds for any t when the
components are independent. This result was obtain in Pellerey and Petakos (2002)
(with a different proof).

Proposition 4.3 If the component lifetimes are independent, then Q;k = Q and
T; <st T, hold for any t

Proof When the components are independent, Q is a multinomial and so Q¥ = Q
(see the proof of Proposition 4.2). Hence, from the representations (4.10) and (4.11),
T; <sr T;* holds iff

Q(Fi(ui, ..., Fa(t)un)

Ql(ulv""un)z Q(Fl([‘),’in(t)) SQ(ulv"-vun)
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holds for all u1, ..., u,. This is equivalent to prove that Q is submultiplicative and
this is what we actually did when we prove in the preceding section that the NBU
class is preserved for coherent systems with independent components. So the stated
ordering holds. (]

In the preceding section we prove that the NBU class is preserved under the for-
mation of coherent systems with independent components, that is, if the components
are NBU, then so is T, that is, T >g7 T; for any r > 0. We have a similar result for
T*

s

Proposition 4.4 Ifthe components are independent and NBU, then T > st T, holds
foranyt.

Proof 1If the components are NBU, then Fi(x) > Fj(x|t) for any t > Qandi =
1,...,n.Hence, as O = Q, we have

Fr«(x|t) = QF (F1(x[1), ..., Fy(x|t))
= Q(F1(x|0), ..., Fu(x]t))
< O(Fi(x), ..., Fy(x))
= Fr(x). O

As an immediate consequence we have that, if the components have exponential
distributions, then 7;* has the lack of memory property, thatis, T =g7 T* >s7 T;
for all ¢. If they are just independent and NBU (or IFR), then T >¢7 T;* >¢7 T; for
all z.

The last example shows that these properties cannot be extended to the HR order.

Example 4.7 Let us consider a parallel system with two independent components.
Its distortion function is

O(ur, u2) = uy + ux — uyuz
for uy, us € [0, 1]. Analogously, the distortion functions of 7; and 7;* are

ur Fi (1) + ua Fo (t) — uyua Fr (1) Fa(t)
Fi(t) + Fx(t) — F1 (1) Fa(t)

and Q;‘ =0.A straightforward calculation shows that 0 > Q, for all ¢. Hence, as
stated in Proposition 4.3, T; <sr T;* holds for all ¢ and all Fy, F». For example, in
Fig.4.7, left, we can see that the respective reliability functions are ordered. We do
not include the reliability function of 7T since it coincides with that of 7,* (blue line)
forall # > 0. In the right plot we can see that the respective hazard rate functions are
not ordered, that is, 7, <ppg T;* does not hold. This is a very surprising property!
Actually note that, after some time, 7;* will be worse than 7;. The code to get these
plots is the following:

0 (uy, up) =
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Fig.4.7 Reliability functions (left) and hazard rate functions (right) for 7; (black) and 7T;* (blue)
for the parallel system in Example 4.7 when ¢ = 1 and the components are independent having
exponential distributions with hazard rates 1 (dashed line, right) and 2

# Reliability functions

Rl<-function(x) exp(-x)

R2<-function (x) exp(-2*x)

t<-1

cl<-R1(t)

c2<-R2(t)

Q<-function(u,v) u+v-u*v

Qt<-function(u,v) (u*cl+v*c2-u*v*cl*c2)/(cl+c2-cl*c2)

curve (Qt (R1(x) ,R2(x)),xlab="t’,ylab="Reliability’,0,3,1lwd=2)
curve (Q(R1(x),R2(x)),add=T,col="blue’, lwd=2)

# Hazard rate functions
fl<-function(x) exp(-x)
f2<-function(x) 2*exp(-2*x)
Ql<-function(u,v) 1-v

(

Q2<-function(u,v) 1-u

Qtl<-function(u,v) (cl-v*cl*c2)/(cl+c2-cl*c2)
Qt2<-function(u,v) (c2-u*cl*c2)/(cl+c2-cl*c2)
f<-function(t) £1(t)*QLl(R1(t),R2(t))+f2(t)*Q2(R1(t),R2(t))
ft<-function(t) £1(t)*Qtl(R1(t),R2(t))+£2(t)*Qt2(R1(t),R2(t))
curve (ft(x) /Qt (R1(x),R2(x)),xlab="t’,ylab="HR’,0, 3,

)

yvlim=c(0,1.3),1lwd=2
curve (f (x) /Q(R1(x),R2(x)),add=T,col="blue’, lwd=2)
curve (x+1-x,1lty=3,add=T, lwd=2)

However, if we assume that the components are IID, then the respective distortion
functions are
qu) =2u — 142,
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Fig. 4.8 Reliability functions (left) and hazard rate functions (right) for 7; (black) and T;* (blue)
for the parallel system in Example 4.7 when ¢+ = 1 and the components are IID having a common
exponential distribution with hazard rate 1 (dashed line, right)

- () = 2u — u?F(t)
W= TR
and g = g forallt > 0. As
q; (u) —u
2—-F(t)———
q:(u) = 4 )) uF (1)

is decreasing in u (for all ¢), then we have T; <gpr T,* for all ¢ and all F.In Fig.4.8,
we can see the respective reliability functions (left) and hazard rate functions (right)
when ¢ = 1 for a standard exponential distribution (they can be plotted with the code
written above). As we can see, in both cases, the limit behaviors of the hazard rate
functions coincide with that of the hazard rate of the strongest component.

We can go further and as

() () u
L =Q-F ))—
q;(u) uF(t)
is decreasing_ in u (for all 7), then we have T; <pg T;* for all ¢ and all absolutely
continuous F'.

Other residual lifetimes and inactivity times can be explored in a similar way. For
example, we can consider the residual lifetime

(T —t|X" <t,X; > 1),
where I, J C [n], INJ = @, X! = max;e; X;, X; = minjey X; and we assume
that the event {X' < ¢, X; > t} implies {T > t}. Conversely, if it implies {T < t}
then we can consider the inactivity time
t—T|X"<t,X; >1).
We can also consider the residual lifetime
(T—tXi=t,X"<t,X;>1)
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for t{ < t when the event implies T > t and other similar options in an interval
[#1, t2]. These options were explored in Navarro and Durante (2017), Navarro et al.
(2017), Navarro (2018c) and Navarro and Cali (2019). Signature representations for
used systems’ residual lifetimes can be seen in Navarro et al. (2008).

4.5 Limiting Behavior

As we have seem in preceding examples, in many cases, the limiting behavior when
the time goes on of the hazard rate function of the system is similar to that of the com-
ponents in the ID case. This is due to similar properties of mixtures and generalized
mixtures and to the representation based on minimal path sets (which proves that the
system distribution is a generalized mixture of series systems). However, this is not
always the case. In this section we explore these properties in order to determine the
limiting behavior of reliability, hazard rate and mean residual life functions of the
system. These properties are based on the following results for distorted distributions
extracted from Burkschat and Navarro (2018).

Proposition 4.5 Let F| = q1(F) and F» = q2(F) be two distorted distributions
from the same distribution function F with F(t) > 0 for all t. Let g\ and g, be the
associated dual distortion functions.

(i) The reliability functions satisfy

P @)
im —— = lim = .
t—>00 Fz(l) u—0+ qz(u)

(ii) The hazard rate functions satisfy
hy (1) .oag(u)
im = lim ———,
t—00 ho(t) u—0+ oo (u)
where o; (u) = ucj;(u)/qi (u) foru € [0,1]andi =1, 2.
(iii) The mean residual life functions satisfy
mi (1)
im =
1=00 my (1)

whenever lim,,_, o+ q1(u)/q2(u) = ¢ > 0.
(iv) The pdf satisfy
f1(2) g )
im = lim ——.
100 fo(t)  u—0* gy (u)

(v) The hazard rate functions satisfy

hi(t)
im =1
=00 I (1)

whenever lim,,_, o+ g (u)/q5(u) = ¢ > 0.
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Proof The proofs of (i), (ii) and (iv) are immediate from (2.32), (2.33) and (2.34).
To prove (iii), we note that

om0 RO [CFRM®de 1 [ Fi(x)dx

lim ——= = lim —= <= =- lim —(————
i=oomy(t) 1= Fi(r) [ F(x)dx  ci=oe [ Fy(x)dx

since ¢ > 0 and (i) holds. Moreover, from L"Hdpital’s rule, we have

JZRds R0 _

im 2 ———— = lim — =c
t—00 l/;oo F(x)dx 1= F(t)
Therefore (iii) holds. The proof of (v) is similar. O

Clearly, the preceding proposition can be applied to compare the behavior of
systems with ID components. In particular, it can also be applied to compare a system
with its ID components (by choosing g>(#) = u and a2 (u) = 1 for u € [0, 1]). This
fact can be used to detect situations where the system behavior coincides with that of
its ID components. In other cases, it will coincide with the behavior of the functions
of some series systems. Let us see an example.

Example 4.8 Let us consider the coherent systems with lifetimes
T1 = min(X1, max(X3, X3))

and
T, = max(X, min(X», X3)).

Let us assume that the components are IID~ F. Then the respective distortion func-
tions are

G1(u) = 2u* —u’

and

Q) = u+u* —u?

for u € [0, 1]. Clearly, the behavior of the reliability function of the second system

is similar to that of the components since

. Fr,(0) . qa(u) outut—u?
lim —— = lim — = lim —— =1
t—oo F(t) u—0t U u—0t u
for any F. As a consequence, from (iii) in the preceding proposition, we have that
the MRL functions also have a similar behavior, that is,
l’;sz (t) -1
t—o00 m(t)

For the HR functions we obtain

. hr, (@) . . ugy(u) , 1+ 2u — 3u?
lim —— = lim ay(u) = lim — = lim y—————
t—o00 h(t)  u—0+ u—0t go(u)  u—0+ u-+u?—ud

=1

This property can also be obtained from Proposition 4.5, (v).



4.5 Limiting Behavior 143

1.0

0.8
|

Reliability
HR
4
!

0.4

0.2

0.0
|

Fig.4.9 Reliability functions (left) and hazard rate functions (right) for 77 (black) and 75 (blue) for
the systems in Example 4.8 when the components are IID with a Weibull distribution with hazard
rate 2¢ (continuous red line). The dashed red lines represent the functions of the series system X.»

Analogously, for the first system we have

hr, (1) : o ugy(u) . 4u — 3u?
i = lim oj(u) = lim — = lim u—5—
100 h(t)  u—0* u—0+t q1(u)  u—ot 2u?—ud

=2

However, for the reliability functions we have

Fr@ _ oy @0 _ 22—

t—oo F(f)  u—0t u u—0t U

(the system reliability goes faster to zero that that of the components). To get an
equivalent system we must consider the series system with two components X ;.2 =
min(X{, X») with reliability Fj.2() = F?(t) and then
Fro) . @ o 2uP—ud
= lim =

lim T — =2.

= =1l
=00 F.9(t) u—0t  u? u—0t u
Hence, from Proposition 4.5, (iii) and (v), we also have

hT] (t) . mr, (t)
= lim =1
1>00 hyp(t)  t—o0 myo(t)

for any F. Similar results can be obtained for dependent components with a given
copula.

To illustrate these results we plot the reliability and hazard rate functions of these
systems in Fig.4.9 when the components are ID with a common Weibull reliability
F(t) = exp(—tz) for + > 0. The hazard rate of the components is h(t) = 2t
(continuous red line) and that of X .o is h1.2(¢) = 4t (dashed red line) forr > 0. The
code is the following:
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# Reliability functions

R<-function(x) exp(-x"2)

gl<-function(u) 2*u”2-u”3

g2<-function(u) u+u”2-u”3

curve (gl (R(x)),ylab='Reliability’,0,2,xlab="t’,1lwd=2)
curve (g2 (R(x)) ,add=T,col="blue’, lwd=2)

curve (R(x),add=T,col="red’, 1lwd=2)

curve ((R(x))" 2,add=T,col="red’,lty=2,1lwd=2)

# Hazard rate functions

f<-function(x) 2*x*exp(-x"2)

)
glp<-function(u) 4*u-3*u”2
a2p<-function(u) 1+2*u-3*u”2
curve (f(x) *glp(R(x)) /gl (R(x)),ylab="HR’,0,2,xlab="t’, lwd=2)
curve (f (x) *a2p (R(x)) /g2 (R(x) ) ,add=T,col="blue’, 1lwd=2)
curve (f (x) /R(x),add=T,col="red’, lwd=2)
curve (2*f (x) /R(x) ,add=T,col="red’,1lty=2,1wd=2)

Remark 4.2 Itis easy to prove that if a system with IID components has the minimal
signature a = (0,...,0,a;, ..., a,) with a; # 0, then the behavior of the system
aging functions is similar to that of X1.;. In particular, we have lim;_, Fr ®/ F (t) =
a;, lim; 0o h7 (t)/h(t) =i and lim; oo m7 (1) /my; (¢) = 1.

4.6 Bounds

A similar technique can be used to obtain bounds for these functions. The results
can be stated as follows.

Proposition 4.6 Let F| = q|(F) and F> = q2(F) be two distorted distributions
from the same distribution function F. Let g1 and g> be the associated dual distortion
functions.

(i) The reliability functions satisfy

111(14) Fl(t) q1(u)
in < Ssup =
ue(0,1] Q2(u) F(t) ™ ue.1] 42(u)

forallt and all F.
(ii) The hazard rate functions satisfy

arw)  hi() oy (u)
in < = sup
we©,11 a2 (u) = ha(t) = ye0.1] 22 ()

forallt and all F.
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The proofs are immediate from (2.32) and (2.34).
For example, for the systems considered in the preceding example we have

0<Fi(t)<F@),
F(t) < F(t) < 1.25F (1),
h(t) < hi(t) <2h(t) = h12(t)

and
0 <hy(t) <1.105573 h(t)

for any f and any F.

The bounds for the case of non-ID components can be obtained from the minimal
path set representation and from the results given in Miziuta and Navarro (2018).
They are based on the average reliability function

o Pt h

n

For example, if the components are independent, then we need to get bounds for the
function _

Oy, ..., up)

(uy + -+ +up)

and, as Q is linear in u; for all i, these bounds are always attained at O or 1 for
each u;.

Duy,...,up) =n

Problems

Plot the hazard rate function of a mixture of exponential distributions.

Plot the MRL function of a mixture of exponential distributions.

Prove that the mixture of two DFR distributions is also DFR.

Prove that the mixture of two IFR distributions is not necessarily IFR.

Study if the IFR/DFR classes are preserved in a system with IID components.
Plot the hazard rate functions of the system for different distributions.

Study if the DRFR class is preserved in a system with I[ID components. Plot the
reversed hazard rate functions of the system for different distributions.

7. Study if the NBU/NWU classes are preserved in a system with IID components.
Plot the reliability functions of the residual lifetimes of the system for different
ages.

8. Study if the IFR/DFR classes are preserved in a system with ID dependent com-
ponents. Plot the hazard rate functions of the system for different distributions.

9. Study if the DMRL/IMRL classes are preserved in a system with IID compo-
nents.

10. Study if the IFR/DFR classes are preserved in a system with IND components.
Plot the hazard rate functions of the system for different distributions.

11. Study if the DRFR class is preserved in a system with IND components. Plot the

reversed hazard rate functions of the system for different distributions.

NS S

o
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12. Confirm that NBU class is preserved in a system with IND components. Plot the
reliability functions of the residual lifetimes of the system for different ages.

13. Study if the IFR/DFR classes are preserved in a system with DNID components.
Plot the hazard rate functions of the system for different distributions.

14. Find a system with dependent components where the NBU class is not preserved.

15. Compare the residual lifetimes 7; and 7;* of two systems with IID components.

16. Compare the residual lifetimes 7; and 7;* of two systems with DID components.

17. Study the limiting behavior of the aging functions of a system with IID compo-
nents.

18. Study the limiting behavior of the aging functions of a system with DID com-
ponents.

19. Obtain bounds for the reliability and hazard rate functions of a system with IID
components.

20. Obtain bounds for the reliability and hazard rate functions of a system with DID
components.
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Redundancy and Repair Properties

Abstract

The term “redundancy” refers to the way a system can work even when some
components have failed. All the coherent systems except the series systems have
redundancy mechanisms in their structure functions. Moreover, sometimes, we
may try to improve the reliability of a given system by adding some redundant
components at different critical points. Other popular redundancy options are to
add standby components in the system to replace the failed components or to
repair these failed components. The main questions analyzed in this chapter are:
What is the reliability of the (new) redundant system? What are the best points in
the structure to add the redundant components? Which one is the best redundancy
option? We also study some component importance indices that can be used to
determine the best replacement options.

5.1 Redundancy Options

There are several redundancy options. Not all of them are available in practice for
all the systems. Thus, we cannot use the same options for a plane or a rocket, that
the ones used for ships or cars. For example, in the first cases we cannot wait for the
system failure to apply the redundancy options (repairs).

In this introductory book we just analyze the most popular ones. There are two
main options called “hot” and “cold” redundancies.

In the first case (hot redundancy), one “spare” is added to a component in the
system with a given structure (which improves the behavior at this point). Both units
work at the same time. The same can be done in other components as well. The
most popular option is to add a new (similar) independent unit in parallel to a given
component. In this case, the life length of the resulting structure at the ith position is
Y; = max(X;, X}), where X; is the lifetime of the original unit and X the one of the
associated spare. For example, if we consider a series system with two components,
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Fig. 5.1 A series system with two components and hot redundancies at positions 1 (left) and 2
(right)

it can be improved by adding a redundant component in parallel at positions 1 or 2
(see Fig. 5.1). Which one is the best option? To answer this question we need to know
the characteristics of the units and the spares. Thus, we may assume that the spares
have the same distributions as the units, that is, if Fj, ..., F,, are the distribution
functions of the components, we can assume that the spare at the ith position has
distribution F;. This is a reasonable assumption when the components are different.
Another option is to assume that the components are similar and that a spare with
distribution G can be added at any point. If the components are identically distributed
and we assume G = F1 = --- = F, both options coincide.

In the second case (cold redundancy), the spares are in standby and they replace
the components when they fail. Here we also have several options in practice. For
example, the standby units might be placed at fixed positions. Thus, if a plain has four
engines (two in each wing), it could fly just with two (one in each wing), working the
others just in case of the respective failures. Note that in a hot redundancy, the four
engines are working from the beginning while in a cold redundancy the two engines
in each wing work consecutively (one after the other). Which one is the best option?
In other options, we might have just a spare that can be placed at any position in the
system. Thus the spare wheel in a car (or a truck), can be placed at any position in
case of failure.

In both options, we can consider different assumptions for the spares as well. As
above, we can assume that the spares have the same distributions as the original
components when they are new (because they are not working). This option is called
perfect repair since it is equivalent to complete a perfect repair of that unit (a quite
unrealistic situation in some systems). Another popular option is to assume that the
spares have the same distributions of the original units but that they have the same age
as the failed units. This situation is also unrealistic but it is stochastically equivalent
to repair the unit to be as it was just before its failure. So it is called minimal
repair and, in this way, in some situations, it is more realistic than the perfect repair
considered above (which it is not a repair but a replacement with a new unit). In both
cases, the lifetime of the mechanism at the ith position is ¥; = X; 4+ X. In a perfect
repair, we can assume that X; and X; are independent and then the distribution of
Y; is the convolution of F; and Fl.’ (see below). However, in a minimal repair, they
are dependent since the distribution of X' depends on the age t = X; of the failed
component (see below).

Finally, we note that the redundancies can be applied at different levels. If they are
applied as considered above, we say that they are redundancies at the components’
level. However, if they are applied to the entire system, then we say that they are
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Fig.5.2 A series system with hot redundancies at the components’ level (left) and at the system’s
level (right)

redundancies at the system’s level. Even more, if the system is composed of different
modules with several units inside each module, the redundancy could be also applied
at the modules’ level (see, e.g., Torrado et al. 2021). For example, if we consider
again a series system with two components, then we could add two spares at the
components’ level obtaining the system lifetime

T, = min(max (X1, X}), max(X2, X5)).
or at the system’s level obtaining
Ty, = max(min(X1, X}), min(X2, X5)).

The different options can be seen in Fig.5.2. Which one is the best option?

Many of these replacement options can be represented in a unified way by using
distortions. The definition (extracted from Navarro and Fernandez-Martinez 2021)
is the following.

Definition 5.1 We say that ¢ : [0, 1] — [0, 1] is a redundancy dual distortion
function if g is continuous, increasing and satisfies g(0) = 0,g(1) = 1, and g(u) >
u forall u € [0, 1].

The purpose is to represent the reliability of the resulting mechanism at the ith
position with ¢ (F;) where F; is the reliability of the original ith component. Thus,
the meaning of the new condition g (u) > u for all u € [0, 1] is that the redundancy
mechanism improves (in the stochastic order) the original one. Other additional
conditions will be considered later.

Let us see some mechanisms that can be represented in this way. The first one is
a hot spare connected in parallel. As mentioned above, the resulting structure at the
ith position is ¥; = max(X;, le) and its reliability Fyi (t) =Pr(Y; >1t)is

I:"yl. (1) = Pr(max(X;, X)) > 1) =Pr(X; > 1) + Pr(X, > 1) = Pr(X; > 1, X)) > 1)
for all ¢. If we assume that X; and X l’ are IID with a common reliability F;, then

Fy, (1) = 2F;(t) — FX(1) = G2 (Fi (1)),

where g0 (u) = 2u — u? is a distortion function satisfying g».2(#) > u for all

u € [0, 1] (since Xp.2 > X1).

We can consider several changes in this model. For example, we could consider
that the spare has a different (usually worse) reliability with a proportional hazard
rate, i.e., Pr(X} > t) = F?(t) for § > 0, then

Fy,(t) = Fi(t) + F{ (1) = F(1) = Go(F: (1)),
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Fig.5.3 Plots of gg (left) and ag (right) for an independent hot redundant component with propor-
tional hazard rate with 6 = 0.25, 0.5, 0.75 (black), & = 1 (red, IID case) and 6 = 1.5, 2, 3, 5 (blue)

where gg(u) = u + u? — u'*t? is a distortion function satisfying gg(u) > u for
all u € [0, 1] (since max(X;, X;) > X;). The hot redundant component is worse
(better) than the original component when 6 > 1 (0 < 6 < 1). The different
distortion functions can be seen in Fig. 5.3, left. Note that the IID case is obtained
when 6 = 1 (red curve) and that they are ST ordered. As it is a distortion, its hazard
rate can be written as
ho(1) = ag(F())h(1),

where i = f/F is the hazard rate of F and
1+6u1—1+6)u’

14 uf=1 —uf
for u € [0, 1]. The plots of oy can be seen in Fig. 5.3, right. As they are ordered for
0 < 6 < 1, the respective repairs are hazard rate ordered. This is not the case for
6 > 1 (i.e. when the spare is worse than the original unit).

Another variation is to assume that X; and X l’ are DID, that is, they are dependent
and identically distributed. This is a reasonable assumption since they share the same
environment. As in the preceding chapters, we can model this dependency through
a survival copula C which satisfies

Pr(X; > x, X, > y) = C(F;(x), F;(y))

ag(u) =

for all x, y. Hence
Fy,(t) = 2F;(t) — C(F; (1), Fi(1)) = §(F;(1)),

where g (1) = 2u — c (u, u) is a distortion function (which depends on é‘) satisfying
q(u) = u for all u € [0, 1] (since max(X;, X)) > X;).

Other interesting variations are to add m — 1 IID spares in parallel, which leads
to the distortion function g,.p, () = 1 — (1 — u)™ > u (since X,,., > X1), or to
add them with any other system structure with distortion g satisfying g (u) > u for
allu € [0, 1].
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Some cold redundancies can also be represented in this way (i.e. as distortions).
If the lifetime of the resulting mechanismis ¥; = X; + X l/ , then its reliability is
t

Fyp() =Pr(X; + X[ > 1) = F,-(t)—i—f Pr(X! >t —x|X; = x) fi(x)dx (5.1)
0

forallt > 0, where f; = — I:“l.’ is the PDF of X;. If X; and X| are IID (perfect repair),
then the reliability functionof ¥; = X; + X l’ is
t

Fp = R+ [ Fu- 05w
0

which is the well know formula for the reliability function of a convolution. It is
represented as I:"yl_ = F; % F;. In some models, this reliability can also be represented
as a distortion (e.g. with exponential distributions). The same happen if they are
dependent (see Navarro and Sarabia 2020).

However, if we consider a minimal repair (MR), that is,

F:
Pr(X] > y|X; = x) = L +y)
Fi(x)
for all x, y > 0, then from (5.1), the reliability function of 17, =X; + le is
R A
Fy (1) = Fi(+ | mﬁ(X)dx = Fi(t)— Fi(t)log Fi (1) = qur(Fi(?)) (5.2)
l

for all + > 0, where

gmru) = u —ulog(u)
is a distortion function satisfying gy g () > u forallu € [0, 1] (since X; +X; > X;).
This model is also known as the relevation transform and it was introduced in
formula (3.1) of Krakowski (1973) with the notation F;#F;. In this model we can
also consider some variations. For example we can consider m minimal repairs

obtaining
m

- 1 ;
Gm () =y = (~log()’ (53)
i=0
with g, (u) > u for all u € [0, 1] (since X; + X| +--- > X;).
We can also consider imperfect repairs (IR) with
0
F; _(x +y)
F{ (x)
forall x,y > 0 and 6 > 1 (the spare is worse than the original component). This
option leads to

Pr(X, > y|X; =x) =

L@
Fie (x)
for all + > 0, where

_ _ _ 1 - _ _
Fy, (1) = Fi(0) + /O fidx = F ) = 7= F 0 [1 = K0 = @R Fio

0 1
SR/ N _ _ 0
Go~ () = g—u = g4
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Fig.5.4 Plotsof G!® (left) and o} ® (right) for an imperfect repair with = 0.25, 0.5, 0.75 (black),
6 =1 (red, minimal repair) and 6 = 1.5, 2, 3, 5 (blue)

is a distortion function satisfying (jGIR(u) > uforallu € [0, 1] (since X; +X; > X;).
The case 0 < 6 < 1 can be considered as well (although it could be unrealistic in
some situations). Note that we obtain a negative mixture of F; and Fig. The plots of
c}é R can be seen in Fig. 5.4, left. The case # — 1 (red curve) represents the minimal
repair case. As they are ordered, the respective repairs are ST ordered.

Its hazard rate can be written as

K = ag " (F@)h(),
where i = f/F is the hazard rate of F and

w(@®yw 1—uf!
a5 () 0 —uf!

alfu) =

for u € [0, 1]. The plots of oté R can be seen in Fig.5.4, right. As they are ordered,
the respective repairs are hazard rate ordered.

We conclude this section by comparing the three main replacement options. Of
course, if ¥; = max(X;, X;) (hot spare parallel), then ¥; < X; + X! and so, in
particular, when they are independent F vy, < F; x F; (perfect repair or convolut1on)
Under minimal repair Fy < F;#F; holds since

Goo(u) = 2u — u* < Gur(u) = u — ulog(u)

for all u € [0, 1]. Even more, as 4y r/ 35 18 decreasing, then ¥; <pg Y; for all F,
where Y; represents the total lifetime from the beginning under a minimal repair. To

compare Y; (minimal repair) and Yi = X;+ X! (perfect repair or convolution) when
X; and X| are IID we have the following result.

Eroposiﬁon 5.1 With the notation introduced above, if F; is NBU (NWU), then
Yi <st Yi (Zs7)
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Proof Recall that NBU means that F; (x) F;(y) > F;(x+y) forall x, y > 0. Hence,
from (5.2), we get

- - ' Fi(r) - t_ -
P =R+ [ 20 fo0dr < Fin + [ Fie—nfiods = Fro
0o Fi(x) 0
since F;(t — x)Fj(x) > F;(t) forall 0 < x < r. The inequality is reversed for NWU
distributions. U

Note that, for the “natural” aging property (NBU), the perfect repair is better than
the minimal repair (as expected) and we can write

Yi <st Yi <s1 Y;.
For the dual class (NWU) we get
Y: <sr Y; <st Y.

Of course, for the exponential distribution (which is both NBU and NWU), we have
Y; =s7 Y, that is, minimal and perfect repairs coincide.

5.2 Systems with ID Components

In this case we can compare different repair policies by using the ordering results
for distorted distributions obtained in Chap. 3. Recall that, in the general case, the
system reliability can be written as

Fr(t) = Q(Fi (1), ..., Fy(1)),

where Q is a distortion function. If we assume that the components are ID, that is,

Fy = --- = F, = F say, then this representation can be reduced to
Fr() = Q(F(), ..., F0) = (F)),
where g (u) = Q(u, ..., u) is a distortion function.
If we apply aredundancy policy r = (rq, ..., r,) where the redundancy applied to

the ith components is represented by g,,, then the reliability function of the lifetime
T; of the resulting system can be written as

Fr(t) = 0@Gr (F(1), ..., @, (F(1))) = Ge(F (1)),

where

Gr) = 0Gr, (W), ..., Gr, (u))

for u € [0, 1]. Note that if we do not apply redundancy to the ith component, then
qr; (u) = u. Of course, we always get T <gr Ty since Q is increasing and we assume
qr;(u)y>ufori=1,... n.

If we have another redundancy policy s = (s, . . ., $,), then thereliability function
of the resulting system can be represented in a similar way with another distortion
function gs. Hence T and T can be compared just by comparing their respective
distortion functions using Proposition 3.2.
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The comparisons under minimal repairs were studied in Arriaza et al. (2018). Here
r = (ry,...,r,) means that »; minimal repairs are applied to the ith component,
withr; > 0fori =1, ..., n. With this notation we can obtain the following classic
result for series systems with IID components that can be traced back to Shaked
and Shanthikumar (1992), Result 2.4(s) (see also Theorem 4 in Li and Ding 2010).
Obviously, in the case of series systems with I[ID components, the repair strategy

given by the vector r = (rq, ..., r,) is the same as that of ¥' = (rr(1), ..., Fr))
for any permutation  : {1, ...,n} — {1, ..., n}. So, without loss of generality, we
can assume for this system that r; > ... > r,. Moreover, we have Q(u1, ..., u,) =

uj...u, and so
qr () = g, (u) ... gy, (u)

for u € [0, 1], where these distortions functions are defined as in (5.3). Hence we
have the following theorem.

Theorem 5.1 (Shaked and Shanthikumar 1992) Consider a series system with n [ID
components with a common reliability function F. Suppose that we have available
m € Z4 minimal repairs that can be freely allocated to any component. Let p, s € Z+
be the unique integer numbers such that m = pn + s and 0 < s < n. Then, the
optimal allocation strategy, in terms of the usual stochastic order, is given by the

vector

s n—s

e /_/_\
r=(p+1,p+1,....p+1,p, p,..., D).

As expected, the best option is to distribute all the available repairs as much as
possible between the components. An alternative proof to that given in Shaked and
Shanthikumar (1992) is provided in Arriaza et al. (2018). It is interesting to note here
that if the optimal allocation strategy cannot be applied due to some other external
constraint, then using the sequence {r;};(1,...,v) defined in this proof we always have
available the second best choice as optimal strategy, and so on (or a path to improve
the initial strategy r). Also note that as a consequence of the proof, the worst option
is always (m, 0, ..., 0), i.e., to assign all the repairs to a fixed component.

We can also compare repairs in any other system structures. Let us see an example
extracted from Arriaza et al. (2018). Additional results for minimal repairs can be
seen in Navarro et al. (2019). Similar results can be obtained for other repair options
based on distortions.

Example 5.1 Consider a 2-out-of-3 system with IID components with a common
reliability function F. Assume a fixed number m = 7 of available minimal repairs.
Let us study all the possible ST comparisons of lifetimes 7; obtained from the repair
policies r = (r1,r2,13) € Zi with ri > rn > r3and r; + rp, + r3 = 7. Note
that in this case they are also equivalent under permutations in r. Firstly, given
r = (r;,m,r) € Zi and assuming that the component lifetimes are independent,
we obtain that the reliability function of the system lifetime 7; associated to r is

Fr(t) = Q(Fy) (1), Firy) (1), Frp (1) = Ge(F (1)),
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where Q(u, v, w) = uv + uw + vw — 2uvw,
gr(u) = qry WGr, W) + Gr, WGry W) + Gry (WGrs W) — 2Gr (W) Gr, W) Grs (1)
and g, is the distortion function given in (5.3) for i = 1, 2, 3. Then, we have that
Ty, <5t Ty, forall F & Gy, (u) < Gr,(u) forall u € (0, 1).

Therefore, if we want to compare two strategies r; and rp, we just need to plot
both functions, gr, and gr, on the interval [0, 1]. For instance, in this way we can
confirm that 7y, <g7 Ty, for all reliability functions F when r; = (7,0, 0) and
ry = (6, 1, 0). We will write r; — rj to denote that the strategy r; is better than r;
or, in other words, Ty, <, Ty, holds for a given order <,.

Following the previous procedure, we obtain the graphs given in Fig.5.5 with
all the relationships for the comparisons of the repair strategies in the HR order
(left) and in the ST order (right). The strategies that are not connected in the graph
represent lifetimes of systems that are not comparable in the usual stochastic order
(respectively, in the hazard rate order). In this case an optimal allocation strategy does
not exist in terms of the usual stochastic order. Note that, a priori, all the minimal
path sets of the 2-out-of-3 system are equally important due to the structure of the
system. Note that the replacement policy represented by the vector r* = (4, 3, 0)
(which applies all the repairs to the components in the first path set) is ordered with a
larger number of alternatives (see Fig.5.5). However, r* is not stochastically ordered
neither with (3, 3, 1) nor with (3, 2, 2). Similar comments hold for the HR order.

5.3 Systems with Non-ID Components

As in the preceding section, we know that the reliability function of the system
lifetime 7 can be written as

Frt) = Q(Fi(1), ..., (1)
for all 7, where Q is a distortion function. Hence, if we apply a redundancy with
distortion g(u) > u to the ith component, the reliability function of the resulting
system lifetime 7; is _ o _

Fr,(t) = Qi(Fi(1), ..., Fu(1))
with

Qi(ur,...;un) = QQr, ..., ui—1, qU;), Uit1 ..., Up)

forO <u; <landi =1,...,n. Note that we are assuming a common redundancy
mechanism (distortion) for all the components.

Of course, thenwehave T <g7 T; fori = 1, ..., n. However, we want to compare
T; and T to determine where the redundant component should be placed.

In the first result, extracted from Navarro and Fernandez-Martinez (2021), we
analyze series systems with independent components. In this case, we just compare
T1 and Tz.
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Fig. 5.5 Relationships among all possible lifetimes 7, after seven minimal repairs by using the
hazard rate order (left) and the usual stochastic order (right) for the 2-out-of-3 system considered
in Example 5.1

Proposition 5.2 Let T = min(Xy, ..., X,,) with independent components.

(i) If X1 >st X2 and
q(u)
u
then T\ <st Tp forall Fs, ..., F,.
(ii) If X1 >2pRr X2 and

is decreasing in (0, 1), 5.4)

g(uv)
vg (u)
then Ty <ggr Tr forall F3, ..., F,.
(iii)  The condition (5.4) holds iff T <pugr T; forall F1, ..., Fy,andi =1,...,n

is decreasing in (0, 1)2, (5.5

Proof (i) The condition Ty <g7 T» holds iff
01Uty ... uy) =Gy ...ty < i1qua)...uy = Q2(uy, ..., uy)

which is equivalent to
q(uuy < u1quz).

As we assume F 1> Fz and (5.4), we get
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q(Fi(1)) - q(F(1))
i@y — R
and so 71 <gr T» forall F3, ..., F,.
(i7) The condition T1 <gg T holds if and only if
O2(Fi(1), ..., F,(1)
Q1(F1(1), ..., Fy(®)

which is equivalent to

is increasing in ¢,

Fing(R0) . . o
—————=———1sIncreasing in ¢
Fy(t)q (F1(1))
As we assume X1 >pgg X2, g(t) = _FQ(I)/F] (t) is decreasing in ¢. Hence g(t) €
[0, 1]. Then, by applying (5.5) to u = F;(¢) and v = g(¢), we get that
Fi(1)q(Fx(1))
Fa(0)g(Fi(2))
is increasing in t and so 71 <gyr 71> holds for all F3, ..., F;,.
(iii) The condition T <gg T; holds if and only if
Qi (Fi(1), ..., Fa(0))
Q(F1(t), ..., Fu(1))

is increasing in ¢,

which is equivalent to B
q(Fi(1))
Fi(r)

is increasing in ¢
for all F;. This property is equivalent to (5.4). ]

Note that (i) means that, under condition (5.4), the redundant component should
be applied to the strongest components (in the ST order). To extend this property
to the HR order we need the stronger condition (5.5). The meaning of (5.4) can
be seen in (iii). It is equivalent to the condition: 7; is HR better than 7 and to the
same ordering property for the original component X; and the resulting redundancy
mechanism Y;.

The property (5.4) is satisfied for the usual redundancy mechanism. For example,
for a hot IID spare added in parallel we have

qra(u)  2u —u?

u u

which is decreasing. The same happen for m independent spares added in parallel.
For a cold standby unit with minimal repair we have

=2—u

gmrw) u—ulogu
u N u

=1—logu

that is also decreasing. Hence (5.4) holds. The same happen for m minimal repairs.
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Fig.5.6 Plotsofc(u) = gg(u)/u for ahot spare in parallel with reliability F? (left) and an imperfect
repair (right) with & = 0.25, 0.5, 0.75 (black), & = 1 (red, minimal repair) and § = 1.5,2,3,5
(blue)

However, (5.4) is not always true. For example, if we add a spare in parallel with
reliability F?, we obtain the plots in Fig.5.6 (left) for c(u) = go(u)/u. There we
can see that function c is decreasing for 0 < 8 < 1 but that it is not monotone for
6 > 1 (since ¢(0) = c(1) = 1).

However, (5.4) holds for imperfect repairs since

gow) 6 —u’"!

c(u) = =571
is decreasing in u for all & > 0 (see Fig.5.6, right). As mentioned above, it is also
decreasing for a minimal repair (red curve).

The condition (5.5) is not so common. For example, it fails in active redundancies
since

q(uv) _ 2uv —utv? 2 —uv

2

vg(u) T 2uv—ulv 2-—u
is increasing in # and decreasing in v in the set (0, 1). The same happen for minimal
repairs since

q(uv) _uv— uv log(uv) _ —log(v)

vg(u)  uv— uvlog(u) - 1 —log(u)
is increasing in u and decreasing in v in the set (0, 1).

Similar (reverse) results can be obtained for parallel systems with independent
components. For example, if X|; >¢7 X, and g(u)/u is increasing, then 77 >gr
T, for all F3, ..., Fy, that is, in this system, it is better to reinforce the strongest
component (as expected). For other system structures the answer is not so clear, see
Navarro and Fernandez-Martinez (2021). The same happen if we consider dependent
components. In these cases they can be compared by using distortions.

We conclude this section by establishing comparisons between redundancies at
components’ or system’s levels. The BP (Barlow and Proschan) principle for active
redundancies in parallel is established in the following theorem. It was given in
Theorem 2.4 of Barlow and Proschan (1975), p. 8, (see also Samaniego 2007, p. 17).
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Theorem 5.2 (BP-principle) If we consider active redundancies added in parallel
and the component and spares lifetimes have the same joint distribution, then the
system with redundancy at components’ level is always ST better than the system
with redundancy at system’s level.

Proof We provide the proof for an active redundancy. The proof for m active redun-
dancies is similar. If X1, ..., X, are the components’ lifetimes and X/, ..., X ,’1 are
the spares’ lifetimes. We assume that in both redundancy options (X1, ..., X,, X ’1,
..., X)) has the same joint distribution or, equivalently, that both systems are built
with the same components.

Let Py, ..., P, be the minimal path sets of the original system. Then the minimal
path sets of the system with redundancy at system’s level are Py, ..., P, Pl’ e Pr/ s
where P/ is the set with the spares of the components in the set P;. It is easy to see
that all these sets are also path sets of the system with redundancy at components’
level. Hence, if we assume that they have the same components, the system with
redundancy at components’ level works whenever the system with redundancy at
system’s level does so. Hence, their lifetimes are ordered for sure and so we have the
ST order when the components have the same joint distribution (see Theorem 1.A.1
in Shaked and Shanthikumar 2007, p. 5). O

We must say that the assumption about a common joint distribution for the com-
ponents and spares is quite unrealistic when the components are dependent (since
the spares are placed at different positions). However, it holds when the components
and spares are independent. Let us see an example.

Example 5.2 Let us consider the system with lifetime
T = max(X, min(X,, X3))
and independent components. Its dual distortion function is
O(ur, uz, u3) = uy + usuz — u1uoU3

foruy, u>, uz € [0, 1].
The lifetime of the system with redundancy at the components’ level is

Ti = max(max(X1, X), min(max (X2, X5), max(X3, X3)),

where X/, X}, X} represent the lifetimes of the spares. If we assume that the com-
ponents and the spares are independent and that X; =s7 X l/ fori =1, 2, 3, then the
dual distortion function of T is

Q1 (u1, uz, uz) = Gaa(u1) + Go2(U2)G22(U3) — Go2(U1)G2:2(U2)G2:2(u3)

for uy, uz, u3 € [0, 1], where g2.(u) = 2u — u? for u € [0, 1].
Analogously, the lifetime of the system with redundancy at the system’s level is

T, = max(max(X, min(X2, X3)), max(X}, min(X5, X3)))
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Fig.5.7 Plots of the reliability functions (left) and its ratio (right) for the systems in Example 5.2
with redundancies at components’ level (blue) and at system’s level (red)

that is, in this case we have two independent copies of the system connected in
parallel. If we assume the same joint distribution for components and spares as in
the preceding case, then its dual distortion function is

Oo(ur, uz, u3) = g22(Q(uy, uz, uz))

for Ui, Up, U3 € [0, l].

Hence, from the preceding theorem (BP-principle), we have 71 >g7 T for all
F1, F>, F3. The respective reliability functions can be seen in Fig. 5.7 (left) for expo-
nential components with hazard rates 1, 2, 3, respectively. Note that the reliabilities
are very similar. The ratio in the right plot shows that this property cannot be extended
to the hazard rate order.

5.4 Importance Indices

There exist several importance indices for the components in a system, especially in
the case of independent components, see for example Barlow and Proschan (1975)
and Kuo and Zhu (2012). Some of them only depend on the structure of the system,
while others also depend on the components’ distributions.

For example, the structural importance of the ith component is defined (see Barlow
and Proschan 1975, p. 13) as

. 1
ng(i) = 2 Do @) —h(x 0 )],
xj=0,1,j#i

where the ones and zeros are placed at the ith positions. This measure takes into
account how many times the ith component is crucial for the system. If we consider
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a 2-out-of-3 system, then ng(i) = 1/2 for i = 1,2, 3 while if ¢(x1, x2,x3) =
min(x, max(xz, x3)), then ny(1) = 3/4 and ny (i) = 1/4 for i = 2, 3. The main
advantage is that these indices can always be compared
Another popular index is the Barlow and Proschan (BP) importance measure
defined as
m(i) = Pr(T = X;).

This index depends on the components’ distributions. If we assume IID components
with a common continuous distribution (no ties), then this index only depends on
the structure and so it can be written as m (i). For example, in a 2-out-of-3 system,
mg(i) = 1/3 fori = 1,2, 3 while if ¢(x1, x2, x3) = min(x1, max(x2, x3)), then
mg (1) =4/6and my(i) = 1/6 fori = 2, 3. Note that in this index, with no ties, we
have !, m(i) = 1.

In the case of independent components, another popular index based on the reli-
ability function of the structure Qry is

Ip(i) = 3; Om(ur, . .., uy),

where remember that Qrq is also the dual distortion function based on the product
copula (or the function obtained with the pivotal decomposition). It is known as the
Birnbaum (B) importance measure (see Birnbaum 1969) and it can also be written
as

I¢(i) = Q(u19 ey U1, 19ul+11 "'aun) - Q(u17 "'»Mi—lsov ul-‘rl? "'7”")

or as
Ip(i) = E(@ Xy, ..., L,..., Xy) —o(Xy,...,0,..., X)),

where X1, ..., X, are IID with Pr(X; = 1) = u; and Pr(X; = 0) = 1 — u; for
i =1,...,n (see Barlow and Proschan 1975, p. 22). The main disadvantage is that
this index is not a number but a function of uy, . . ., u,. So the indices for the different
components cannot be compared.

For example, for a 2-out-of-3 system, we get

Iy(1) = up + u3 — 2uzus,
Iy(2) = uy +uz — 2uu3

and
Ip(3) = uy +up — 2uqus.

However, if we consider the system ¢ (x1, x2, x3) = min(x|, max(xz, x3)), then
Is(1) = us + u3z — 2uous,
Ip(2) = uy — uru3

and
I14(3) = u1 — ujus.

If the components are I1ID, we can assume ¥ = u; = u» = u3 and then

Ip() =2u —2u?, i =1,2,3
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in the 2-out-of-3 system (i.e. all the components have the same importance) while
Ip(D) =2u —u? > u—u® = Is(i), i =2,3

in the other system (the first component is more important than the others). These
are expectable properties.

If we consider dependent components, the index should also take into account the
dependence structure. However, it should not depend on the components’ distribu-
tions. It should also be used to determine the best replacement positions. Actually,
we may want to place the best components or the redundancies at the most critical
(important) positions.

In this case (dependent components) the three equivalent expressions considered
above for Iy (i) lead to different options. The most useful one in practice is

I¢,C(l) = aiQC(ula‘-'aun)v (56)

where Qc is the dual distortion function of the system when the dependence is
determined by the copula C. Note that it also depends on the system structure ¢. To
simplify the notation we will just write /; instead of I ¢ (i). The meaning is clear
the most important components are those which lead to a higher increment in the
system reliability function (when they are improved).

Again the indices are functions of uy, ..., u,. However, as above, we could con-
sider ID components and then they are just functions of u = u; = --- = u, with
ILi(w) =1Li(u,...,u).

This index was analyzed in Miziuta and Navarro (2019) for dependent components
proving that

m(i) =Pr(T = X;) = foo L(Fi(t), ..., Fy0)dF;(t)
0

fori =1, ..., n. In particular, if the components are ID, then
1
m(i) =Pr(T = X;) = f I;(uw)du. 5.7
0
In this case, Pr(T = X;) doesnotdependon F = F; = --- = F, and, if [;(u) <

Ij(u) for all u € [0, 1], then m(i) < m(j) for all F.

This index can also be used to determine the best replacement position. The result
extracted from Theorem 2.4 of Navarro et al. (2020) can be stated as follows. Its
proof can be seen there.

Theorem 5.3 If I1(uy,...,uy) < L(uy,...,uy) foralluy,...,u,, then Ty <srt
T», where T; is the system obtained by applying a redundancy with dual distortion
q to the ith component fori = 1, 2.

The good point of the preceding theorem is that it holds for arbitrary redundancies
satisfying g(u) > u foru € [0, 1]. It can also be applied to mixed systems. However,
the condition /1 < I assumed there is too strong. So some weaker conditions that
lead to the similar result were analyzed in Navarro et al. (2020). Other conditions for
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specific redundancies (active redundancy in parallel or minimal repair) are analyzed
as well.

Problems

Prove equation (5.3).
Compare two repair policies in a system with ID components.
Check an arrow in Fig.5.5.
Study if Theorem 5.1 can be extended to hot redundancies of independent com-
ponents added in parallel (Indication: Try to prove it first for n = 2).
5. Study the redundancy policies considered in Example 5.1 but using hot inde-
pendent spares connected in parallel.
Compare a redundancy at different positions in a system with IID components.
7. Compare a redundancy at different positions in a system with independent com-
ponents.
8. Compare a redundancy at different positions in a system with dependent com-
ponents.
9. Confirm the BP-principle in a system with independent components.
10. Compute the BP and B importance measures in a system with IID components
and confirm that (5.7) holds.
11. Compute the BP and B importance measures in a system with DID components
and confirm that (5.7) holds.

L=

o



Glossary

A€ complementary (contrary) of the set (event) A

|A| cardinality of the set A

(atny ..., any) the increasing ordered vector obtained from a = (ay, ..., a,)

a<,b majorization order: Y /_, ajy < Y1 biyforj=1,2,...,n—
land >0 ajim = D iy bin

0,’(X) (xl,...,xi_l,O,x,-H,...,x,,)

li(X) (xl,...,x,'_l,l,xH_l,...,xn)

1; (X1, ..., xy) withx; =1ifi € Jandx; =0ifi ¢ J

14 indicator Boolean function, 14 = 1 (resp. 0) if A is true (false)

2011 set with all the subsets of [n]

[n] set{l,...,n}forn=1,2,...

tp (z1y...,2p) withz; =t fori € Pand z; = —oofori ¢ P

t? (Z1,...,2,) withz; =t fori € Pand z; = oo fori ¢ P

ty (z1,...,zn) Withz; =t fori = 1,2,...,k and z; = —oo for
i=k+1,k+2,...,n

t (zt,...,zp) with z; = tfori = 1,2,...,k and z; = oo for
i=k+1,k+2,...,n

Xin ith order statistic from X, ..., X, fori =1,...,n

X1 min(Xq, ..., X,)

Xnon max(Xy,..., Xp)

Xp min;ep X;

x? max;cp X;
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B

Bathtub shaped, 84

Bathtub shaped failure rate (BFR), 119
BP-principle, 158

C

Clayton—Oakes copula, 64, 87, 98-101, 127,
136

Coherent system, 2

Coproduct, 6

Copula, 59

Cut set, 4

D
Decreasing, 2
Decreasing failure rate (DFR), 118, 127
Decreasing failure rate average (DFRA), 118
Decreasing likelihood ratio (DLR), 119
Decreasing mean residual life (DMRL), 27,
128, 145
Decreasing reversed failure rate (DRFR), 119,
120, 122, 131, 145
Diagonal-dependent (DD) copula, 66
Distorted distribution, 54, 57
Distortion function, 54, 57, 84
Doubly truncated mean
function, 74
order, 74
D-spectrum, 29
Dual distortion function, 55, 57
Dual system, 4, 80
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E
Equivalent under permutations, 3
Exchangeable (EXC), 41

F
Failure rate function, 27

G
Generalized mixture, 37
Glaser’s eta function, 73, 92, 119

H

Hazard rate (HR)
function, 27, 72
order, 72, 73, 107

I

Imperfect repair (IR), 151

Inactivity time, 73

Increasing, 2

Increasing failure rate (IFR), 118, 120, 122,
123, 127, 130, 145

Increasing failure rate average (IFRA), 118,
120, 122, 131

Increasing likelihood ratio (ILR), 119

Increasing mean residual life (IMRL), 27, 119,
128, 130, 145

Inversion formula, 28

Irrelevant component, 2

K
k-out-of-n: F linear system, 7

173

J. Navarro, Introduction to System Reliability Theory,

https://doi.org/10.1007/978-3-030-86953-3


https://doi.org/10.1007/978-3-030-86953-3

174

Index

k-out-of-n: F system, 6

k-out-of-n:G linear system, 7

k-out-of-n:G system, 6

k-out-of-n system, 6, 24, 30, 75-77, 91, 93,
122, 127

L
Lack of memory property, 25, 26, 138
Likelihood ratio order, 73

M
Maximal signature, 42
Mean inactivity time (MIT)
function, 74
order, 74
Mean residual life (MRL)
function, 27, 74
order, 74
Mean time to failure (MTTF), 25, 34
Minimal cut set, 4
Minimal cut set representation, 9, 24, 40
Minimal path set, 4
Minimal path set representation, 9, 23, 37, 39
Minimal repair (MR), 151
Minimal signature, 41
Mixed system, 17, 53
Mixture, 30, 58
Mobius representation, 14, 61

N

Negative quadrant dependent (NQD), 90

New better than used (NBU), 118, 120, 122,
131, 136, 146, 153

New better than used in expectations (NBUE),
119

New worse than used (NWU), 118

New worse than used in expectations (NWUE),
119

(o)
Order statistics, 6, 30

P

Parallel system, 5

Path set, 4

Pivotal decomposition, 7, 61

Positive quadrant dependent (PQD), 90

Probability density function (PDF), 34

Proportional hazard rate (PHR), 56, 58

Proportional reversed hazard rate (PRHR), 56,
58

R
Relevation transform, 151
Reliability function, 23
Residual lifetime, 26, 72
Reversed hazard rate (RHR)
function, 73
order, 72, 73
RR-plots, 108

S

Semi-coherent system, 2

Series system, 5

Signature, 29, 30

Stochastic order, 71-75, 77, 80, 152, 162
Stochastic precedence, 74

Survival signature, 106

T
Triangle rule, 49-51

U
Upside-down bathtub, 84
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