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Abstract: In this paper, we study the concomitants of dual generalized order statistics (and conse-
quently generalized order statistics) when the parameters 74, ..., v, are assumed to be pairwise
different from Huang-Kotz Farlie-Gumble-Morgenstern bivariate distribution. Some useful re-
currence relations between single and product moments of concomitants are obtained. Moreover,
Shannon'’s entropy and the Fisher information number measures are derived. Finally, these measures
are extensively studied for some well-known distributions such as exponential, Pareto and power
distributions. The main motivation of the study of the concomitants of generalized order statistics
(as an important practical kind to order the bivariate data) under this general framework is to enable
researchers in different fields of statistics to use some of the important models contained in these
generalized order statistics only under this general framework. These extended models are frequently
used in the reliability theory, such as the progressive type-II censored order statistics.

Keywords: concomitants; dual generalized order statistics; Huang—Kotz FGM family; Shannon’s
entropy; Fisher information number

1. Introduction

In testing the strength of materials, reliability analysis, lifetime studies, etc. the real-
izations of experiments arise in nondecreasing order and, therefore, we need to consider
several models of ascendingly ordered random variables (RVs). Theoretically, many of such
models, such as ordinary order statistics, order statistics with non-integral sample size,
sequential order statistics, record values, Pfeifer’s record model and progressive type-II
censored order statistics (POSs), are contained in what is known as the generalized order
statistics (GOSs). The concept of the GOSs was introduced by [1] as a unified approach to
these aforesaid models. The concept of GOSs enables a common approach to structural
similarities and analogies between several models of ascendingly ordered RVs. Well-known
results can be subsumed, generalized, and integrated within a general framework. There-
fore, the concept of GOSs provides a large class of models with many interesting, important
and useful properties for both the description and the analysis of practical problems.

The dual GOSs (DGOSs) was introduced by [2] as a parallel concept of GOSs to
enable a common approach to descendingly ordered RVs. The DGOSs contain many
important models of ordered RVs such as reversed order statistics, lower k-records and
lower Pfeifer’s records. Burkschat et al. [2] has shown that (cf. Theorem 3.3) there is a
direct link between DGOSs and GOSs. Therefore, for any result in the model of DGOSs,
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there exists a corresponding one in the GOSs model. Consequently, all the results of this
paper can be easily transformed into the GOSs model. Let F(.) be an arbitrary continuous
distribution function (DF) with probability density function (PDF) f(.). Then, the RVs
Xy(1,n,1m,k) > Xy(2,n,0m,k) > ... > Xz(n,n,1i, k) are said to be DGOSs if their joint
probability density function (JPDF) is given by (cf. [2])

- n n—1
A (1, ey (11%) (H F””’“1(xj)f(xj)>F“(xn)f(xn),
j=

j=1

where F~ (1) >x1 > > x> Ffl( ). The parameters 71, ..., v, are defined by v, = k >
0,7 = k—i—n—r—f—):” 1m],r— 1,...,n—=1, and 1 = (my,my,...,my,_1) € R.

In this paper, we assume that the parameters 71, ..., v, are pairwise different, i.e.,
Yi #vj,i # j, i,j = 1,2,...,n — 1. With this assumption, we get a very wide subclass of
DGOSs, which contains the reversed m-DGOSs (m-DGOSs model is an important subclass
of DGOSs, for which mq; = my = ...m,_1 = m), the reversed order statistics and the lower
Pfeifer’s records. For this general subclass of DGOSs, the PDF of rth DGOS, 1 < r < n, and
the JPDF of rth and sth DGOSs, 1 < r < s < n, respectively, are given by

fXd(r,n/mk — 1’ 1 Zg F% f(x), X € R, (1)

and

_ i r .
s Xanns) (x,y) = Cooa [Ly 07 (9) () ] [Ty (VP 0 {4 x> v, @)

1<i<r< n,andal(r)(s) = ﬁ
j=r+1
o
s < n (cf. [2,3]), respectively. For more detail about this general subciass, see [4-6].

Morgenstern [7] introduced Farlie-Gumble-Morgenstern (FGM) bivariate distribution
for the Cauchy marginals. Later, [8] studied FGM for exponential distribution. Farlie [9]
considered this family in the general form Fx y(x,y) = Fx(x)Fy(y)(1 4+ a(1 — Fx(x))(1 —
Fy(y))), =1 < a < +1, where Fx(x) = P(X < x) and Fy(y) = P(Y < y) are its arbi-
trary marginal DFs. The FGM family with general marginal DFs is a flexible family of
bivariate DFs and valuable in many applications that are connected to data that exhibits
low correlation.

In the last two decades, many authors have dealt with modifications of the FGM
family allowing high correlation between its components. For example, see [10-25]. One of
the most important and flexible generalizations of the classical FGM family was introduced
by [26] by adding an additional shape parameter. The DF and PDF of the Huang and
Kotz’s generalization (denoted by HK-FGM) are given by

g+1<i<

i—Yi

.
where C,_; = 1_[1%‘, a;(r) = v 7’
i=

10
=

Fxy(x,y) = Fx(x) B () [1 4+ = Fy(x) (1 = F ()], p >0, ®)
and

frx(xy) = fx(@)fr ) [1+a(l = 1+ p) )0 = A+ RG], p>0,

where fx(x) and fy(y) are the PDFs of the RVs X and Y, respectively. The HK-FGM
family (3) allows correlation higher than the FGM family (i.e., for p = 1). The admissible
range of values for the association parameter a in the family (3) is —p~2 < a < p~! and
the range between the maximal and minimal values of the correlation coefficient p is given
—(p+2)?min(1,p*) < p <3p(p+2)72
The concept of concomitants, which are also called the induced order statistics, arises
when one sorts the members of a random sample according to corresponding values
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of another random sample. The general theory of concomitants of order statistics was
originally studied by [27]. For a comprehensive review of some applications of the concept
of concomitants of order statistics, see [28]. Let (X;,Y;),i = 1,2,...,n, be a random
sample from a bivariate DF Fx y(x,y). If X;(r, n, 1, k) be the rth DGOS, then the Y value
associated with X (r, n, 1, k) is called the concomitant of the rth DGOS and denoted by
Y nmk,t =1,2,...,n. The PDF of the concomitants of rth DGOS is given by (cf. [29,30])

Fommien @) = [ Feixlyle) femm (o, @

where fXa(r1mik) (x) is the PDF of X4(r, 1,1, k) (defined by (1)) and fyix(y|x) is the condi-
tional PDF of Y given X. More generally, for 1 < r < s < n, the JPDF of the concomitants
of rth and sth DGOSs is given by

o rxq _ _
Ftesmimp) (Y1, y2) = [ . /f oofy\x(%lﬁ)fy\x(]/z\xz)f Kalrmmk) Xa(smim k) (x,, xp)dxadaer,  (5)

where fXa(rmik), Xa(snmk) (x1 x,) is the JPDF of X4(r,n,1,k) and X4(s, n, 11, k) (defined
by (2)).

Shannon [31] proposed a measure of uncertainty or variability associated with a
given RV, as a generalization of Boltzman—Gibbs entropy of classical statistical mechanics.
Later, this measure was popularized in the name Shannon entropy. The Shannon entropy
measures the quantity of knowledge gained, or removed uncertainty, by disclosing the
value of a RV. In the literature, many studies about this measure can be found, e.g., [32-34].

The Fisher information (FI) number is the second moment of the “score function”,
and it is an FI for a location parameter (cf. [35]). In recent years, the FI number has been
frequently used in different aspects of science. For example, the FI number has been
used to develop a unifying theory physical law called the principle of “extreme physical
information”(cf. [36]).

In the literature, there are many authors that investigate the concomitants of GOSs
whilst considering some information measures. Tahmasebi and Jafari [37] studied the FI
number for concomitants of m-GOSs in the FGM family. Mohie El-Din et al. [30] studied
the concomitants of GOSs from the FGM family, when ; # 'y]-,i #j,i,j=12,...,.n—1
Moreover, Mohie El-Din et al. [38] studied the Shannon entropy and the FI number
for the concomitants of m-GOSs from FGM family for some special known marginals.
Recently, Abd Elgawad et al. [10] studied the FI number for concomitants of m-DGOSs in
the HK-FGM family. As a natural extension of the results obtained by [30,38], we study
the concomitants of DGOSs (in the case when ; # Vi #ij,1,j=12,...,n—1) from
the HK-FGM model. Furthermore, the Shannon entropy and FI number of DGOSs from
the HK-FGM model are investigated for some marginals, such as exponential, Pareto and
power function distributions.

The distributional properties and some important information measures such as FI
number and Shannon’s entropy of the concomitants of GOSs and DGOSs from some
important extensions of the FGM model, such as the HK-FGM model, were recently
studied in [10-15]. All of these studies were carried out for the submodels m-GOSs and
m-DGOSs, which include many interesting models such as ordinary order statistics and
sequential order statistics. However, a lot of practical important models contained in the
families of GOSs and DGOSs are excluded from these submodels, e.g., the POSs. The POS
model is an important method for obtaining data in lifetime tests, where live units removed
early on can be readily used in other tests, thereby saving cost to the experimenter, and a
comprise can be achieved between time consumption and observation of some extreme
values. In this paper, we study the concomitants of GOSs and DGOSs from the HK-FGM
model under a general set up including general important censoring models such as POSs.

The remainder of this paper is organized as follows. In Section 2, we study some
important distributional characteristics, such as the marginal DF and some useful recur-
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rence relations between moments for the single and product of the concomitants of the rth
DGOS for HK-FGM model for any arbitrary marginal. Moreover, the concomitants of the
POSs are studied for this model. Section 3 is devoted to studying the Shannon entropy for
concomitants of DGOSs from the HK-FGM family. This measure is evaluated and studied
for some well-known distributions such as the exponential, Pareto and power distributions.
The study of the FI number is tackled in Section 4, where it is computed and studied for
the exponential, Pareto and power distributions.

2. Concomitants of DGOs Based on HK-FGM

In this section, the marginal DF, moment generating function (MGF), moments and
some recurrence relations between MGF and moments for single and product of concomi-
tants of DGOSs for the HK-FGM model are obtained for any arbitrary marginals. Moreover,
the concomitants of POSs are studied for the HK-FGM model.

2.1. Marginal Distribution of Concomitants
Let X ~ Fx and Y ~ Fy. Then, the PDF given in (4) can be written in the form

Frmansent®) = [ Pyl fRe0m0 )
= [" A[1a(1 = 0+ ELA - 1+ P ) ]{,12 EE () >] ©

= A{1+ A= A+ DY) i} = A1) + iy () = fr )]
= (1 + Qr,n,rh,k:p)fY (y) - Qr,n,ﬁz,k:pr (]/)/

Vi

.
where fy(y) is the PDF of the RV V ~ F{;H and O, i kp = & {1 -(1+p)C1 X “’Sf;} .
i=1

Remark 1. By considering the well-known relation between the DGOSs and GOSs (cf. Theorem 3.3
in [2]) and by putting p = 1 in (6), the marginal PDF of concomitants of GOS for FGM can be
easily deduced, which was obtained by [30].
By using (6), the MGF of Y}, ,, 1 is given by
M[r,n,r?z,k:p] (t) = E[exp(ty[r,n,m,k])] = (1 + Qr,n,rh,k:p) MY(t) - Qr,n,fn,k:p MV(t)/ (7)

where My (t) and My (t) are the MGFs of RVs Y and V, respectively. Thus, by using (6) (or
by using (7)), the {th moment of Y|, ,, ;) is given by

14 14 14
yfr,)n,rﬁ,k:p] = E[Y[Ky,n,m,kﬂ = (1 + Qr,n,nﬁ,k:p) ng) - Qr,n,m,k:p Vg/)/ (8)

where yy )= [Y!] and y%f )= [VY]. In general, if i(y) is a measurable function of y, then

E[h(y[r,n,ﬁl,k]ﬂ = (1 + Qr,n,ﬁz,k:p) E[h<Y)] - Qr,n,m,k:p E[h(V)],

provided the expectations exist. The following theorem gives a useful general recurrence
relation for E[1 (Y[, ,, i 4))]-

Theorem 1. Forany2 <r < n, we get

B 0] ~ EDY 1)) = 8901+ 9)Cr-2 1o 2 EIH(Y)] ~ E(V)),
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Proof. By using the easy-to-prove relations a;(r — 1) = (v, — v;)ai(r), C,—a = C;f and
i a;(r) = 0, we can write
E[h(Y[r,n,rh,k])] - E[h(Y[r—l,n,ﬁt,k])] = (anmk:p Q- lnmkp) (V)])

_ i(r)

- 1+p<rz§;7ﬁm ,.;%%+p><[<n E[h(V))

= —a(1+p)C 22 o— (V)] = E[r(V)])

i=1 It
_ a;(r )
= ap(l+p)C 2121 Yt p (E[r(Y)] = E[R(V)]).

O

Example 1. Usually, in lifetime experiments, due to the restrictions of limited time and cost,
accurate product lifetime data cannot be observed so we have censored data. One of most important
censoring schemes is progressive type-1I censoring. In this example, we consider the POSs with
general censoring scheme (R, ..., Ry). Let Fx y be a continuous bivariate DF. Furthermore, let

XR X§n,..., X,Iin be POSs with general scheme R = (Ry,...,R,), where N = n + Y Ri

1:n’
identical units are placed on a lifetime test. Bairamov and Eryilmaz [39] derived the PDF of the

concomitant YR of the POS XK, by

fyR - 7’ 1 Zl fY[l’y
iz
r r
where C,_, = H vj,ai(r) = I1 %iwl < i < r < n, the empty product [, is defined
j= =1 '
j#i
to be 1, 7] = N YIIR —j+1,1 <j<ny =N, fig,(x) = 9(1— F(x))7f(x)
and fy 1:7-] = [, frixW|x) fiy; (x)dx is the PDF of the concomitant of the minimum order

statistics from a sample of size ;. Now, let Fx y be HK—-FGM with uniform marginals. Then,
Fxy(xy) = xy[l +a(l—xP)(1=yP)], 0 < xy < 1and fxy(x,y) =1+a(l = (1+p)aP)
(1= (14 p)y?). Thus,

Py @) =141 = (1 +p)y?) = rie(1+p)(1 = (1 + p)y?)B(7i, p + 1)

Therefore, the PDF of Y[If:n] is given by

fyR - mZ {1+tx —(1+p)y’) —vie(1+p) 1= 1+ p)y?)B(ri,p +1)}.

2.2. Joint Distribution of Concomitants of DGOSs in HK—-FGM Model

The following theorem gives the JPDF f, ; , i k.p] (V1, y2) (defined by (5)) of the con-
comitants Y|, ,, 5 and Y[ ,, 5,7 < 8, in the HK-FGM model for arbitrary marginals.

Theorem 2. Forany 1 <r <s < n, we have

FrammrenW1¥2) = Frm) fru2) [14+ Qe (1= A+ p)FL (1))
+Qrs 1,17,k p X (1 - (1 + P)pr (yZ)) (9)
+Qrsnmkp(1 - (1 + P)F}r/)(]h)) (1 - (1 + P)pr(y2)>}/
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" |
where Qg gy = [1 — (14 p)Csy <z§_, i jj}) (o ggf;)} and

s a(V)( r ; r @ (r)
or =a|Qy gy —a(l+p) —(1+p) i .
ek PR 12171"’? =1 : ;7i+2p
(r)
Proof. By using (2) and (5), and the easy-to-prove relations i al'y(s) = g’*i and
i=r+1 ! o

- ai
1Y

J ,r) =1, we get
i=1 "

0;/ x; (A ) (1 +a(l = (14 p)Fy(x) (1 = (1+ p)F(y1))

FAr2) A +a(l— (14 p)Fi(x2)) (1~ (1 + p)F(12)))

S x Yi
. [z o (E0)

r+1

= Csl/

—

f[r,s,n,m,k:p] (yl ’ .]/2)

Il
= t—

> >F%‘<x1>] flat) ) g g,

i=1

—

Frly) (1 +a(1 = (14 p)FE(x1)) (1 = (1 + p)FY (1))

X ial F% x1)fx(x1)]
i=1
< 3 [ 1+a<1—<1+p>P”<xz>><1—<1+p>P$<yz>>>}
X y a. ) fX( ) X X
L n) Fx(x J‘“}”“
s) s a(s)
= |frly ( )+“f¥(]/2)(1—(1+P)Fp(}/2))<E l,y, )]
i=r+1 1
< |cfrn) (; "éf) T aCor fely) (1~ (14 p)EL(y))
. i(r) ra(r)
BT an(Ea))

s al@(s)

(1 p)afytan) (0 (PR ) T 50 Cafiian) (21 jjﬂf)p)

+ ths—lfY(yl)((l—(1+p)F§(y1))){<i a'i<r>>_(1+p)<i (1) )H
O

=it rit2p

As a direct consequence of Theorem 2, the joint MGF of concomitants Y|, , ;1 and
Yisumi, T < s, in the HK-FGM model (3) is given by

Mipsnmip) (t1t2) = My(t1)My(t2) + Qy inkp [My (t1) My (t2) — My (£1) My (£2)]
+0Q, s,n,rﬁ,k:p[MY(tl)MY(tZ) - MY(tl)MV(tz)]+ (10)
OF ¢ i jep My (t1) — My (t1)][My (t2) — My (t2)].

The product moment E[Y(K) Y\ = ul

k] [s,n,ﬂz,k]] = y[r’srn/m’k:p},ﬁ,q > 0 is obtained directly

from (10) as
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2 y . é Z [
‘ufr,g,iz,ﬁz,k:p] = M@V&” + Qr,n,m,k:p[}l(y)#gf) - yyygﬂ)] + Qr,s,n,m,k:p[ﬂ(y)ygf’) _ ng)ﬂif)] o
* l Vi
0y i1 — ).

Remark 2. By considering the well-known relation between the DGOSs and GOSs and by putting
p = 1in (9), the JPDF of concomitants of GOSs for FGM can be easily deduced, which was obtained
by [30].

)

The following theorem gives a useful general recurrence relation for yffs qn ep]

(r)
Theorem 3. Let L,(p) = YF (1) ond Lis(p) = X% g ()

i=1 7;+p i—ri1 9p - Forany 1 <r <s—1<
n—1, we get

£, L, Y4 V4
I el — F e = 4P (U4 ) oL (p) Lo (p) [ 1) — 3t 1?]

—a2(14p)(1 = 75— p)(Le(p) — (1 + p)Lr(2p)) Lrs(p) (1) — wD) [l — ).

Proof. By using the easy-to-prove relations al(r) (s—1) = (ys— 'yi)al(r) (s) and i al@ (s) =
i=r+1
0, we can easily get

Qr,s,n,m,k:p - Qr,sfl,n,nﬁ,k:p = _‘X<1 + P)L’(P) [CsflLr,s(P) —Cs oL 51 (P)]

Con & 7l (s)

)3

=ap(1l+p)Cs_2L,(p)L
Vs i—r+1 ’yl—|—p p( P) 5—2 r(P) y,s(p)

= —a(1+4p)L:(p)
and
:,s,n,rh,k:p - Q:s—l,n,rh,k:p = _az(l + P)(Lr(P) - (1 + P)Lr(zp))[LV,S(P) - Lr,Sfl(P)]

s _ ; agr) S
= —a*(1+p)(Le(p) - (1+P)Lr(2P))i£1 . WTJZP) =

= —a®(1+p)(Le(p) = (1 + p)Le(2p)) (1 = 75 — p)Lrs(p).

By combining the two last equalities with (11), we get the required result. [

3. The Shannon Entropy for Concomitants of DGOSs from the HK-FGM Family

By using (6) and Theorem 2.2 in [10], we can easily get an explicit form of the Shannon
entropy for concomitants of DGOSs from the HK-FGM model (3).

Theorem 4. If Y, , i is a concomitants of rth DGOS in the HK—=FGM family, then an explicit
expression of the Shannon entropy of Y, ,, 1, for 1 < r < n, is given by

H(Y[r,n,m,k]) = _E[log f[r,n,rh,k:p] (Y[r,n,m,k] )]

(12)
:Yr,n,m,k:p + H(Y><1 + Qr,n,rﬁ,k:p) + (1 + p)Qr,n,m,k:pch:p(u)r

where H(Y) = —E(log fy(Y)) = — [* fy(y)log fy(y)dy, i.e., the Shannon entropy of Y,
Dy (u) = [ FL () fr(y) log fr(y)dy = [y u? log fy(Fy " (u))du and
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2
p (1+Q 1, k: )7PQ 1,1,k
Yr,n,r?t,k:p = rnml_ip rALEep log(l — PQr,n,ﬁI,k:p)
p(1+0r,n,7ﬁ,k:p) Zoo 1 ( (1+P)Qr,n,rh,k:p )k71 (13)
I+p k=1 k-‘r%—l 1+Qr,n,rﬁ,k:p :

Remark 3. If Q) 5 x.p > 0, representation (6) enables us to write

(@) < min < ! )
ro ki > 2 =
P <R\ +p)Fy) 1) p

Therefore, in order for the Shannon’s entropy defined in Theorem 4 to be finite, it is sufficient
to assume that pQYy , i k.p # 1 (this guarantees that Y i kop 18 finite).

In the next subsections, we study the moments and Shannon entropy of concomitants
of DGOSs from the HK-FGM model (3) for some well-known DFs.

3.1. Exponential Distribution

The PDF and Df for exponential distribution are given by f(y) = e~ ¥, 0 <y < oo, and
F(y) =1— e, respectively. From (6), the PDF of the concomitant of Y, ,, ;5 4 is given by

f[r,n,r?z,k:p] (y) =e Y [1 + Qr,n,nﬁ,k:p (1 - (1 + P) (1 - e—y)P)] :

(£)

Let Pl pl be the ¢th moment of Y[, ,  x)- Thus, from (8), we get
14
My = T D+ Oy (1= (14 p)AE )],

o)
where A(¢;p) = ]50 T N

From (9), the JPDF of Y|, , 1 and Y[ ,, s 1 is given by

(p) = oo, if p is non-integer and X(p) = p, if p is integer.

f[r,s,n,rh,k:p] (yll yZ) = e*(y1+y2) [ 1+ Qr,n,ﬁi,k:p [1 - (1 + P)(l —e ¥ )P} + Qr,s,n,nﬁ,k:p
< [1= @4 p) (A=) |+ 08 i [1 - A+ p (=) ] 1= (14 p) (1 —e72)7]].

(£q)

[r,s,mm,k:p]

Letu
we get

be the ¢th and gth joint moments of Y|, , 1 and Y ,, s x)- Thus, from (11)

I e = T DTG+ D+ O (1= (1 PIAEG ) + Qi (1= (14 p)A @3 p))
O ey (L— (L+p)AGP)) (1= (1+p)A(g:p))]-

Theorem 5. Let Y|, , ; i) be the concomitant of rth DGOS for exponential distribution. Then, the
Shannon’s entropy of Y|, , i ), for 1 < r < n, is given by

H(Y[r,n,iﬁ,k]) = Yr,n,m,k:p + (1 + Qr,n,rh,k:p) - Qr,n,m,k:p [V + 4’(? + 2)]/

where v = —T'(1) = 0.57722 is the Euler’s constant, 1(.) is the digamma function and Yo kp
is defined by (13).

Proof. From (12), we get

H(Y[r,n,rh,k} ) = Yr,n,rﬁ,k:p - (1 + Qr,n,r?t,k:p) fooo e Y 108 E*ydy
+(1+ ) Qi kep f0°°(1 —e V)PeVioge Vdy (14)
= Yr,n,m,k:p + (1 + Qr,n,nﬁ,k:p) + (1 + p)Qr,n,m,k:pI‘
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In order to find I = [;7(1 — e ¥)Pe ¥ loge Ydy, we note that U(t) = [;°(1 —e¥)?

f))fdy = [;°(1—eV)PeVdy = fo (1—z)Pzi"ldz = B(t,p+ 1) (by putting z = e V).

Therefore, we get U(t) = a%—gt) =B(t,p+1)[p(t) —(p+1+t)]. Thus, we get

) =1=p1p+1)p1) - p(p+2)] = 571 [[1) - v(p+2)] = ZHlv+¢(p+2)].  (15)
By substituting (15) in (14), we get the required result. O

3.2. Pareto Distribution

The PDF and DF for Pareto distribution are given by f(y) = ay~(“t1),y > 1, and
F(y) = 1—y~"a > 0, respectively. From (6), the PDF of the concomitant of Y|, ,, 4 is
given by

f[r,n,r?z,k:p] (y) = a]/i(aJrl) [1 + Qr,n,rﬁ,k:p (1 - (1 + P) (1 - yiu)p)} :

Moreover, by using (8), the /th moment of Y], ,, ; 1 is given by

a—{0)(p+1 a—1{
Vfr)nmkp] €|:1+an#1](;;|:1_( )ﬂ(p ),3< P ,p+1>:|:|,€l>€.

From (9), the JPDF of Y], , i 1 and Y[ , s & is given by

—(a - —a\?
f[r,s,n,m,k:p] (ylryz) = maY, ( l+1)y2 etl) [1 + Qr,n,ﬁl k:p [1 - (1 + P) (1 — W 1) }

—ap

+Qr,s,n,n"1,k:p X [1 — (1 + P)( Y
+Qrsnmkp[1 - (1 + p) (1 _y;m)p} [1 - (1 +P)( :1/2_”2>p]

Finally, from (11), the {th and gth joint moments of Y|, , 1 and Y[, ,, ;» 1) are given by

(Lq) _ aqa (a1—0)(p+1) a;—/{
Ml smimkp) = (ul—éﬁ(éz—q) [1 + Qr,n,m,k:p [1 - alp ﬁ( 4=t 1)}

+Qr,s,n,rh,k:p [1 - wﬁ(b q'p + 1)} + Qrsnmkp

az

« Eg(“l‘i(lﬁ‘l)ﬁ(ﬂl — P+1>:|[1 (ap— ‘7(P+1)ﬁ(ﬂ2 q p+1)”
a a > q

Theorem 6. Let Y|, , 1) be the concomitant of rth DGOS for Pareto distribution. Then, the
Shannon entropy of Y|, , i k), for 1 < r < n, is given by

H(Y} i) = Yrmkpt (1 + Qe ikep) [1 + % —log ﬂ} Qi keplv +¥(p +2)—logal,
where Y, y i k.p 1S defined by (13).
Proof. From (12), we get
H(Y i) = Yomikp = 1+ Opniicp) /1 " ay= D log(ay )y

+(1+ ) Qi jep X / (1—y~")Pay~ D log(ay~("+1)dy
1
—= Y}’,i’l,ﬁl,k:p - (1 + Qr’n,m,k:p)ll + (1 —|— p)Qr,n,m,k:pIZ-

(16)
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To find ) = —H(Y) = [;” ay~ @+ log(ay~(*+1))dy, we note that T(t) = ["[f(y)]'dy
_ at aT() _atl Ha+1)
= Jaly Dy = t(a+1) 7 and =T(t) = (a+(i§i1 - (t(a+al)71)2’ Thus,

(a+1)'

T(1) =I; = loga — (17)

Furthermore, to find I = [{”(1 —y~%)Pay~(**1) log(ay~(**1))dy. We note that U (t) =
= y*“)”[f(y)]tdy = [P -y Pty @y = a1 [1(1 - z)Pz" )iz
”t_lﬁ(f(lza) — Pt 1) and

G() = a1B(H(E0) — L p+1) loga+y(1(52) — 1) —p(t(H2) — L+ p+ 1)
Therefore, we get

U(1) =L =B, p+1)loga+p(1) — p(p+2)]

1 (18)
= siqlloga+1(1) = p(p+2)] = 74[v+¢(p +2) —logal.

By substituting (17) and (18) in (16), we get the required result. O

3.3. Power Function Distribution

The PDF and DF for power distribution function are given by f(y) = ay1,0<y<1,
and F(y) = y%,a > 0, respectively. From (6) the PDF of the concomitant of Y[, , 54 is
given by

f[r,n,ﬁl,k:p] (]/) = uyuil [1 + Qr,n,rﬁ,k:p(l - (1 + p)yup)} .

Moreover, from (8) the /th moment of Y, , | is given by

(€) a B PEQr,n,m,k:p
Mkl = 00|~ a@+p) + 0]

Furthermore, from (9) the JPDF of Y|, ,, i k], Y[s k), 1S given by

f[rsnmkp](ylfyZ)_alazyal 1ya2 1{1+anmkp{1_(1+p)yulp}

+Qsmmpep 1= U+ PR | + Oy [1— A+ P | [1 = 1+ P3|,

and from (11) the /th and gth joint moments of Y|, ,, k], Y[s 4], then:
(€q) ayap {1 _ PéQr,n,m,k:p B qur,s,n,m,k:p
Fosnmin = G+ (e + ) ||~ m(@+p)+ aa(l+p)+g

+ p2£qusnmkp
(@ (1+p) +O)(a2(1+p) +q) |

Theorem 7. Let Y|, , ; i) be the concomitant of rth DGOS for power function distribution. Then,
from (12), the Shannon entropy of Y|, , i i), for 1 < r < n, is given by

H(Y[r,n,m,k]) = Yr,n,rh,k:p + (1 + Qr,n,ﬁz,k:p) {l - % - IOg a} - Qr,n,ﬁl,k:p {ﬁ - m - logﬂ .

Proof. From (12), we have
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1
H(Y[r,n,ﬁl,k]) = Yr,n,m,k:p - (1 + Qr,n,ﬁz,k:p) /0 uyail log(ayuil)dy

1
+ 1+ P)Qy it kep /0 y*Pay" log(ay"1)dy

= Yr,n,m,k:p - (1 + Qr,n,m,k:p)ll + (1 + P)Qr,n,m,k:pIZ (19)
1 To find I} = —H(Y) {01 ay*~1log(ay™~ 1)dy, we note that T (¢ fo fy))idy =
t T(t . 1
Joatyta=Day — - a 1 and () =T(t) = t(’;_(i‘c)”il — (t(a£a1)+)1)2'ThuS’ we get
T(1) = = loga — (”;71) (20)

Furthermore, to find I = fol y"Pay* log(ay"~ )dy, we note that U (¢ fo wPf

1 . TR — 1 “( 1)
d}/ f t t(a— 1)+apdy — and U(t) _ t(ufl)(faap+l _ (t(ail)‘lﬂqu)z_ Therefore,
we get

at
t(a—1)4ap+1

2o . loga (a—1)
u(1)_12_1+P—a(1+p)2. (1)

By substituting (20) and (21) in (19), we get the required result. O

4. The FI Number for Concomitants of DGOSs from the HK-FGM Family
The FI number of the RV X having PDF fx(x) is defined by (cf. [40,41])

LR SENC DT

fx 0x
Clearly, the FI number has the following properties:

O I, (eX) =1 e (X)/c?, where ¢ > 0 is any scale parameter.

(Im I fero (X+60)=1 i (X), where 0 is any location parameter.

The property (II) expresses the well-known statement that the FI number is an FI for lo-
cation parameter, or that the FI number is translation invariant. Moreover, by this property,
we can suppress the possible dependence of fx on an unknown location parameter.

By using Theorem 2.3 in [10], we get an explicit form of FI number for concomitants
of DGOSs from HK-FGM in the following theorem.

Theorem 8. Let Y|, ,, ; i) be the concomitants of rth DGOS in the HK-FGM family. Then, the FI
number of Y., iy, for 1 < v < n, is given by

2
Iy i) = Ly (0 + Qpiep [T, () =200+ )y, ()] + [Qppepp 1+ )] 35, (), (22)

where

I, (Y) = /_ O; [alogaf(y)rfy(y)d%

7, (p) = /_0; {W} 2{(1 — 1+ p)EL(y) [ (y)dy,

¢r (p / 7 W) fy ) fr v)dy,

e ( )fy(]/)
5fy(p) o /_oo 1+ (1 — (1 + P)Fp(y)) rn,nﬁ,k:P.
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In the next subsections, we will study the FI number for concomitants of DGOSs
from HK-FGM for some well-known distributions such as exponential, Pareto and power
function distributions.

4.1. Exponential Distribution

Theorem 9. Let Y|, , s i) be the concomitant of rth DGOS for exponential distribution. Fur-
thermore, let Oy mx.p > 0, PQyip 7 1, and p > % Then, the FI number of Y, ,, 11, for
1 <r < n,is given by

p2<1+p)203,n,ﬁ1, : 1) (14+P) Q0 ik j H
Ify (Y[r,n,rh,k]) =1+ 2()r,n,m,k:p + T+ ep = Zj:o( 1+Qr,n,m,k::p) ﬁ(zp +Jp = 113)' (23)

Proof. From (22), we get

o 2
by Olenns) = [ |75 1 (0 (0 DRI iy L)y = 2001+ p)

(o] p71 . 2
Oyt [ B OO )y + [Qrniepp(1+ )] (24)

. /oo BV ) B y)dy
0o 1+ (1 — (1 + P)pr(y))ﬂr,n,rh,k:p

=L+ DL+

where

_ [>[3log fr(y)]?
h= /0 [ay] {1+ 0= O+ PE W)k | fr(v)dy
= /000(1 + Qr,n,m,k;p)e_ydy - (1 + p)Qr,n,rﬁ,k:p /000(1 — e_y)pe_ydy (25)

1
= (1 + Qr,n,m,k:p) - (1 + p)Qr,n,rh,k:p/O ubdu = 1,
[e¢] 71 .
L= =2p(1+ p)Qynmjp /O Ey () fr () fr(v)dy
= 2P(1 + p)Qr,n,iﬁ,k:p /O (1 - efy)p71€72ydy (26)

1
= 2P(1 + p)Qr,n,rﬁ,k:p/O upil(l - u)du = ZQr,n,rh,k:p/

A OL (LT [ 20 V(1 —z)%z
0

I = [Qr,n,m,k:pp(l + P)]z/ c—dzP

0 1+ (1= 1+ p)E ) inkip

(by using the transformationz = 1 —e™¥), c = 1+ Q, i k.p and d = (1+ p) Qs iz :p- Now,
in view of Remark 3, we have 0 < p€), ;, i r.p < 1. Thus, if 0 <z <1, weget(0 < %z” <1
Therefore, by using the negative binomial expansion for (1 — %z” )71, we get

L P? f(d)j [0 - 2para: = (e i(d)jmp +ip-13), @)

c j=0 c c =0 c

since p > % By substituting (25)—(27) in (24), the result follows. [
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4.2. Pareto Distribution

Theorem 10. Let Y|, , ;5 be the concomitant of rth DGOS for Pareto distribution. Furthermore,
let O ikp > 0, POy i ep 7 1, and p > % Then, the FI number of Y, , s iy, for 1 <r < mn,is
given by

a(a+1)*(1+ Qi) a+2
Ly Ypmiig) = ) (0 4 0204 )iy B 41,222

a+2
2a+2
a

© (et 1p(1 +p>nr,n,m,k:pﬁ(p,

a2p2(1 + p)zﬂz,n,rﬁ,k:p d (1 + p)Qr,n,ﬁz,k:p
1+ Qr,n,m,k:p

j
2

2 + i - 1/3"’ ).

T Oy ) B2p+ijp -)

Proof. From (22), we get
o 2
Ify (Y[r,n,rh,k]) = /1 {%}}/(W} {1 + (1 - (1 + P)F{; (y))Qr,n,rﬁ,k:p }fY(y)d]/ - ZP(l + P)
o 5
Ly [ B O Oy + [ Qb1+ p)]

) /oo BP0 £ w)dy
1 1+(1-(1+ P)Ff/’(y))nr,n,rh,k:p

X

=h+hL+13 (28)

b= [TPREOT B 0

= a(“ =+ 1)2 {/1 (1 + Qr,n,nﬁ,k:p)]/iui3dy - (1 =+ p>Qr,n,rﬁ,k:p/l (1 - ]/a)p]/u3d]/]

ala+1)2(1+ Qg 1
_ et DA r’”"“""”)—(a+1)2(1+p)0r,n,mlk:p/ wP (1 — u)idu
0

a+2
a(a + 1)2(1 + Qr,n,rh,k:p) 2 a+2
- a-+2 —(a+1) (1+p)01’,ﬂ,ﬁ1,k:p ,B(P+1/ p ), (29)
o0 71 .
o= =2p(14+ )iy [ F A WA )Y

= 2p(1+ P)Qr,n,rﬁ,k:p/l (1- yiﬂ)pilaz(‘l + 1)]/72a73d3/

1
= 20(a+ Dp(1+ )y [, 01— )
2a+2>

(30)

= 2a(@+1)p(1+p)Qumip b (P, p

and (by using the transformation z = 1 — y~* and the abbreviations ¢ = 1+ Q; ;, ;7 k. and
d= (1 + p)Qr,n,ﬁl,k:p)

D ) )y
1- (1 + p)Fll;(y))Qr,n,ﬁz,k:p
(apd)? 1 22—D(1 —2)2+idz
c /O 1-— %zl’ '

2 roo
Iz = {Qr,n,rh,k:pp(1+p):| /0 1+(

Now, in view of Remark 3, we have 0 < pQ); , i kp < 1. Thus, if 0 < z < 1, we get
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0< %z’” < 1. Therefore, by using the negative binomial expansion for (1 — %z’”)’l, we get

2 o S| )
5= R () [ 2 e

¢ \c

(31)

2 oo

- lapd)” ¢ (f)]ﬁ(zp +jp—-13+ %),

c i=0

since p > % By substituting (29), (30) and (31) in (28), the result follows. [J

4.3. Power Function Distribution

Theorem 11. Let Y|, ,, s« be the concomitant of rth DGOS for power function distribution.
Furthermore, let Qi p > 0, POy i jep 7 1, and a(2p +1) > 2. Then, the FI number of
Y[r,n,r?t,k]/ for1 <r <m,is given by

I (Y ) ) . a(u - 1)2(1 + Qr,n,m,k:p) _ a(a - 1)(1 + p)[zap +a— 1]Qr,n,771,k:p
Sy N lrmank] ) a—2 (1+p)a—2

(1+p)Qr,n/n‘1,k:p ]
(ap(l +p)Qr,n,ﬁz,k:p)2 i ( 1+Qr,n,ﬁl,k:p )

1+ Qr,n,ﬂz,k:p j=0 2P — % + ]P +1 ’

Proof. From Equation (22), we have

2
Ify (Y[r,n,r?t,k}) = /01 {alng;;/(y)] {1 + (1 - (1 + P)F}rf)(y))Qr,n,m,k:p}fY(y)dy

=214 p) X Oyt [ B ) fr(w)dy

2p—1) (32)
2 1 B )R
+ {Qr,n,rh,k:pp(l +p)] X / B J j;y kel
o 1+ (1 - (1 + p)FY(y))Qr,n,lﬁ,k:p
=L+bL+1I;
where )
_ [M[9nfy(y) p
h= [P (s @ s )iy ey
-1
= /0 (ﬂ - 1)23/_2 {(1 + Qr,n,rh,k:p) - (1 + p)Qr,n,rh,k:pyap] ﬂya_ldy (33)
. a(a - 1)2<1 + Qr,n,rﬁ,k:p) _ a(“ - 1)2(1 + p)Qr,n,m,k:p
- a—2 (14+pla—-2 !
U,
L= =2p(1+ )iy [ B W) ) e (w)dy
! a(p—1) 2 2a—-3
=—2p(1+ p>Qr,n,n'1,k:p/0 y" P at(a = 1)y™ T dy
(34)

1
= 2022 = 1)p(1+ P) Qi [ 47"y

_ —2612(11 — 1)P(1 + P)Qr,n,rﬁ,k:p
(1+pla—-2

7
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and (by using the transformation z = F(y) = y“ and the abbreviations ¢ = 1 + Qi eop
andd = (1 + P)Qr,n,m,k:p)

F2P ) () £ (y)dy
1-— (1 + p)FYp (y))Qr,n,rh,k:p

2 roo
Iy = [P(Hp)ﬂm,m,k;p} /O T (

(apd)? e P
o /0 1—4zp

Now, in view of Remark 3, we have 0 < pernl,ﬁ,k:p < 1.Thus,if 0 <z <1, we get
0< %ZP < 1. Therefore, by using the negative binomial expansion for (1 — %z’”)’l, we get

CTS (& -

since a(2p + 1) > 2. By substituting (33)—(35) in (32), the result follows. [

Remark 4. It is worth mentioning that some results in [38] are doubtful. For example, the FI
number defined by (15) seems to be wrong, because we have —1 < aC*(r,n,m, k) < 1, which
implies that log(—1 4 «C*(r,n,m,k)) and log(—1 — aC*(r,n,m, k)) have no meaning, since
-2 < —1+4aC*(r,n,m,k) <0and —2 < —1 —aC*(r,n,m, k) < 0. Moreover, the integration
defined in (19) seems to be wrong.

5. Conclusions

In modelling bivariate data, when the prior information is in the form of marginal
distributions, it is an advantage to consider families of bivariate distributions with specified
marginals. Upon realizing that the HK-FGM provides a flexible and efficient family that
can be used in such contexts, we studied the concomitants (which are related to the order-
ing bivariate RVs) of DGOSs (GOSs) under a general framework (when the parameters
Y1,---,7n are assumed to be pairwise different) from the HK-FGM family. We derived
some useful relations that enable us to compute recursively the moments of the single
and product of the concomitants of DGOSs for any arbitrary marginals (Theorems 1-3).
The study of DGOSs (GOSs) under this framework enabled us to consider the POS model
(Example 1) as an important censoring sampling scheme. In Section 3, we computed
and studied the Shannon entropy for concomitants of DGOSs from the HK-FGM family
(Theorem 4). Moreover, we computed the moments and Shannon entropy of concomitants
of DGOS from the HK-FGM model for the exponential, Pareto and power function dis-
tributions (Theorems 5-7). The FI number was computed in Section 4, Theorem 8. Finally,
the moments and FI number were computed in Theorems 9-11 for the exponential, Pareto
and power function distributions, respectively.

Although all the results of this paper were obtained in a general framework, the
only limitation of the adopted approach is perhaps the imperative of the bivariate data
belonging to the HK-FGM DF. Clearly, by adopting the same procedure and the method of
this paper, analogous results for other generalizations of the FGM model can be obtained.

When we talk about the prospects for future research, we consider here two problems.
Estimation of the dependent parameters in HK-FGM DF or the associated parameters with
the DF of the RV Y of primary interest using concomitants of DGOS or GOS values on the
auxiliary RV X is an important future application. This problem has been tackled by [21]
for m-GOSs and the generalized FGM family. The second future research problem is to
use the kernel density estimator of the Shannon entropy defined in Theorem 4 (under the
assumption that fy is unknown). This estimator is the most commonly used nonparametric
density estimator found in the literature (see, for example [42]).
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