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ON DISTRIBUTIONS OF ORDER STATISTICS
FOR ABSOLUTELY CONTINUOUS COPULAS
WITH APPLICATIONS TO RELIABILITY

P10TR JAWORSKI AND TOMASZ RYCHLIK

Performance of coherent reliability systems is strongly connected with distributions of
order statistics of failure times of components. A crucial assumption here is that the
distributions of possibly mutually dependent lifetimes of components are exchangeable
and jointly absolutely continuous. Assuming absolute continuity of marginals, we focus
on properties of respective copulas and characterize the marginal distribution functions
of order statistics that may correspond to absolute continuous and possibly exchangeable
copulas. One characterization is based on the vector of distribution functions of all order
statistics, and the other concerns the distribution of a single order statistic.

Keywords: coherent system, order statistic, copula, exchangeable distribution, absolute
continuous distribution, absolute continuous copula

AMS Subject Classification: 60E05, 62G30, 62H05, 62N05

1. INTRODUCTION

The paper has two main goals. One is to formulate the necessary and sufficient
conditions for a sequence of distribution functions to be a family of distribution
functions of order statistics corresponding to an absolutely continuous copula. The
other consists in characterizing a single distribution function as the distribution
function of a given order statistic corresponding to an absolutely continuous copula.
The motivation for dealing with this problem is closely connected with the ongoing
research in the area of coherent systems which are considered in reliability theory
and other branches of applied probability.

In the reliability theory, coherent systems are used for describing complex tech-
nical systems composed of simple elements whose working status affects the perfor-
mance of the system. For the comprehensive theory, we refer to books by Barlow
and Proschan [1, 2], and Lai and Xie [15]. Coherent systems were also considered in
other branches of applied probability, e.g. they represent pension plans for groups
of people at the same age or the prices of the synthetic CDOs (collateralized debt
obligations). The so called k-out-of-n systems play a central role in the theory.
The k-out-of-n coherent system is one that works iff do so at least k of its compo-
nents. In other words, if X5, ..., X, are the random lifetimes of the components and



758 P. JAWORSKI AND T. RYCHLIK

X1, .-+, Xn.m denote the respective order statistics, then the failure time of the k-
out-of-n system coincides with the kth greatest order statistic X,,4+1_g.,. Samaniego
[22] determined a convenient representation for the distribution function of the fail-
ure time 7" of an arbitrary coherent system composed of n independent components

that have identically continuously distributed lifetimes X, ..., X,, with a common
distribution function F' as a convex combination of distributions of order statistics
n
Pr(T <z) = > piPr(Xim <) (1.1)
i=1

Sy (J)F ()1 — F(a)]", (1.2)

i

where pi=Pr(T = X;), i=1,....n. (1.3)
The vector p = (p1,...,pn) is called the Samaniego signature of the system. The
signature depends on the structure function of the system, but is independent of
the distribution function F' of the components. Evidently, there is a finite number
of coherent systems of fixed size n, and so there is a finite number of Samaniego
signatures (pi, ..., pn) of size n. Boland and Samaniego [4] introduced a convenient
notion of mixed systems with representation (1.1) and arbitrary mixture coefficients
p; > 0,4i=1,...,n, summing up to one. The mixed system can be interpreted in
the following way: one of the k-out-of-n systems, kK = 1,...,n, is randomly chosen,
and the probability of choosing the kth one is p,, 1. In particular, every coherent
system can by represented as a mixture of k-out-of-n systems.

In many practical problems, the assumptions of independence of system compo-
nents is unrealistic, and is replaced by exchangeability. This means that the com-
ponents are actually identical, but their lifetimes are dependent, e.g., the failure
of a component causes an increased burden on the others and results in shortening
their lifetimes. Navarro and Rychlik [17] formally proved that the representations
(1.1) and (1.3) are also valid in the case of mutually dependent components with
exchangeable absolutely continuous joint distributions (such a possibility was earlier
noticed by Kochar et al. [14]). Clearly, in this case the representation of the order
statistics distributions presented in (1.2) should be replaced by more general for-
mulae depending on the joint distribution of Xi,...,X,. A further generalization
is due to Navarro et al. [18], where the assumption of continuity of the distribu-
tion is dropped. The representation (1.1) still holds, but the coefficients cannot be
interpreted by means of (1.3) in general.

In the paper we study the question of characterizing the marginal distributions
of order statistics which are based on dependent samples with absolutely continuous
exchangeable joint distributions, or more generally, with identical marginal distri-
butions. Following David and Nagaraja ([5], Section 5.3, p. 99), and Galambos [9],
we write the distribution function of the mth order statistic X,,.,, from the sample
X1,..., X, as

Pr(Xpn < 2) = 3 (—1)77" (73@:11> ST Pr(Xi, <@, X, <a). (L4)

j=m 1< < <ij<n
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If X3,..., X, are exchangeable, (1.4) simplifies to

n .
- njem (I~ 1 n _
Pr(Xpm < ) = ];n( 1) <m B 1> <J> Pr(X; <z,...,X;<z). (15
Obviously both (1.4) and (1.5) can be represented by means of the joint distribution
function H, and so by means of the common marginal distribution F' and the cop-
ula C', which describes all the dependencies among the variables. The distribution
function H of identically distributed random variables is absolutely continuous if
the common marginal distribution F' is absolutely continuous and so is the respec-
tive copula C. The first condition is usually easy to verify and in many practical
situations can be simply assumed. Here we concentrate on the problem of absolute
continuity of copula C' which in the case of identical marginals can be determined

by H(z,...,20) = C(F(z1), ... F(z,)). (1.6)

For convenience, here and later on, we consider the copula as a cumulative distribu-
tion function defined on R™ and supported on the cube [0, 1]™ with all the standard
uniform one-dimensional marginals. Representation (1.6), due to Sklar [23], and
many other properties of copula functions can be found in the monographs by Joe
[13] and Nelsen [19]. Note that in the identically distributed case with the continu-
ous marginal distribution function F', the order statistics from the copula C' and the
original distribution function H are simply related. If Uy,...,U, and Xi,..., X,
have the joint distribution functions C' and H, respectively, then Uy.y, ..., U,., and
F(Xi1.0), ..., F(Xn:m) have identical distributions. Therefore we further analyze dis-
tributions of order statistics based on dependent standard uniform samples with a
common distribution being a copula.

In the present paper, we answer two questions. One is to give necessary and
sufficient conditions for a vector of distribution functions (Gi,...,G,) to be the
marginal distribution functions of consecutive order statistics based on dependent
standard uniform random variables which have a joint absolutely continuous dis-
tribution. The other is an analogous characterization of the marginal distribution
function of a single order statistic. It occurs that the same conditions characterize
the narrower class of absolutely continuous exchangeable copulas.

The theory of similar characterizations is most developed for the greatest order
statistics whose distribution function has the simple form

Pr(Uny < 1) = 8(t) = C(t,..., 1),

and is called the diagonal section of copula C. The characterization of all possible
diagonal sections of copulas can be found in Nelsen [19] (Subsection 3.2.6) for the case
n = 2. Various constructions of copulas with prescribed diagonals were presented
in literature (see, for example, Nelsen [19], Durante et al. [7, 8]), but most of them
are singular. Genest et al. [10] constructed absolutely continuous copulas whose
diagonal sections satisfy §(t) = ¢ at a finite number of points 0 < ¢ < 1 at most.
Jaworski [12] showed that such a construction is possible iff the Lebesgue measure
of points where the relation holds is zero (the special case n = 2 was examined in
Durante and Jaworski [6]).
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Distribution functions of other order statistics U,,.,, m < n, can be expressed by
means of copula in more complicated ways. Rychlik [20] presented characterizing
conditions on a vector of distribution functions for being the marginal distribution
functions of order statistics of dependent random variables with a given common
marginal distribution function F. Similar conditions for the distribution of a single
order statistic were presented in Rychlik [21]. These results are presented in The-
orems 1 and 3, respectively, of Section 2. Their proofs were constructive, and the
constructions led to singular distributions of the samples. In Theorems 2 and 4 of
Section 2 we describe some additional conditions which allow us to construct abso-
lutely continuous joint distributions with prescribed distributions of order statistics.
The respective characterizations of distributions are proved in Sections 4 and 5 which
is preceded by a section containing auxiliary results.

We finally note that there are also other examples of applications of copula ap-
proach to reliability theory, which are not directly connected with coherent systems,
see, e.g., Bassan and Spizzichino [3].

2. CHARACTERIZATION RESULTS

Suppose that standard uniform random variables Uy, . . ., U, have a joint distribution
function C'. Let Uy, < --- < U,., stand for the respective order statistics. The
distribution function of U,,., can be written as the linear combination of diagonal
sections of multidimensional marginals of C.

Grn(s) = Pr(Upn < 5) = 3 (—1)7™" (Tﬂr'L—_lJ S Gl (27)

j=m 1<i1 << <n

m = 1,...,n, where s;, _; = (s1,...,5,) € R" are such that s; = s for i =
i1,...,4;5, and s; = 1 otherwise (cf. (1.4)) i.e.

C(Sil,.“,ij) = C(l,...,1,8,...,8,1,...).

If Uy, ..., U, are exchangeable, then (2.7) have simpler forms

Gonls) = ﬁi(_1ym<g;;i)<?)cstmJ) m=1,....n, (28

Jj=m

(cf. (1.5)). We say that (2.7) (and (2.8) in the exchangeable case) are the distribution
functions of order statistics corresponding to copula C. Rychlik [20] characterized
the distributions Gy, ..., G, as follows:

Theorem 1. (Rychlik [20], Lemma 1) Distribution functions Gi,..., G, are the
distribution functions of consecutive order statistics corresponding to a copula iff
they satisfy two conditions

Gk(s) > Gk+1(s)a OSSS 1a k= 1,...,72,—17 (29)

> Gr(s) = mns, 0<s<l1. (2.10)
k=1
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Here we prove the following.

Theorem 2. Distribution functions Gy, ..., Gy, satisfying (2.9) and (2.10) are the
distribution functions of consecutive order statistics corresponding to an absolutely
continuous copula iff 4(%) =0, (2.11)

where p denotes the Lebesgue measure on the real line and

Y = {0<t<l: t=Gg(s)=Gr_1(s) forsome 0 <s <1
and some k = 2,...,n}. (2.12)

Now we proceed to characterizations based on single order statistics. In the general
case, Rychlik [21] characterized the distribution G, as follows:

Theorem 3. (Rychlik [21], Theorem 1) A distribution function G is the distribu-
tion function of the mth order statistics, 1 < m < n, corresponding to a copula iff
the following two conditions hold

ns—m-+4+1 . ns
— | < < —_ <s< .
max(O,nm+1>_G(s)_mm(1,m), 0<s<1, (2.13)
0<G(t)—G(s) <n(t—s), 0<s<t<L (2.14)

A more subtle characterization in the absolutely continuous case is as follows.

Theorem 4. A distribution function G satisfying (2.13) and (2.14) is the distribu-
tion function of the mth order statistic, 1 < m < n, corresponding to an absolutely
continuous copula C' iff

p(E2uxy) =0 (2.15)
for
50 _ {0 <s<l: G(s)= me=mil } if m<n, (2.16)
B 0, if m=n,
0 if m=1
0 _ 9 )
o= { {0<s<1:G(t) =122}, if m>1. (2.17)

Remark 1. We first point out that Theorems 1 to 4 characterize distributions of
order statistics corresponding to exchangeable copulas as well. It is clear that in
each case it is possible to construct an exchangeable copula for which correspond-
ing distributions of order statistics satisfy the characterization conditions. Indeed,
renumbering the random variables, we obtain a sequence with the same distribu-
tion of order statistics. Taking the uniform mixture of all n! rearrangements of the
elements of the random sequence, we preserve the distribution of order statistics,
and get an exchangeable joint distribution of the vector. Similar arguments can be
found, e. g. in Spizzichino [24], p. 184 and [25].
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Note that (2.14) implies that all the marginal distributions of order statistics are
absolutely continuous with the densities bounded by the sample size n even if the
joint distribution is singular. Condition (2.11) guarantees that all the order statis-
tics are different with probability one. Condition (2.15) says that the distribution
function of order statistics cannot coincide with the increasing parts of the bounds

in (2.13) on a set of positive measure. It can be shown that G,,(s) = ffjll_’;” (22,
respectively) implies that Gp,(s) = -+ = Gn(s) (Gi(s) = -+ = Gp(s), respec-

tively). If either of the relations holds on a set of positive measure, the respective
order statistics would necessarily be identical with a positive probability. Formal
justifications of these facts can be found in the proofs below.

3. AUXILIARY RESULTS

We first present two propositions that can be of independent interest.

We denote by II the family of all permutations of the set {1,...,n}, and by 7(j)
the jth coordinate of .

Proposition 1. Suppose that distribution functions G, . .., G,, satisfy assumption
(2.10) and C* is a copula. Then

1 *
Cls1,er8m) = — D CHGr(52(1))s - - Gr(Sn(m)))s (3.18)
mell
is an exchangeable copula. Moreover, absolute continuity of C* implies the same

for C.

Proof. Each summand of (3.18) is a distribution function, and so is the convex
combination. Clearly, this is exchangeable. By (2.10), each G; is supported on [0, 1],
and [0, 1]™ is the support of (3.18) in consequence. We now show that its marginals
are uniform. To this end, we consider arguments such that 0 < s; < 1 for some
i=1,...,n,and s; =1 for j # i. Then, by (2.10), we have

C(1,...,1,8:,1,...,1)

_ %Z S OGO, Gy (1), Gy (50), Gyaa (1), ., G (1))

=1 (i)=j

_ %Z 3O, 1,Gy(s0), 1, 1)

=1l (i)=j

_ %Z(n —DIG,(s:) = si.

Assume finally that C* is absolutely continuous. By (2.14), which is a consequence
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of (2.10), the joint density function

80(31,.. Sn - Z oCc* G1 Sﬁ(l ) H 57r j)
n!
0s1...0sy, nﬁen $1...0 dsq(
is well defined almost everywhere. O

The formula describing copula (3.18) is quite simple for n = 2. Taking into
account the fact that G1(s) + Ga(s) = 2s, 0 < s < 1, we obtain:

Corollary 1. Suppose that distribution functions G, supported on [0, 1], satisfies
assumption (2.14) and C* is a copula. Then the function

Cs,t) = %(C*(G(s), 2% — G(b)) + C*(G(t), 25 — G(s))),

is an exchangeable copula. Moreover, absolute continuity of C* implies the same

for C.

Evidently distribution functions of the order statistics corresponding to copula
(3.18) may differ from Gy,...,G,. Below we show that by employing the copula
(3.18) we can describe however a construction which leads to a copula with the
desired vector of distribution functions of order statistics. We first introduce notions
of left-side- and right-side-continuous inverses of non-decreasing functions

g~ (t) = inf{s: g(s) >t},
g (t) = sup{s: g(s) <t}

Note that for continuous g : [0,1] — onto [0,1] both g and g are right-side inverses
of g so that

glg7 @) =t=g(g— (@), 0<t<L

Proposition 2. Let distribution functions Gy,...,G, satisfy (2.9) and (2.10).
Suppose that a copula Cj is a distribution functions of a random vector Vi,...,V,,
and the respective order statistics Vi.p, ..., Va.n have the joint distribution function

H(s1,...,80) = C*"(H1(51),..., Hn(sn)),

where Hi,...,H, stand for the respective marginals of order statistics and C* is
the copula describing the interdependencies among them. If

H(Gy(t) > - > HS (Gn(t), 0<t<1, (3.19)

then Gq,...,G, are the distribution functions of order statistics corresponding to
the exchangeable copula (3.18). Moreover, if Cj is absolutely continuous, then so is
(3.18).
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Proof. Define monotone transformations of order statistics
Z; =G (Hi(Vin)), i=1,...,n,

which have marginal distribution functions G;, i = 1, ...,n, and copula C*, identical
with that of Vi.p,,..., Vi (cf. Jaworski [11], Proposition 1). Let (Uy,...,U,) be a
random permutation of (71, ..., Z,). By definition, it has the common distribution
presented in (3.18). Relations (3.19) imply that Z; are almost surely ordered in the
ascending order, and U;.,, = Z; a.s., i = 1,...,n, by definition. This ends the proof
of the first claim. We finally observe that absolute continuity of Vi, ..., V,, provides
the same for Vi.,,...,Vy., and for its copula. The reference to the last claim of
Proposition 1 gives the final statement. O

Remark 2. We can also consider other constructions of copulas with desired
marginals of order statistics, that are alternative and simpler than (3.18). For in-
stance, we can use

1 .
Cw(sla sy Sn) = ; Z C (Gl(STi(ﬂ'(l)))? sy Gn(ST’(Tr(n)))) (320)
i=1
where 7 is the translation operator defined by 7(s1,...,8,) = (82,...,8n,51), 7' is

its i-fold composition, and 7 € II is arbitrary. One can also take an arbitrary convex
combination of functions (3.20). The only requirement here is that for each pair
1 < 4,j < n, coordinate s; of the left-hand side of (3.20) should be the argument
of G; at the right-hand side with the same probability 1/n. Usually, distribution
functions (3.20) are not exchangeable, but so is (3.18).

Remark 3. Suppose now that
Co(s1,--.,8n) =min(sy,...,sp). (3.21)

Then V4 = -+ =V, and Vi, = -+ = V., have identical marginals H;(s) =
-+ = H,(s) = s and copula (3.21). Condition (3.19) is naturally satisfied, and
Proposition 2 holds with )

C(sl, CER Sn) = ﬁ Z min(Gl(Sﬂ'(l))a LR Gn(sﬂ'(n))) (322)

mell

Rychlik [20] used (3.20) with 7 = 79 = (1,...,n) and C* = min for proving Theo-
rem 1. The trouble here is that (3.20), (3.21) and (3.22) are not absolutely contin-
uous.

So we face the following problem: given a fixed sequence of distribution functions
Gy,...,G, satisfying (2.9), (2.10), and the additional assumption (2.11), we should
construct an absolutely continuous copula Cjy such that the respective marginal
distribution functions of order statistics Hi, ..., H, satisfy (3.19). Note that the
following holds

H(t)<---<H7(t), 0<t<]l.
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It means that all H;, i = 1,...,n, should differ from the identity functions so little
that the compositions H; (G;(t)), i = 1,...,n, do not disturb the original ordering
(2.9) of functions G;, i =1,...,n.

Below in Lemma 1 we present some sufficient conditions guarantying that for
given Gy, ...,G, functions Hy,..., H, fulfill (3.19).

Lemma 1. For Gy,...,G, satisfying (2.9) and (2.10), define

31 -
pri(t) = Jt+7Gin(G (1),
3 1., ‘
@Q,i(t) - Zt"_ ZG'L( 1+1(t))3 1= ]., ceey— ]_7
and ] _
O1(t) = minfgr () i= 1.1}, (3.23)

(
Dy (
Then ®o(t) <t < ®y(t), 0 <t <1, and both the inequalities are sharp iff ¢ & 3.

Moreover, if Hy,..., H, satisfy

Do(t) < Hp(t) < --- < Hi(t) < ®y(t), 0<t<1, (3.25)
then (3.19) holds.

t) = max{py;(t): i=1,...,n—1}. (3.24)

Proof. Let 0 <t <1 be arbitrary. Note that

Giv1(G7 (1) >t > Gi(Gi (1)), (3.26)

QOLi(t) Z t Z (pg_yi(t), Z: 1,...77171, (327)

and Bo(t) <t < By (0). (3.28)
If t ¢ X, then all the inequalities in (3.26) to (3.28) are sharp. On the other hand,
t € ¥ implies that at least one of inequalities of (3.26) for some ¢ = 1,...,n — 1

becomes the equality. In consequence, we have the same in (3.27) and (3.28).
It follows from (3.25) that for all ¢ = 1,...,n — 1, we have
pai(t) > @5 (1) > Hy (8) = -+ > Hy (1) = @1 (1) = ¢1,4(D),
and
Hi7(Gi(t) = Hiy1 (Gig1 () = 01,i(Gi(t) — 02,i(Gia (1))

= 260+ (G (67 (Gi0) — S Gt (8) — {GiGr (Gia (1)
> 260+ 1Gin(0) - 3Gin(0) - 1Gi()
= 3G - Gina(®) 20,

where the middle inequality follows from
Gii1(Gina () <t < G (Gi()).
This ends the proof of lemma. O
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4. PROOF OF THEOREM 2

Necessity proof. Let Ui,...,U, be standard uniform random variables with the
distribution determined by an absolutely continuous copula. Let Gy, ..., G, denote
the marginal distribution functions of order statistics Uy.p,-..,Upn.n, respectively,
and ¥ be defined in (2.12). Contrary to our claim, assume that p(X) > 0. It follows
that at least one of the sets

Yr={0<t<1:t=Gi(s) =Gr_1(s) forsome 0 < s <1}, k=2,...,n,
has a strictly positive Lebesgue measure. We prove that for each k
Pr(Uk:n = kalzn) Z ,U(Ek:)a (429)

which, together with the above, contradicts absolute continuity of the joint proba-
bility measure.
We first show that for any 0 < s; < s9 < 1 the following holds

Pr(s1 < Ug—1.n < Ugen < 82) > p([Gr(s1), Gi(s2)] N k). (4.30)

If the intersection [G(s1), Gr(s2)] N Xy consists of one point or is empty then its
measure is equal to zero, and the inequality is valid. Otherwise we can select the
smallest and the greatest numbers t; < t, satisfying

t1,to € [Gr(s1), Gr(s2)] N Xy C [t1, ta].
Given t1,t9, we take s1 < §] < 85 < s9 such that
Gr(s)) = Gr-1(s)) = 1 < Gi(s5) = Gi-1(s3) = ta,
Then we obtain
Pr(s; < Up_1.n < Upin < 82) > Pr(s) < Up_1.n < Uy < 85)
Pr({Ukin < 85} \ {Uk—1:n < 81} > Gi(s3) — Gr—1(51)
ta —t1 = p([ts, t2]) = p([Gr(s1), Gr(s2)] N X)),

as desired.
Now we consider

-1 i)’
By = |, m=1,2,....
U(gmgn] - m

By (4.30), for all m we get

-
Pr((Up—1m, Uken) € E) = ZPr(

oo () ()] o) 2

lim Pr((Uk—LTu Uk:n) € Em) = Pr(Uk—l:n = Uk:n)y

m——+o0

relation (4.29) holds, and the statement is concluded. O

1—1

)
<U—'n<U'm§7
om k—1in > Uk: 2m>

Y%

Since
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Sufficiency proof. We assume that distribution functions Gy, ..., G, satisfy condi-
tions (2.9) to (2.11), and aim at constructing an absolutely continuous copula such
that Gy, ...,G, are the distribution functions of order statistics corresponding to
the copula.

This part of the proof of Theorem 2 consists in constructing an absolutely contin-
uous copula with the corresponding distribution function Hq, ..., H, of consecutive
order statistics which satisfy assumption (3.25). For this purpose we recall the no-
tion of ordinal sum of copulas (cf. Nelsen [19], Section 3.2.2 for n = 2 and Mesiar
and Sempi [16] for n > 2). The ordinal sum of copulas {C;}¥; (1 < N < +o0)
with respect to non-overlapping intervals {(a;,b;)}Y; (0 < a; < b; < 1) is a function
defined by

N
S1 — Q; Spn — Q5
C(Sl,...78n) Z(bl_al)cl<bl—a”b—a>

+ u ([O,min(sl, s\ U[ai,bi]> . (4.31)

i=1

It can be shown that (4.31) is a copula. One can generate random variables Vy, ..., V,
with the common distribution function (4.31) using the following procedure (which
can be easily adapted for a sampling). We first take a standard uniform variable V.
IfV € (a;,b;) for some 1 < ¢ < N, then we generate n random variables V7,...,V,
with the uniform marginal distributions on [a;, b;] and copula C;. If V' ¢ vazl (ai, b;),
we simply put Vi = ---V,, = V. Clearly a; < V < b; implies that a; < Vj.,, < by,
j=1,...,n, and we have V1., =---=V,.,, =V when V & Ufil(ai,bi). Therefore
the graphs of distribution functions Hy, ..., H, of the order statistics satisfy

N

{(s,Hj(s)): 0<s<1}C U[ai,bi]2 U{(s,s): 0<s<1}, j=1,...,n
i=1

If all the copulas C;, 1 < i < N, are absolute continuous with respective density
functions ¢;, 1 <7 < N, and vazl(bi —a;) =1, then (4.31) has the density

, otherwise .

1 [ s1—as Sn—0; if s B 5 —
C(Sl, el Sn) — { (bi_ai)n—l & (bi_ai 7Y bi—ay ) ’ lf SJ € (a’Lv bl)’ J= 17 RN

Now for Gy, . .., G, satisfying (2.9) to (2.11) and functions (3.23) and (3.24), we
define
Z={(t,x): 0<t <1, Oy(t) <a < Dy(t)} C[0,1]%

Note that ®o(t) < t < ®1(¢) iff ¢ € [0,1] \ ¥ which is an open set consisting of
at most countably many disjoint open intervals whose Lebesgue measures sum up
to one. We aim at constructing another at most countable family of disjoint open
intervals (a;,b;), 1 < i < N contained in [0, 1], with the same total measure and such
that Ugvzl[ai, b;]2 C Z. To this end we apply a recurrent procedure which at each
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step generates a finite number of intervals. We set first Uy = {(0,1)} and Vy = 0,
and given U,,, Vy,, n > 0, we define

Uppr = {(a,“;b>,<“;b7b) :(a,b)eun\vn},

Vi = {(a,b) €Upyr: [a,b])* C Z}.

Let W,,, n > 1, denote the sum of all disjoint open intervals contained in Vi, ..., V,.

Then N

W= lim W, = U(ai,bi), 1< N < oo,
n—oo

i=1

is an at most countable sum of disjoint open intervals (a;, b;), is contained in [0, 1]\ 3,
has the same measure and Uf\/:l[ai, b;)? C Z, as desired.

It remains to take the ordinal sum of arbitrary sequence of absolutely continuous
copulas (we can simply take all the identical product copulas) with respect to the
family of intervals {(a;,b;)}}¥;. The corresponding distribution functions of order
statistics Hy, ..., H, satisfy relation (3.25), and so (3.19) in consequence. Applying
the construction of Proposition 2, we obtain an absolutely continuous copula with

desired marginal distributions of order statistics. O

5. PROOF OF THEOREM 4

Observe first that condition (2.15) is equivalent to saying that pu(X_- UX.) = 0,
where

<t<1l: t= — ns—m+1 <o< .
v o {0<t<1: t=G(s) = 2oy for some 0<s<1}, ?f m<n, (5.32)

0, i m=n,

= 0, if m=1,
Z-‘r—s { { Stél t:G(S):%fOI'SOmeOSSS]_}’ lf m>1 (533)
because p(¥X_) = =g u(3?) and u(S4) = Zu(XG). The former condition is

more natural, but below we consider the latter one, because this is directly connected
with condition (2.11) of Theorem 2 which is applied in the proof.

Necessity proof. Suppose that Gi,...,G, are the distribution functions of order
statistics corresponding to an absolutely continuous copula and G,, = G. If m <n
and t = G(s) = "5111_’;7 € ¥ _, then, using notation (2.16) and (5.32), and applying

conditions (2.9) and (2.10), we obtain

n

nSZZGi(S) <m—14(n+1-m)Gn,(s) =ns,

which implies ns+1—m

C on4+l-m’
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and so t € ¥. Similarly, for m > 1 and t = G(s) = % € X relations

ns = Z Gi(s) > mGp(s) = ns,
i=1

= = e e . = — Z
t=Gi(s) G (8) i m €

Relation p(X_UX,) > 0 implies u(X) > 0, and by Theorem 2 contradicts continuity
of the joint distribution. O

Sufficiency proof. Suppose that G satisfying (2.13) and (2.14) is such that the sets
Y_ and ¥ defined in (5.32) and (5.33) have measures zero. Here we construct
a sequence of functions Gy, ..., G, satisfying (2.9), (2.10) and G,,, = G, and such
that the respective set X, defined in (2.12) coincides with X_ U ¥, . If its Lebesgue
measure were zero, it would enable us to determine an absolute continuous copula
with assigned distribution functions of order statistics G1,...,G, by use of the
method presented in Theorem 2. The construction is based on two following lemmas.

Lemma 2. If m > 1, then there exists a continuous function 4 : [0,n — 1] —
[0, m — 1] such that

(i) Aiszeroon [m—1,n—1],
(ii) functions x — x — A(x) and x — x + A(z) are non-decreasing,
(iii) for all s € [0, 1]
ns — G(s) — A(ns — G(s)) > (m — 1)G(s), (5.34)

(iv) the equality holds in (5.34) iff G(s) € ¥

Lemma 3. If m < n, then there exists a continuous function B : [0,n — 1] —
[0,n — m] such that
(i) B is zero on [0,m — 1],
(ii) functions z — x — B(z) and x — x + B(z) are non-decreasing,
(iii) for all s € [0,1]
ns — G(s) + B(ns — G(s)) — (m — 1) < (n —m)G(s), (5.35)

(iv) the equality holds in (5.35) iff G(s) € ¥ _.

Proof of Lemma 2. If X, = [0,1] then we simply put A = 0. Therefore
we further assume that 3 is a proper subset of [0,1]. We consider an auxiliary
function G4 : [0, 1] — [0,1] defined as

G4 (s) = min (1, ”S_G(S)> .

m—1
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Due to (2.14), it is non-negative and non-decreasing. By (2.13), we have

Gils) = min(l,mTiIZj— 1_10(3)>
> win (1,60 - LG)) = G

and the equality holds iff G(s) € ¥4 U{1}. Hence the graph of G is located above
the graph of G, and ¥ U {1} is the projection of the intersection of the graphs onto
the ordinate axis. Note that 0 € ¥, and 1 € X iff G(%*) = 1.

Below we transform the graphs changing the scales in both the axes by means of
the continuous mapping @ : [0,1]2 — [0,n — 1] x [0, m — 1] defined as

D (5,1) = (ns — G(s), (m — 1)),
The image of the graph of G,
®4(Graph G4) = {(ns — G(s),min(ns — G(s),m — 1)) : s € 0,1]}
= {(z,z):ze0,m—-1}U{(x,m—1):2 € [m—1,n—1]},
coincides with the graph of the function z — min(z,m — 1), 0 <z <n —1, and
&, (Graph G) = {(ns — G(s), (m — 1)G(s)) : s € [0,1]}.

Therefore
&, (Graph G) N &, (Graph G ) = &, (Graph G N Graph G.)

— {2 en ot - Lm- 66 = 1)

Ift € (0,1)\X4 then ((m—1)t, (m—1)t) € &, (Graph G4 ) lies above @ (GraphG).
Since ®, (Graph Q) is closed, there exists 0 < ¢ < min(¢, 1 —t) such that the square
[(m —1)(t —¢&f),(m —1)(t +¢&])]* does not intersect the image of the graph of G
either. The family of all the intervals {(t—&;",t+¢)}, t € (0, 1)\E+, is a covermg of
the open set (0,1)\ . We can select a countable subcovering {(t] — &, t7 +¢e1)},

i=1,2,... (where ¢; =&/ for convenience) such that
U —eftf +eh) = 0,0\ 24,
i=1

LJ[t:r el t7 +¢1?N @, (Graph G) = 0.
i=1
In contrast to the construction of Section 3, some intervals from the countable sub-
covering overlap so that the whole set (0,1) \ X is actually covered.
Set

sle—(m =0 =), if (m-D(7 —&f) <z < (m -1t
Ai(x) = sl +(m =D +&0)), if (m—1)t7 <z <(m-DE +ef),
0 otherwise.
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fori=1,2,..., and ~
Az) = —Ai(z), 0<az<n-—1

Since all A; are bounded, non-negative and continuous, the sum converges uniformly
and A is non-negative continuous. By definition, A vanishes on [m — 1,n — 1].
Moreover, since for each ¢ both z — x— A;(z) and « — x4+ A;(x) are non-decreasing,

so are the functions o
x—x+ Az Z (x £+ Ai(

i=1
It remains to prove that inequality (5.34) becomes the equality if G(s) € X,
and is sharp otherwise. If 1 > ¢t = G(s) = my;ifl(s) € X4, then A((m — 1)t) =
A(ns — G(s)) = 0, by definition, and so
ns — G(s) — A(ns — G(s))
m—1
Ift =G(%)=1¢ Xy, then s = 2 and ns — G(s) = m — 1, A(ns — G(s)) =
A(m — 1) = 0. Therefore both the sides of (5.36) amount to 1. This proves the
former claim.

= G(s). (5.36)

Suppose now that G(s) < t = == G(S) €0, D\Sy =Ur2, (¢ —ef it +¢f). If
t& (tf —ef,tF +¢f), then Al((m l)t) =0 and
ns — G(s) — Aj(ns —G(s))  ns—G(s)
— == > G(s). (5.37)
Ift e (tf —ef,tf +¢f), then

ns —G(ns) — Ai(ns —G(s)) = (m—1)t—A;((m—1)t)
> (m =1t —ef) = A((m - 1)t — <))

= (m-1)(tf —c}) > (m—-1)G(s),  (5.38)

because x — x + A;(z) is non-decreasing and the lower edge of the square
[(m — 1)t — &), (m — 1)(t7 + &))? lies above point (ns — G(s), (m — 1)G(s))
belonging to @ (Graph G). Therefore

ns — G(s) — A(ns — G(s))

m—1 —6)
— 1Z%n5— s)— A;(ns — G(s)) — (m—1)G(s)] > 0,

because, owing to (5.37) and (5.38), every term of the sum is positive. If either
S, Ft =0l g >G()orthf1(5) > 1 > G(s), then (m — 1)t =

m—1 m

ns — G(s) >m—1, A(ns — G(s)) =0 and

ns — () A(ns —G(s))  ns—G(s)
-1 m—1
This ends the proof of the lemma. O
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Proof of Lemma 3 is similar to the previous one. If ¥_ = [0,1], we set
B = 0. Otherwise we define the distribution function

nsG(s)(mn)

n—m

G_(s) = max <0,
Due to (2.13),

G_(s) = maX((),n—m—i—lns—m—l—l_ 1mG(s)>

n—-m n—m+1 n—

n—m-+1 1
< 0, —G(s) — G =G
< max (022G - L 60)) = 6l
and the equality holds iff G(s) € ¥_U{0}. In other words, the graph of G lies above
that of G_, and they touch each other when G(s) € ¥_ U {0}. Here 1 € ¥_, and
0ex_iff G(=) =0.

Consider the continuous transformation ®_ : [0,1]2 — [0,n — 1] x [m — 1,n — 1]
defined by

D_(s,t) = (ns— G(s),(n —m)t+ (m —1)).
Then
®_(Graph G_) = {(ns — G(s),max(m — 1,ns — G(s)) : s € [0,1]}

is identical with the graph of function z — max(m — 1,2), 0 <z <n — 1, and lies
below

®_(Graph G) = {(ns — G(s),(n —m)G(s) + m —1) : s € [0,1]}.

If t € (0,1) \ X_ then ((n — m)t + (m — 1),(n — m)t + (m — 1)) lies below
®_ (Graph G), and for some 0 < ¢; < min(¢,1 — t) the square [(n — m)(t —e; ) +
(m—1),(n—m)(t+e; )+ (m—1)]? is beneath ®_(Graph G) as well. We replace the
covering {(t —e; ,t+¢; )}, t € (0,1)\ 3_, of (0,1)\ ¥_ by a countable subcovering
{(t; —e;,t; +¢;)},i=1,2,..., such that

U[tZ —¢e;,t; +&;]*N®_(Graph G) = 0,
i=1

and define
sl —(n—m)(zy —e) = (m—1)],
if (n—m)(t; —¢; )+ (m—-1)<z<(n-—m)t; +(m—1),
Bi(z) = ¢ sl—z+(n—m)(t; +&; )+ (m—1)],
if (n—m)t; +(m—1)<z<(n—m)(t; +¢;)+ (m—1),
0, otherwise.

| —

B(x):i - B;(x), 0<z<n-—1.

i
=1

[\

We easily check that B is non-negative, continuous, equal to zero on [0,m — 1], and
such that functions x — x + B(x) are non-decreasing.
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If either 0 < ¢ = G(s) = 2=CLlnl) ¢ 33 or ¢ = G(2=1) =0 € %, then
B((n—m)t+ (m —1)) = B(ns — G(s)) =0, and
ns — G(s) + B(ns — G(s)) — (m — 1) _ns— G(s)—(m—1) — G(s).
Suppose that G(s) > ¢ = 2=CC=n=l) ¢ (0 D\S_. It & (1] — &7 ,t; +¢;),
then B;((n —m)t + (m — 1)) = B;(ns — G(s)) =0, and
ns — G(s) + B;(ns — G(s)) — )<G(s).
Ifte(t; —e;,t; +¢; ), then
ns — G(ns) + Bi(ns — G(s)) = (n —m)t + (m — 1) + Bi((n — m)t + (m — 1))
< (=m)(tf —&l) +(m—1)+ Bi((n—m)(tT —&]) + (m —1))
= (n-m){t —&l) +(m—1) < (n—m)G(s) + (m - 1),
because the upper edge of the square [(n — m)(t; —¢; ) + ( —1),(n —m)(t; +
i{) + (m — 1)]? lies beneath (ns — G(s),(n — m)G(s) + (m — 1)) € ®_(Graph G).
G(s) - ns — G(s) + B(ZS__mG(S)) —(m—1)
= % (n —m)G(s) — [ns — G(s) + B;(ns — G(s)) — (m — 1)]} > 0.
Finally, if either ¥_ # ¢t = % =0<G(s)ort= % <0<
G(s), then (n —m)t+ (m —1) =ns — G(s) <m —1, B(ns — G(s)) =0 and
ns — G(s) + B(ns — G(s)) — (m — 1) _ns— G(s)—(m—1) < G(s). -

We proceed to the last part of the proof of Theorem 4. To this end, we apply
the functions defined in Lemmas 2 and 3 for determining the sequence of continuous

functions
_ A B
Gie) = i (1’ ST G(S))) k=1,...,m—1,(539)
m—1
Gi(s) = Gls),
Gi(s) = max (0, nS_G(S)‘i‘ka(ns—G(s))—(m_1)>7
n—m
k:m+]‘7"‘7n7 (5-40)
where m_fzk’ it m>2,
- { 0, i om—2,
nomilo2k ip o]
bk = n—m-—1
07 lf m:nil’
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are decreasing sequences ranging between 1 and —1, and summing up to 0.
Therefore

! zcmﬁzsz*(@—me,

m—1

ns — G(s) — A(ns — G(s))>
m—1
ns — G(s) + A(ns — G(s)) — (m — 1))

n—m

> G(s) > max (0,
= Gz 2G(s) 20, (5.41)

where the inequalities in the second line follow from Lemmas 2(iii) and 3(iii). Since
the function s — ns — G(s) is continuous and non-decreasing, and due to Lemmas
2(ii) and 3(ii),

ns — G(s) + arA(ns — G(s)) = (1—lag|)(ns —G(s))
+ lakl(ns — G(s) + sgn(ax) A(ns — G(s))),
ns — G(s) + bpyB(ns — G(s)) = (1 — |bg|)(ns— G(s))

+  |brl(ns — G(s) + sgn(bg) B(ns — G(s))),

are non-decreasing for all a; and b, as well. This implies the same property for
(5.39) and (5.40). If nsg — G(sg) = m — 1 for some 0 < sg < 1, then

nso — G(s0) + arA(nso — G(s0))

Gi(so) = 1 =1, k=1,....,m—1,
- B(nso — —(m—-1
Gilso) = 150 G(s0) + bk énj’om Glso) =(m=1) _ o kit . om.

Accordingly, for all s < sq yields
ns — G(s) + arA(ns — G(s))

X = k=1,... -1
Gk(S) m—1 ) ’ , 1M ’
Gi(s) = 0, k=m+1,...,n,
and in consequence n
G (s) = ns. (5.42)
k=1
Similarly, relations
Gi(s) = 1, k=1,....m—1,
-G by B(ns — G — -1
Gys) = MG B Gl —(m=b) =,y
n—m
when s > sg, give the same claim then. Since moreover all G}, k = 1,...,n, are

continuous non-decreasing and have values in the unit interval, they are distribution
functions. Relations (5.41) and (5.42) show that they are distribution functions of
order statistics corresponding to a copula.

Note finally that G(s) = Gy (s) ¢ ¥_ U X, implies A(ns — G(s)) > 0, B(ns —
G(s)) > 0, and so Gi(s) > --- > G7(s), and ultimately G(s) ¢ ¥. When G(s) € ¥4
(X_, respectively), then Gi(s) = --- = GX,(s) = G(s) (G(s) = GE,(s) = -+ =
G (s), respectively), and so G(s) € ¥. Assumption u(X_ U3,) = 0 guarantees
existence of an absolutely continuous copula corresponding to G7,...,G}. |
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Remark 4. Rychlik [21] proved Theorem 3 using (5.39) and (5.40) with A(s) =
B(s) = 0. Then

Gi(s) = =G 1(s) =Gy (s) 2 G(s) 2 G(s) = Gl yi(s) = - = Go(s)
satisfy conditions of Theorem 1. However, they also imply
Ul:n = =Um—-1n S Um:n S Um+1:n == Un:n

almost surely, which contradicts continuity of the parent joint distribution.

ACKNOWLEDGMENT

The second author was supported by the Polish Ministry of Science and Higher Education
Grant No. 1 P03A 015 30.

(Received May 13, 2008.)

REFERENCES

[1] R.E. Barlow and F. Proschan: Mathematical Theory of Reliability. Wiley, New York
1965.

[2] R.E. Barlow and F. Proschan: Statistical Theory of Reliability and Life Testing.
Probability Models. Holt, Rinehart and Winston, New York 1975.

[3] B. Bassan and F. Spizzichino: Relations among univariate aging, bivariate aging and
dependence for exchangeable lifetimes. J. Multivariate Anal. 93 (2005), 313-339.

[4] P.J. Boland and F.J. Samaniego: The signature of a coherent system and its applica-
tions in reliability. In: Mathematical Reliability Theory: An Expository Perspective
(R. Soyer, T. Mazzuchi, and N. Singpurwalla, eds.), Kluwer Academic Publishers,
Boston 2004, pp. 1-29.

[5] H.A. David and H. N. Nagaraja: Order Statistics. Third edition. Wiley, Hoboken, NJ
2003.

[6] F. Durante and P. Jaworski: Absolutely continuous copulas with given diagonal sec-
tions. Comm. Statist. Theory Methods 87 (2008), 18, 2924-2942.

[7] F. Durante, A. Kolesdrova, R. Mesiar, and C. Sempi: Copulas with given diagonal
sections: novel constructions and applications. Internat. J. Uncertainty, Fuzziness, and
Knowledge-Based Systems 15 (2007), 397-410.

[8] F. Durante, R. Mesiar, and C. Sempi: On a family of copulas constructed from the
diagonal section. Soft Comput. 10 (2006), 490-494.

[9] J. Galambos: The role of exchangeability in the theory of order statistics. In: Ex-
changeability in Probability and Statistics (G. Koch and F. Spizzichino, eds.), North-
Holland, Amsterdam 1982, pp. 75—87.

[10] C. Genest, J.J. Quesada-Molina, J. A. Rodriguez-Lallena, and C. Sempi: A charac-
terization of quasi-copulas. J. Multivariate Anal. 69 (1999), 193-205.

[11] P. Jaworski: On uniform tail expansions of multivariate copulas and wide convergence
of measures. Appl. Math. 38 (2006), 159-184.



776 P. JAWORSKI AND T. RYCHLIK

[12] P. Jaworski: On copulas and their diagonals. Inform. Sci., to appear.

[13] H. Joe: Multivariate Models and Dependence Concepts. Chapman & Hall, London
1997.

[14] S. Kochar, H. Mukerjee, and F.J. Samaniego: The “signature” of a coherent system
and its application to comparisons among systems. Naval Res. Logist. 46 (1999),
507-523.

[15] C.D. Lai and M. Xie: Stochastic Ageing and Dependence for Reliability. Springer-
Verlag, New York 2006.

[16] R. Mesiar and C. Sempi: Ordinal sums and idempotents of copulas. Aequationaes
Math., to appear.

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

[18] J. Navarro, F.J. Samaniego, N. Balakrishnan, and D. Bhattacharya: On the applica-
tion and extension of system signatures in engineering reliability. Nav. Res. Logist.
55 (2008), 314-326.

[19] R.B. Nelsen: An Introduction to Copulas. (Lecture Notes in Statistics 139.) Springer,
New York 1999.

[20] T. Rychlik: Bounds for expectation of L-estimates for dependent samples. Statistics 2/
(1993), 1-7.

[21] T. Rychlik: Distributions and expectations of order statistics for possibly dependent
random variables. J. Multivariate Anal. 48 (1994), 31-42.

[22] F.J. Samaniego: On closure of the IFR class under formation of coherent systems.
IEEE Trans. Reliab. R-34 (1985), 69-72.

[23] A. Sklar: Fonctions de répartition & n dimensions et leurs marges. Publ. Inst. Statist.
Univ. Paris 8 (1959), 229-231.

[24] F. Spizzichino: Subjective probability models for lifetimes. (Monographs on Statistics
and Applied Probability 91.) Chapman and Hall/CRC, Boca Raton 2001.

[25] F. Spizzichino: The role of symmetrization and signature for systems with non-
exchangeable components. In:  Advances in Mathematical Modelling for Reliability
(T. Bedford, J. Quigley, L. Walls, B. Alkali, A. Daneshkhah, and G. Hardman, eds.),
I0S Press, Amsterdam 2008, pp. 138-148.

Piotr Jaworski, Institute of Mathematics, University of Warsaw, ul. Banacha 2, 02-097
Warszawa. Poland.
e-mail: P.Jaworski@mimuw.edu.pl

Tomasz Rychlik, Institute of Mathematics, Polish Academy of Sciences, ul. Chopina
12, 87100 Torurn. Poland.
e-mail: trychlik@impan.gov.pl



	INTRODUCTION
	CHARACTERIZATION RESULTS
	AUXILIARY RESULTS
	PROOF OF THEOREM 2
	PROOF OF THEOREM 4

