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Abstract

We consider an expression for the probability R = P(Y < X) where the random
variables X and Y denote strength and stress, respectively. Our aim is to study the effect
of the dependency between X and Y on R. We assume that X and Y follow exponential
distributions and their dependency is modeled by a copula with the dependency parameter
6. We obtain a closed-form expression for R for Farlie-Gumbel-Morgenstern (FGM), Ali-
Mikhail-Haq (AMH), Gumbel’s bivariate exponential copulas and compute R for Gumbel-
Hougaard (GH) copula using a Monte-Carlo integration technique. We plot a graph of
R versus 0 to study the effect of dependency on R. We estimate R by plugging in the
estimates of the marginal parameters and 6 in its expression. The estimates of the marginal
parameters are based on the marginal likelihood. The estimates of 6 are obtained from two
different methods; one is based on the conditional likelihood and the other on the method
of moments using Blomqvist’s beta. Asymptotic distribution of both the estimators of R
is obtained. For illustration purpose, we apply our results to a real data set.

Keywords: Blomqvist’s beta, maximum likelihood estimation, Monte-Carlo method, reliabil-
ity, two-stage estimation procedure.

1. Introduction

Estimation of the probability R = P(Y < X), a measure of component reliability, has been
considered by many authors when X and Y are independent variables belonging to the same
univariate family of distributions, for example, Nadarajah (2003), Kundu and Gupta (2005),
Kundu and Gupta (2006), Kotz, Lumelskii, and Pensky (2003), among others and the refer-
ences therein. Jana (1994) discussed the estimation of R when (X, Y) follows the bivariate
exponential (BVE) Marshall-Olkin model. Kotz et al. (2003) (pg. 100) discussed R for Gum-
bel’s BVE distributions. Hanagal (1994) considered the studentized test for testing reliability
in BVE stress-strength model. Nadarajah and Kotz (2006) considered six BVE distributions
to find R and applied these results to the receiver operating characteristic (ROC) curves.
Among these, in four of their BVE distributions, the marginal distributions are exponential.
Domma and Giordano (2013) obtained a closed-form expression for R by modeling the de-
pendence through FGM copula and generalized FGM copula with the margins belonging to
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the Burr system. It is of interest to study the effect of the dependency between X and Y on
R. Due to Sklar’s theorem (Sklar 1959) stated below a convenient approach to model the
dependency between the variables is through the copulas. A copula is a multivariate distri-
bution function with all univariate marginal distribution functions uniform on [0, 1].

Sklar’s Theorem: Let H be a joint distribution function of random variables X and Y with
marginal distribution functions F'(x) and G(y) respectively. Then there exists a copula C
such that for all z,y in (—o0, ),

H(z, y)=C(F(z), G(y)).

Further, if F and G are continuous then C is unique; otherwise, C is uniquely determined on
RangeF x RangeG.

For details on copulas, we refer to Nelsen (1999). Thus using copula, together with any
marginal distribution functions, we can construct a joint distribution function. However, it
is generally not known which copula function should be used. The best fitting model can
be obtained using Akaike information criteria (AIC). In this article we study the expression
for R, together with its estimation in case of four important copula models with exponential
margins. The reliability R can be expressed as

RZP[Y<X]:/P[Y<x|X:x]f(x)dx, (1)

where P]Y < z|X = z] denotes the conditional probability and f, the probability density
function (p.d.f.) of X.

Exponential distributions have a variety of applications. The most prominent application is
in the field of life testing. In the context of reliability, the stress-strength model describes the
life of a component that has random strength X subject to random stress Y. We, therefore,
consider the exponential distribution as a marginal distribution of random variables X and Y
with distribution functions

Fi(z;on)=1—e " >0, a1 >0 (2)

and
Fry(y;a0) =1—e Y 4y >0; ag >0, (3)

respectively.

The copulas involve a parameter 6 called the dependency parameter. We consider FGM copula
from the non-Archimedean family. Its dependency parameter 6 € [—1,1]. Next, we consider
three copulas from Archimedean family with different ranges for the dependence parameter
0, viz. AMH copula, Gumbel’s bivariate exponential copula and GH copula. For the AMH
copula 6 € [—1,1], for the Gumbel’s bivariate exponential copula 6 € [0,1] and for the GH
copula 6 € [1,00). The range of Kendall’s tau (7) for FGM, AMH, Gumbel’s bivariate expo-
nential, and GH copulas are [-0.22,0.22], [-0.1817,0.3333], [—0.4,0] and [0, 1] respectively.
The range of Blomqvist’s beta () for FGM, AMH, Gumbel’s bivariate exponential, and GH
copulas are [—0.25,0.25], [-0.20,0.3333], [—0.38149, 0] and [0, 1) respectively. The FGM and
AMH models both positive and negative dependency, Gumbel’s bivariate exponential models
only negative dependency and GH models only positive dependency.

In Section 2, we consider the expression for R in terms of # and the parameters (aq,as9)
of the margins for the four copulas. To study the effect of dependency between X and Y
on R, we plot a graph of R versus 6 for different pairs of (ay,a2). We get closed-form
expressions for R for FGM copula, AMH copula, and Gumbel’s bivariate exponential copula.
It was not straightforward to solve integrals involved in the expressions for R in case of
AMH and Gumbel’s bivariate exponential copula thus we solve these integrals using Wolfram
Mathematica 6.0. It was not possible to obtain a closed-form expression for R in the case

11



12 Estimation of P[Y < X]

of GH copula. Therefore, in this case, we use a Monte Carlo (MC) integration technique for
obtaining R for known values of the parameters of margins and of §. We plot a graph of R
versus 6 to study the effect of 8 on the R. Based on the observations on n independent pairs
(X1,Y7),...,(X,,Y,), we consider two procedures for the estimation of # and hence of R.
Both the procedures are based on what is known as the ‘two-stage estimation procedure’ in
the literature (Joe 1997); that is, we first obtain the maximum likelihood estimates (mles) of
the parameters of the margins based on the respective probability distributions. In the first
method, we obtain an estimate of 6 by solving % = 0, using the Newton Raphson (NR)
method, where L is the conditional likelihood based on the conditional density of Y given X
and by plugging in the estimates of the parameters of the margins. This method is reported
in Section 3. For the second method, we estimate 6 using a nonparametric method. For the
copulas, the nonparametric methods are often based on the inversion of Spearman’s rho (p),
Kendall’s tau (7), Blomqvist’s beta (3) etc. (Nelsen 1999). For the models considered in
this article, explicit expressions for the population version of Spearman’s rho and Kendall’s
tau are either not available or the inversion for 6 is not simple. We, therefore, consider the
estimator based on Blomqvist’s beta, (see, Nelsen (1999), Blomqvist (1950)). This method
is reported in Section 4. We obtain the asymptotic distribution of both the estimators of R
in the respective sections. The results of simulations carried out to study the performance of
the estimators are reported in Section 5. We plot graphs of the estimates of R versus 6 to
see the effect of dependency on the estimates. In Section 6, we apply our results to real data.
Finally conclusions appear in Section 7.

2. Expressions for R

The derivations of the expressions for R for the four copula families with exponential marginals
are given in the following subsections. The reliability R given in Equation (1) with exponential
marginals is given by

R:P[Y<X]:/P[Y§x|X::U]f1(x)d:C, (4)
0

where fi(z) = a1e™™*,  x>0; «; >0isp.d.fsof X.
We note that if the random variables X and Y are independent then

R:P[Y<X]:ﬁ.

If the joint distribution function of (X, Y) is Cy(F(z), F2(y)) with the copula function Cp
then

o acG(“a ’U)

PlY <y|lX =z] = T\uzFl(x),u:FQ(y) ; (5)

see Nelsen (1999) (pp. 36).

2.1. Farlie-Gumbel-Morgenstern copula

The FGM copula (Nelsen 1999) is given by
Co(u,v) =uwv[1+0(1 —u)(l—v)], 0<u,v<1; —1<6<1. (6)

The bivariate copula is the joint distribution function of two random variables (r.v.s) with
uniform margins. We denote these r.v.s by U and V throughout the paper. Hence,

0Cy(u,v)

" =v[l4+6(1—v)(1-2u)].
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Therefore, from Equation (5),

PY<yX=z) = (1-e ) [1+0e % (1-2(1—e™))]

= (1—-e ) [1+0e Y (-1+2¢*7)], x>0;y>0.

Thus, the reliability R given in Equation (4) is

o0
R = / (1 - e_o‘”) [1 + Qe 2T (—1 + 26_0‘”)] are 7z
0

(o) [(2041 + ag) (041 + 20(2) + o (—a1 + 052) 0
a1 + a9 (2041 + a2) (041 + 2042)

(8)

It is straightforward to solve the above integral. The reliability R is a linear function of the

dependence parameter 0 for this copula.

2.2. Ali-Mikhail-Haq copula
The AMH copula (Nelsen 1999) is given by

uv

Cy(u,v) = 00w =0) 0<u,v<l;, —1<6<1.
Then,
0Cy(u,v) _ v[l—=6(1—v)]
o -0 —uw(1—uf

Hence, from Equation (5),

(1—e®2) (1 - ge02)

P <ylX ==z)= o ea)?

x>0; y>0.

Thus, the reliability R given in Equation (4) is

[e.o]
1 _ 7a2$ 1 _ 9 —Q2T
R = / € ¢ 5 )ale_o‘lxda}
(1 — e~ (ataz)z)
0

aq aq

= Hypergeometric2F'1 [2, 1+ 9] + il

a1+ oo

) b
a1 + Qg a1 + o

146 Gamma <L20‘2> Hypergeometric2F'1 { atlay 4 autlay

ajtasg ’ ajtag?

-140 o Gamma <72a1+3a2)

aj+tag

oo
where Gammal(z f t*~le~tdt and the hypergeometric function

Hypergeometric2F'1 [a b, c, 2] is defined for |z| < 1 by the power series
oo n
Hypergeometric2F1 [a,b,c, z] = Zo %, where
n—=
1 if n=0
(a)n = .
ala+1)...(a+n+1) ifn>0

The above power series diverges to infinity for ¢ < 0. For given values of parameters a, b, c,

and z, Wolfram Mathematica 6.0 calculates the Hypergeometric2F'1 [a, b, ¢, z] function.
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2.3. Gumbel’s bivariate exponential copula
Gumbel’s bivariate exponential copula (Nelsen 1999) is given by

Colu,v) =u+v—14(1—u)(1—v)e -0 <y y<1;0<0<1.  (12)

Then,
809(“7“) -1_ e—@ln(l—u) In(1—v) (1 - ’U) [1 —0ln (1 . U)] .
ou
Hence, from Equation (5),
P(Y <ylX =2) = 1—e 0l mam [ gy (em0av)]
= 1 — e fmamy—azy (] 4 gayy), z>0; y>0.13)

Thus, the reliability R given in Equation (4) is given by

o0
R = / [1 — g fmaxr®—ogr (1+ 0042.%)} aje” g
0
— (a1 +ap)?
_ L vl —ay) Grreg Brfe| fitoz | (14)

2 4/ oy 00 2v a0l

z
where Er fc[z] is the integration of Gaussian distribution defined as Er fc[z 27r Je

0

It is also discussed by Kotz et al. (2003) (pg. 100).

2.4. Gumbel-Hougaard copula

This family of copula was first discussed by Gumbel (1960b) and also appears in Hougaard
(1986). Hutchinson and Lai (1990) referred to it as the Gumbel-Hougaard (GH) copula. Also,
Nelsen (1999) (pp. 96) has listed this copula in his book as the fourth family. It is given by

Cy(u,v) = Exp <— [(—lnu)e + (—lnv)e} 1/9> , 0<u,v<1; 1<0<o0. (15)
Then,
8098(3’ v) = (= ln:>91 [(— Inu)’ + (—In 0)9} 0 Exp <— [(—ln w)? + (—In 0)6} é) )

Hence, from Equation (5),

—In[l — e~onz])?! i-
P <ylx=a) = EEp e [Cmi- ) s (cmf )]

x Exp (— {(—ln [1-— e"“ﬂ)e + (=In[1- e’o‘”})e} é) , x>0; y>0.
(16)

It was not possible to obtain an explicit expression for R, for this copula. We, therefore,
compute the integration involved in R using a MC integration technique. The details about
a MC integration technique are given below. For known values of a1, as and 6, we generate
N values of X; randomly from the exponential distribution with parameter «; having p.d.f.

0 N
fi(z) and approximate the integral [ g(z)fi(z)dz by & > g (X;), where
0 i=1

(—In[1 —emesr)”! -

(1= o) [(— In[1-— e*alz])e + (=In[1- efa”])a}

x Exp (— [(—ln [1 - e*alx])e + (—ln [1 - e*"‘”])e} é) , x> 0.

9()
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The estimated answer converges to the correct result as N — oo ( from the law of large
numbers). We took N = 100000.

2.5. Variation in R with respect to 6

Next, to study the effect of the dependency between X and Y on R, we plot a graph of R
versus the dependency parameter 6 for four different pairs of (E(X), E(Y)) for the four copulas
where E(Z) denotes the expected value of Z. We consider graphs for two cases E(X) > E(Y)
and E(X) < E(Y). We note that E(X) = 1/a; and E(Y) = 1/as. It is easily verified that:
i) if ag < a then E(X) > E(Y) and ii) if a1 > ag then E(X) < E(Y). For the parameter
values

(alvOQ) = {(2a3)7 (275)}7
E(X) > E(Y) and for
(a17a2) = {(3’ 2)7 (5’2)}7

E(X) < E(Y).
Figure 1 illustrates the variation in R with respect to (w. r. to) 6, for the four copulas for
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Figure 1:  Variation in R against dependence parameter § (Theta) for the four pairs of
{(E(X),E(Y)) =(0.5,0.33)y, (0.5,0.2)0, (0.33,0.5), (0.2,0.5)O}

four different pairs of (E(X), E(Y)). From the Figure, the pattern of variation in R w. r. to
6 is found to be:

1. If E(X) > E(Y) then R > 1/2 and R increases with 6 for FGM, AMH, and GH copulas
and decreases for Gumbel’s bivariate exponential copula. The graph of R appears to be
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almost linear in 6 except for the GH copula. The increase in R w. r. to 0 is faster for
the GH copula than for the FGM and AMH copulas.

2. f B(X) < E(Y) then R < 1/2 and R decreases with 6 for FGM, AMH, and GH copulas
and increases for Gumbel’s bivariate exponential copula. The graph of R appears to be

almost linear in 6§ except for the GH copula. The decrease in R w. r. to 6 is faster for
the GH copula than for the FGM and AMH copulas.

Also, for a given E(X), smaller the value of E(Y) larger is the value of R for all § and, for a
given E(Y), smaller the value of E(X) smaller is the value of R for all § for the four copulas
considered. We observed that the pattern of variation in R discussed above holds true for
other combinations of the parameters of the margins that lead to the same inequality between
E(X) and E(Y).

The graphs show that GH copula has maximum variation in R with respect to 6 and gives
a maximum range for R. The variation in R is the least for FGM copula. We see that the
difference between the value of R with independent margins and its value with dependent
margins is small in case of FGM copula, AMH copula, and Gumbel’s bivariate exponential
copula. This could be because the GH copula captures a larger range of the strength of
dependence as seen from the values of Kendall’s tau (7) and Blomqvist’s beta (3) reported
in the introduction. Thus, the value of R differes with the strength of dependence.

3. Likelihood-based estimation

Let {(zi,yi),i=1,2,--- ,n} be a realization of a random sample from the joint distribution
function H(z,y). We follow a two-stage estimation procedure (Joe 1997) and estimate
and g using the marginal densities. Thus the likelihood function based on (x1,x2, -+ ,xy)
is given by

L(CC17{1727"' 7xn;a1):ale =t

Based on the above likelihood, the mle &; of oy is given by

qy=n/Y z =1/z. (17)

i=1

Similarly, the mle &s of a9 is given by

Qg = ”/Zyz =1/y. (18)

i=1
Since the joint density h(x;,v;) = f(vi|x;) fx(x;) and since fx(x;) is free from 6 we maximize
n

I1 f(yi|z:) to obtain the estimate of §. We substitute the parameters of the margins by their
i=1

n
estimates given in Equation (17) and Equation (18). Let L(y|z) = [] f(vi|zi). The expression
Y )
dln L(y|z) . .. .. . ' .
for ——;==, using the conditional distribution of y1,y2, - ,y, given x1,x2, - ,x, for the
four copulas considered, are given in the following subsections.

3.1. FGM copula

The conditional density function of Y given X = x, using Equation (7), is given by

FIX = 2) = e 1772029 [49 — 20617 — 20¢2Y + (1 + )17 T02Y] (19)
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Hence,

4 — 2e™MTi _ 9p02Vi 4 e Titay;

dinL Z
A6 £ 46— 26eme — 20e0e 4 (L + femvieny

(20)

We substitute (aq,az) by their estimates and solve dggL = 0 by using a NR method to
estimate 6. This reduces solving polynomial in € of degree n-1 for n > 1.

3.2. AMH copula

The conditional density function of Y given X = z, using Equation (10), is given by

e2oz1:c+2a2y

flylX =2)= —20e*" — 20e*2Y + (1 + 0)e®1* 2V 4 §(1 + 9)] , (21)

(ex1z+azy — §)? [

and with the parameters of the margins substituted by their estimates

din L n 2eMTi | 9pl2yi _ plnTithayi _ 1 _ 99 n 3
oy P NN e B
do — [20ed1®i + 20ed2yi — (1 4 f)e1@ita2yi — (1 + 0)] — etzitdoy; —
We solve d};},L = 0 by using a NR method to estimate 6.
3.3. Gumbel’s bivariate exponential copula
The conditional density function of Y given X = z, using Equation (13), is given by
fIX =a) = age 2NV [(1 4 gagz)(1 4 Oagy) — 6], (23)
and with the parameters of the margins substituted by their estimates
dln L "~ "~ OAél.’I,'Z'(l + H@Qyi) + @2%‘(1 + 9(3[1%‘2) -1
- —&1& i1 - _ . 24
df 172 ; i ; (1 + 00&11’1')(1 + 90&2@/1') -0 ( )

We solve dilneL = 0 by using a NR method to estimate 6.

3.4. GH copula

The conditional density function of Y given X = z, using Equation (16), is given by

(—In[1 — e )" (—In[1 — emo2])"!
(1 — e—z) (1 — e—a2y)

< m e ) (a1 )]
X {(9 -1+ [(—m [1- e“"lﬂ)‘9 +(~In[1- e—agy})a} 9}

x Exp (—agy - [(— In[1— e*alx])e +(-=In[1- e*O‘Qy])a} é) , (25)

fylX=12) =

—2+%
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and with the parameters of the margins substituted by their estimates

dinL
do

n n n 1
= Z ln(El(i)) + Z ln(E2(i)) + Z [(El(i))e + (EQ(i))o} ’
i—1 i—1 i1

7111 [(El(i))e + (E2(i))0} n (El(i))0 In El(i) + (E2(i))9 1]ﬂ(EA2(i))

2 " -
0 0 [(Ew))e + (EQ(i))e}
B n In [(El(i))e + (EQ(i))ﬂ N n (—2+ %) [(E (‘))(9 lnEl(i) + (Ez(i))eln(EAz(i))}
p 62 p (Br@)? + (Eagy))?

1 ~ ~ ~
[ i 0 - . § El( )) (E2(z)) ] (El( ))0 In E1(1)+(E2(1))9 ln(E2(Z))
e {(El(l)) " (EQ(Z [ o * O[(Er (1)) +(Ea))°]
+2
=1

S

—1+0+ {(El(z'))e + (E2(z‘))9}
(26)
where El(i) =—1In [1 — e*d””i] and E2(i) =—In [1 — e*dzyi]_

In case of GH copula, we use r-package ‘Gumbel’ (version 1.10-2, Caillat, Dutang, Larrieu,
and Nguyen (2018)) to estimate 6.

3.5. Asymptotic properties of the likelihood-based estimators

Let {(X;,Y:),i=1,2,--- ,7}} be a bivariate random sample from (X,Y"). Let n = (a1, a2, 6).
The estimator 7 = (&1, &a,6 ) of 1 is consistent for n (Joe 1997).
To obtain the asymptotic distribution, let

__ (O0InL;y OlnLs OInL\ __
g_( artl)zll’ 8?)422’ BHQ >_(gl792)g3)

n n
—a1 Y, X; —az Y Y;
be a row vector, where L1 = afe =t | Ly =aye =! and L is the conditional likeli-

n
hood of Y} given X;* and depends on the copula function considered. We get g1 = 2+ — Z X,

go = Z Y; and g3 for FGM, AMH, Gumbel’s bivariate exponential, and GH copulas are
given by Equatlons (20), (22), (24) and (26) respectively.

Let = al,ag,ﬁ be the estimator obtained by the two-stage estimation procedure and
let X, = (X1,-+-,X,) and Y, = (Y1,---,Y,,). The asymptotic distribution of /n(/) —

T -1
n)T is equivalent to the asymptotic distribution of {—E (%’W)} Z , where Z ~

N (0,Cov (g9(X,, Yn,n))) ( see Joe (1997), pp. 301). The asymptotic variance-covariance
matrix of \/n( —n)T, called the inverse Godambe information matrix ( see Joe (1997), pp
301), is

V =Dy My (DT

where
1
D. = E 8g(X Y"’n) = F ﬁ ﬁ 992 — 0 _% 0
9 b) - day;  Oaz 06 - ag
g d95 g3 Jgs E(%3) p(%s) p(2s
Oa1  Oas 00 Oaq Oay 00
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and
9 g192 9193
Mg = E[ (X Yn7 77) (Xnaznv 77)] = F 9291 g% 9293
9391 9392 93
: 20— E(gi93)
= Taraz a2 E(gags) |- (28)

E(gsq1) E(g9392) E(93)

An estimator of the asymptotic variance-covariance matrix is obtained by plugging in the
estimates of aq,ap,0 and then the expected values in D, and M, are obtained using MC
methods. We have given an example of the Godambe information criterion for one combina-
tion of the parameters in Section 5.

Further, for the copulas considered in Section 2, R is a continuous function of . Let R = h(n).
The function h is a continuous function of . Hence, R = h(n) is a consistent estimator of R.
Further, the function h(.) has continuous first order partial derivatives. Thus using the Delta
method we get

i (R-R) 4 N (0’ v {h/(")}T)

d . C . .
where 1’ (n) = (88771’ (%12, %) and — denotes ‘convergence in distribution’.

4. Estimation using Blomqvist’s beta

Blomqvist’s beta is the medial correlation coefficient (Nelsen (1999), Blomqvist (1950)). The
closed-form of the population version of Blomqvist’s beta,

B(Cyp) = —144Cp(1/2,1/2), (29)

is available for many copulas. In addition, Blomqvist’s beta often provides an accurate ap-
proximation to Spearman’s rho and Kendall’s tau (Nelsen (1999), pp. 148). Based on a
random sample (X;,Y;),i = 1,2,...,n, from the bivariate distribution, the sample version £,
of Blomqvist’s beta is:

ny —ng
n1 + n2

571:

(30)

where

ny: the number of sample points in x-y plane such that either X; > X, and V; > Y, or
X; < X,and V; <Y,

ng: the number of sample points in x-y plane such that either X; > X, and V; < Y, or
X; < X, and Y; > Y,

and X,, and Y,, are the sample medians of the corresponding random variables.

The asymptotic distribution of j3,, is investigated by Schmid and Schmidt (2007) in the mul-
tivariate case and for the bivariate case the result is:

Vn (Bn — B) 4 N (0, Uzyc) as n — oo,

where % denotes ‘convergence in distribution’. The asymptotic variance U%’C is reported in
Genest, Aguirre, and Harvey (2013) as

te = () e e (3d) ()
e () o (3h) o) (G De (D) o

19
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where C}(u,v) = W and Co(u,v) = W must exist everywhere and be continuous on
[0,1]2. Then solving the equation 3(Cy) = 3,, for § we get the sample estimate 03, of 6 for
a given copula. For details see Genest et al. (2013) . The estimator of 6 can be expressed as
0s.n = 93(Bn) where 6 = gg(3). We note that an estimate of § obtained from Blomqvist’s beta
does not involve the estimates of the parameters of the margins. Further, assuming gg(ﬁ)

exists and is non zero, the Delta method gives the asymptotic behaviour of 03, as

Vn(0p, —0) 4 N (0, 03,0) ., as mn— 00,

where 03,0 = {gé(ﬂ)}Q O'%’C.

Using the estimates (&1, G, 03,) of the parameters (o, oo, 6), we get an estimate IA%B of R.
Note that, for the copulas considered in Section 2, R is a continuous function of n = (aq, ag, 0).
Now, the estimator 73 of 7 is consistent for n (see Genest et al. (2013)). Therefore, Rp is
consistent for R.

For obtaining the asymptotic distribution of the estimator of R, we first consider the case
when a7 and as are known. Therefore, for known a7 and a9, the estimator of R can be
expressed as Ry, = hg(0,), a function of § only. The Delta method gives the asymptotic
behaviour of Ry, as

vn(Rg, — R) 4N (0, 012?"0) ) as mn — 0o,

, 2
where 012%’0 = {h9(9)} 0370. The Blomqvist’s beta and the asymptotic variance 0%70 for the

copulas considered in Section 2 are discussed in the following subsections.

4.1. FGM copula

From Equation (29), we get 5(Cp) = 0/4. Moreover, 5 € [—1/4,1/4]. Therefore, 0 is obtained
by inversion of Blomqvist’s beta as 6 = 4/3. The explicit expression for the asymptotic variance
for the estimator of 5 has been given in Genest et al. (2013) and it is easily verified, using
Equation (31), that
92

0'[2370 =1- E
For this copula, the function gg(3) = 40, hence gg(ﬁ) = 4. Therefore, the asymptotic variance
of 0, is given by

, 2
O'ac = {95(6)} 0'%70 =16 — 02.

The explicit expression for the asymptotic variance 01220 of Ry, for this copula, when the
parameters of the margins are known, using the Delta method, which is given in Appendix 1.

4.2. AMH copula

From Equation (29), we get 5(Cy) = 6/(4 — ). Moreover, 5 € [-1/5,1/3]. Therefore, 6
is obtained by inversion of Blomqvist’s beta as § = 43/(1 + ). The explicit expression for
the asymptotic variance of 3,, has been given by Schmid and Schmidt (2007) and it is easily
verified, using Equation (31), that

2 16(6* — 763 + 366 — 806 + 64)
B,C (4— 9)5 :

For this copula, the function gg(8) = 48/(1 + ), hence glﬁ(ﬂ) = 4/(1 + 3)2. Therefore, the
asymptotic variance of 63, is given by

) 2 (6* — 763 + 3602 — 800 + 64
ohc = {9/3(5)} ohc = @—0) )
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The explicit expression for the asymptotic variance 01220 of Ry, for this copula, when the
parameters of the margins are known, using the Delta method, which is given in Appendix 1.

4.3. Gumbel’s bivariate exponential copula

From Equation (29), we get 8(Cy) = —1+¢ 912 Moreover, 8 € [~0.381497,0]. Therefore,
6 is obtained by inversion of Blomqvist’s beta as § = —In(3 + 1)/(In 2)?.

In order to compute asymptotic variance 0'[23’0 of B, one can easily find Cy(1/2,1/2) =
%6_9(1112)2 and C1(1/2,1/2) = C(1/2,1/2) = 1 — (1 + 01n2)e?m2)°  Therefore, Equa-
tion (31) yields

O_I% o= 46—9(1112)2

2
-1 + 6—9(1112)2 <i + 91n2> + 9 <1 _ % (1 + 91112) 6—9(1112)2) ] ‘

Using the fact that, the function gg(8) = —In(8+ 1)/(In2)?, hence glﬂ(ﬁ) =
asymptotic variance of fg,, is given by

1
~ o) the

) 2
oho = {95(5)} oho
4
(1n2)4670(1n2)2

2
—1 4 02 (i + 91n2> +2 (1 - % (1+01In2) e9<1n2>2> ] .

The explicit expression for the asymptotic variance 0'}220 of Ry, for this copula, when the
parameters of the margins are known, using the Delta method, which is given in Appendix 1.

4.4. GH copula

From Equation (29), we get 5(Cy) = —1 + 4¢=2""n2 Moreover, 8 € [0,1). Therefore, 6 is
obtained by inversion of Blomqvist’s beta as § =1In2/In[In(4/(8+ 1))/ In2].

The explicit expression for asymptotic variance of 3, has been given by Schmid and Schmidt
(2007) and also is easily verified, using Equation (31), that

2
0% ¢ = 8hy [1 —2hy + (20%hg ~ 1) }
where hy = exp (—21/9 In 2). Using the fact that, the function gg(8) =1n2/In <M>,

In2
In2

(B+1) 1n(ﬁ> [ln<7ln(4{flﬁ2+1)> )]

hence glﬂ (B) = 5, the asymptotic variance of 63 is given by

2
(In2)? [1 — 2hy + <2é+1h9 - 1) ]

" 2hg (Inhg)? [In(— Inhg) — In(n2))*

Ug,c = {9/5(5)}2 0[2-3,0

Due to unavailability of explicit expression for R, it was not possible to obtain an explicit
expression for the asymptotic variance 0%  of Ry, for this copula. An estimate of 0%  can
be obtained using the bootstrap procedure.

4.5. Asymptotic properties of an estimator of R, when o, a; and 6 are unknown

Let {(X;,Y;),i=1,2,--- ,n} be a bivariate random sample from (X,Y"). Let n = (a1, s, 0).
Let g, g1, g2 be as defined in Section 3.5 and g3 = 8, — 5.

Let i) = (&, G, 03,,) be the estimator obtained by the two-stage estimation procedure. The
inverse Godambe information matrix (Joe (1997), pp. 301) discussed in Section 3.5 is

V =Dy ' My (DT
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where Dy and M, are given in Equations (27) and (28) respectively.

Now, since the n pairs (X;,Y;),7 = 1,--- ,n are i.i.d, using the result from Schmid and Schmidt
(2007) , Joe (1997) (pp. 301) and the Cramer Wold device (Billingsley (1995), pp. 383) it
can be shown that

(Vi (61 — an), Vi (G2 — aa) , Vi (B — B)) S N (0,V)), as n— oo

Next, the estimator of § can be expressed as 63, = g3(f,) and assuming gg (B) exists and is
non zero, the Delta method gives the following asymptotic distribution

(\/ﬁ (dl - Oél) ) \/ﬁ(d2 - a?) ) \/ﬁ(eﬁ,n - 6)) i> N(Oa Vl))7 as mn — o0,

where

10 0 10 0
Vi = 01 Vio1l
0 0 Qﬁ(ﬁ) 00 gﬁ(ﬁ)

Further, the estimator of R can be expressed as R,, = h(d,G2,05,) and h(.) has continuous
first order partial derivatives. Again using the Delta method we get

\/E(Rn_R)gN(O,VQ), as n— oo,

T
_ (OR OR OR OR OR OR
Where‘/Q—<8a173a2739)‘4(30{173@2780) .

5. Simulation study

To study the performance of the estimators we simulated different data sets for the expected
values (E(X), E(Y)) corresponding to the parameters

(061; 062) = {(27 3)7 (27 5)7 (37 2)7 (57 2)}

and different values of 6 in the parameter space, for each of the four copulas discussed in
earlier sections. For each combination of expected values and dependence parameter 6, 100
data sets were simulated with the sample size of each being 50. We first draw a random sample
(r1,22, - ,x,) from an exponential distribution with parameter ;. Next, we simulate y;
from the conditional distribution of Y given X = z;. For details about the conditional
distribution of Y given X = z; see Appendix 2. Then parameters oy and ao of the margins
are estimated using maximum likelihood (ML) estimation.

Let 6 denote the estimator of 6 using a two-stage ML procedure and 63, denote the estimator
of 0 using Blomqvist’s beta. Let R denote the estimator of R using a two-stage ML procedure
and Ry, denote the estimator of R using Blomqvist’s beta.

We estimate the dependence parameter 6 using a two-stage ML estimation. Further, given
the estimates ((341, o, é), we get the estimate R of R. The results of the simulation study are
reported in Table 1 for FGM and AMH copulas, in Table 2 for Gumbel’s bivariate exponential
copula and in Table 3 for GH copula. For each cell in Tables 1-3, the first row is the estimate
0 of 6, the second row is the mean square errors (MSE) for . It is observed that, from Tables
1-3, the estimates 6 are close to its true values.
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Table 1: Estimates 6 for the FGM and the AMH copula with the sample size n=50. The
values in the second row are MSE for 6.

0

Copula (o, a2) -0.9 -0.5 -0.1 0.1 0.5 0.9
FGM (2,3) -0.8281 -0.4055 -0.1554  0.1047  0.4573 0.8365
0.0565 0.1692  0.1537  0.1620 0.1898  0.0601
(2,5) -0.8065 -0.4995 -0.03080 0.1025 0.4431 0.8156
0.0893 0.1470  0.2120 0.2291  0.1298 0.0653
(3,2) -0.8107 -0.4366 -0.0755 0.1379  0.4972 0.8281
0.0868 0.1490  0.2163 0.1594  0.1644 0.0586
(5,2) -0.8205 -0.4466 -0.0832 0.07200 0.4599 0.8173
0.0816  0.1531  0.1647  0.2061  0.1488 0.0668

AMH (2,3) -0.8113 -0.4295 -0.1740 0.0619 0.5151 0.8335
0.0700 0.2261  0.2424  0.1927 0.08517 0.0588

(2,5) -0.8155 -0.4147 -0.1068 0.0800 0.4313 0.8121

0.0812 0.2179  0.2586  0.1393  0.1409 0.1836

(3,2) -0.8209 -0.5535 -0.0887 0.0856  0.4662 0.8140

0.1048  0.1460  0.2099  0.1749  0.0948 0.1167

(5,2) -0.8018 -0.4721 -0.1034 0.0715  0.4606 0.8243

0.08365 0.1927  0.2169  0.2145 0.08753 0.1214

Table 2: Estimates 6 for the Gumbel’s bivariate exponential copula with the sample size
n=>50. The values in the second row are MSE for 6.

0
(a1, ) 0.1 0.3 0.5 0.7 0.9
(2,3) 0.1216 0.3580 0.5487 0.6497 0.8662
0.0130 0.0356 0.0271 0.0365 0.0276
(2,5) 0.1159 0.2936 0.4963 0.6995 0.9274
0.0092 0.0326 0.0471 0.0427 0.0856
(3,2) 0.1258 0.3497 0.5226 0.6861 0.8891
0.0154 0.0257 0.0716 0.0237 0.0217
(5,2) 0.1171 0.2814 0.4868 0.6911 0.8950
0.0108 0.0214 0.0383 0.0159 0.0073

Table 3: Estimate§ 0 for the GH copula with the sample size n=50. The values in the second
row are MSE for 6.

0
(041, 042) 2 4 6 8 10
(2,3) 2.0546 4.0439 6.0456 8.1217  9.4665
0.0692 0.2523 0.5635 1.2066 0.5355
(2,5) 2.0099 4.1780 5.9990 8.1075 9.5797
0.0924 0.4710 0.6340 1.1877 0.4126
(3,2) 2.0303 4.1132 6.1548 8.1388  9.5457
0.0655 0.2072 0.7787 0.9372 0.5736
(5,2) 2.0136 4.1692 6.0048 8.07732 9.5188
0.0761 0.3110 0.6685 1.3253 0.5308
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Figure 2:  Variation in R versus dependence parameter # (Theta) for the four pairs of

{(E(X),E(Y)) = (0.5,0.33), (0.5,0.2)0, (0.33,0.5)0, (0.2,0.5)Q }

Table 4: Estimates R for the FGM and the AMH copula with the sample size n=50. The
values in the second row are MSE for R.

0

Copula  (a1,a0)  -0.9 -0.5 -0.1 0.1 0.5 0.9
FGM (2,3) 0.5797 0.5880 0.6003 0.6103 0.6084 0.6198
0.0018 0.0022 0.0019 0.0021 0.0026 0.0020
(2,5) 0.6775 0.6933 0.7109 0.7111 0.7258 0.7418
0.0014 0.0020 0.0022 0.0022 0.0017 0.0017
(3,2) 04118 0.4074 0.4056 0.3987 0.3900 0.3874
0.0018 0.0021 0.0023 0.0026 0.0024 0.0020
(5,2) 0.3231 0.3035 0.2925 0.28287 0.2701 0.2506
0.0014 0.0019 0.0019 0.0021 0.0018 0.0014
AMH (2,3) 0.5835 0.5946 0.5929 0.6003 0.6184 0.6296
0.0017 0.0021 0.0023 0.0025 0.0032 0.0024
(2,5) 0.6871 0.6993 0.7092 0.7184 0.7346 0.7675
0.0018 0.0018 0.0021 0.0022 0.0020 0.0018
(3,2) 04115 0.4008 0.4023 0.3975 0.3886 0.3633
0.0033 0.0021 0.0024 0.0025 0.0024 0.0031
(5,2) 0.3164 0.3033 0.2910 0.2854 0.2676 0.2315
0.0017 0.0025 0.0022 0.0027 0.0020 0.0019

Figure 2 illustrates the variation in R with respect to 8 for the four copulas and for the four



Austrian Journal of Statistics 25

o FGM copula o AMH copula
- -
o _| o _| PN
o _ o o _ —o-
<>-<->——<>—<—>—-<>—<>"<’ <= S>>~ <
S S Av-v - -TT-T T F < E qo-—w-v-T-w-T -V~ Y
x @ | ————-—- - x | e
g J{3-a-=-a-pg_a- -0 g_g g _B-—EI——E-—-E——E._.E__E__E___B_E
o= — —_—— —_ -_— —_——
N © o .e_—o——'°——°‘-"°——o-—_¢, N o——-o @“—_**v——o——_o__o_\_o
ISE S T
T T I T T I
-0.5 0.0 0.5 -0.5 0.0 0.5
Theta Theta
o Gumbel's exponential copula o Gumbel—-Hougaard copula
i i o —mo——O——O—>—O
- - /,G"O— &_g_v——v——v—-v
© o _|<& s
S T S _~
o R it ~ TP D WP © _v
S o vy - ----v S | o _______
xrx | —m——————ee e e e e o < |
Y |lg-———-—g---——-8-———--"3-————-8 IS
o (=N
- —m—e————— e—————————= I R - S
N < ~— ﬂ‘*ﬂ—-ﬂ__e_
S o | i i~ ke~
T T T T e T T T T T
0.2 0.4 0.6 0.8 2 4 6 8 10
Theta Theta

Figure 3:  Variation in Ry, versus dependence parameter 6 (Theta) for the four pairs of
{(E(X),E(Y)) =(0.5,0.33)y, (0.5,0.2)0, (0.33,0.5)d, (0.2,0.5)O}

different pairs of (E(X), E(Y)) considered in Section 2.5. From the Figure, the pattern of
variation in estimates of R with respect to # is found to be the same as the pattern of variation
in true R with respect to 6. The values of R and MSEs for R reported in Tables 4-6. MSEs
for R in Tables 4-6 are considerably small.

Example of Godambe information: To find the Godambe information matrix, we obtained
expected values E (%) , E (M) and F (%%03) in Dy and E (g3), E (9193) and E (g2g3) in

Oag
M, using a MC methods. For example, we consider (a1, a2,0) = (2,3,0.5) for FGM, AMH,
and Gumbel’s bivariate exponential copula and (ai,a2,0) = (2,3,5) for GH copula. The

inverse Godambe information matrix V are found to be respectively

FGM AMH
0.08 0.2591  —0.00440 0.08 —0.08403  0.39004
0.2591 0.18 0.02448 —0.08403 0.18 —0.18882
—0.00440 0.024448 0.71364 0.3910 —0.18882 12.4109
Gumbel’s bivariate exponential copula GH
0.08 —0.022165 —0.62412 0.08 0.00476 —0.0005
—0.02216 0.18 —0.91373 0.00476 0.18 —0.0004
—0.62412 —0.91373  5.32552 —0.0005 —0.0004 0.01589

The rank-based moment estimates of 3, is obtained using Equation (30). For large n, the
estimator (3, is normally distributed with asymptotic variance O’% o given in Equation (31).
The estimates 03, of dependence parameter is then obtained by solving the equation 5(Cy) =
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Table 5: Estimates R for the Gumbel’s bivariate exponential copula with the sample size
n=>50. The values in the second row are MSE for R.

0
(a1,00) 0.1 0.3 0.5 0.7 0.9
(2,3) 05977 05880 0.5876 0.5794 0.5773
0.0015 0.0016 0.0020 0.0019 0.0039
(2,5) 0.7008 0.6887 0.6795 0.6760 0.6769
0.0035 0.0029 0.0028 0.0031 0.0039
(3,2) 04053 04064 04122 04158 0.4144
0.0021 0.0078 0.0020 0.0021 0.0041
(5,2) 0.3026 0.3005 0.3188 0.3215 0.3346
0.0047 0.0033 0.003 0.0022 0.0049

Table 6: Estimates R for the GH copula with the sample size n=50. The values in the second
row are MSE for R.

0
(041, 042) 2 4 6 8 10
(2,3) 0.6997 0.8269 0.8883  0.9282 0.9458
0.0025 0.0009 0.0005 0.0003 0.0001
(2,5) 0.8448 0.9485 0.9744 0.9875 0.9926
0.0009 0.0002 0.0001 0.00002 0.00001
(3,2) 0.2933 0.1697 0.1071 0.0706 0.0535
0.0021 0.0008 0.0005 0.0002 0.0001
(5,2) 0.1529 0.0536 0.0253 0.0129 0.0077
0.0010 0.0002 0.0001 0.00003 0.000004

Bn, using Equations (29) and (30), for . Further, given the estimates (&1, do,03,,), we get
estimate Ry .

The results of the simulation study are reported in Table 7 for FGM and AMH copulas, in
Table 8 for Gumbel’s bivariate exponential copula and in Table 9 for GH copula. For each cell
in Tables 7-9 the first row is the estimate 6 ,, of 0, the second row is the MSE for 63, and the
values in the brackets are 95 percent confidence limits for 6 based on normal approximation.
From Tables 7-9, it is observed that the estimates 63,, of § are close to its true values except
for 0 = —0.9,0.9 in the case of AMH copula. The MSE for 63, are quite large and increases
with 6 in the case of GH copula.

Figure 3 illustrates the variation in Ry, with respect to ¢ for the four copulas and for four
different pairs of (E(X), E(Y)) considered in Section 2.5. From the Figure, the pattern of
variation in estimates Ry, of R with respect to  is found to be the same as the pattern of
variation in true R with respect to 6. The values of Ry, and MSEs for Ry, are reported in
Tables 10-12.

6. Example

We use the data set of stress-strength measurements presented in Dargahi-Noubary and Nan-
thakumar (1992) and reproduced in Table 13. In these data, we have 15 pairs of measure-
ments on strength X subject to stress Y. Basu (1981) and Dargahi-Noubary and Nanthakumar
(1992) have found an estimate R = 0.9639 and R = 0.948 respectively assuming X and Y
are independent exponential random variables. The Kendall’s tau, Blomqvist’s beta and the
correlation coefficient for the data used are: -0.238, -0.3333 and -0.385 respectively. Now,
from the range of Kendall’s tau (7) and Blomqvist’s beta () reported in the introduction we
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Table 8: Estimates 63, for the Gumbel’s bivariate exponential copula with the sample size
n=>50. The values in the second row are MSE for 63 ,,. The values in the brackets are the 95
percent confidence limits for 6.

0
(a1, ) 0.1 0.3 0.5 0.7 0.9

(2, 3) 0.1503 0.3627 0.5466 0.7283 0.9587
0.0711 0.1111 0.1308 0.1625 0.2196
(0.09,0.20) (0.297,0.43) (0.48,0.62) (0.65,0.81)  (0.87,1)
(2, 5) 0.1522 0.3506 0.5153 0.7289 0.8682
0.0752 0.1237 0.1378 0.1845 0.1676

(0.09,0.21)  (0.28,0.42)  (0.44,0.59) (0.64,0.81) (0.79,0.95)
(3, 2) 0.1643 0.3418 0.5077 0.6900 0.9281
0.1593 0.1004 0.1314 0.2182 0.1985
(0.09,0.24)  (0.28,0.40) (0.44,0.58) (0.60,0.78)  (0.84,1)
(5, 2) 0.1707 0.3645 0.4950 0.7649 0.8926
0.1676 0.1516 0.1125 0.1732 0.1631

(0.09,0.25)  (0.29,0.44)  (0.43,0.56) (0.68,0.85) (0.81,0.97)

Table 9: Estimates 03, for the GH copula with the sample size n=50. The values in the
second row are MSE for 63 ,,. The values in the brackets are the 95 percent confidence limits
for 6.

9
(a1, q0) 2 4 6 8 10

(2, 3) 2.0230 4.4042 6.9499 8.8062 9.4377
0.2872 4.5181 11.3702 11.8908 10.1487

(1.92,2.13) (3.98,4.83) (6.28,7.62) (8.11,9.51) (8.78,10.10)
(2, 5) 1.9741 4.4892 6.3003 8.2294 9.3814
0.2204 5.8700 10.1177  10.5345 10.6858

(1.88,2.07) (4.01,4.97) (5.64,6.95) (7.57,8.89) (8.74,10.03)
(3,2) 2.1448 4.4512 6.5722 8.5858 9.5477
0.2492 4.8213 10.2863 12.0253 10.4583

(2.05,2.24) (4.02,4.88) (5.93,7.21) (7.87,9.31) (8.91,10.18)
(5, 2) 2.2263 4.3738 6.6710 7.8541 9.3968
0.3394 4.2880 11.1465 11.9336 10.5811

(2.11,2.34) (3.97,4.78) (6.01,7.33) (6.65,8.00) (8.76,10.04)

conclude that Gumbel’s bivariate exponential copula is the only copula that can model the
dependency between the variables among the four copulas considered. The mles of the pa-
rameters of exponential margins for this data are found to be (&1, é&2) = (0.735168, 19.6463).
The two-stage likelihood-based estimate é, estimate 63, based on Blomqvist’s beta and cor-
responding estimates R, Ry, of R for the Gumbel’s bivariate exponential copula model are:
0.81, 0.84, 0.941303, and 0.940478 respectively. We note that both the estimates of R are
slightly less than the estimates obtained assuming independence.

The AIC measure is given by

AIC = —21In L(6, 6 is the mie) + 2(number of model parameters).

We replace the mles by the two-stage consistent estimators. For stress-strength measure-
ments data set, the estimate of AIC measure for product (independent) copula is found to
be -16.10708 and AIC measure for Gumbel’s bivariate exponential copula is found to be
-55.824773.
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Table 10: Estimates Ry, for the FGM and the AMH copula with the sample size n=50. The
values in the second row are MSE for Ry ,.

9

Copula (a1,a3) -09  -05  -0.1 0.1 0.5 0.9
FGM  (2,3) 05774 0.5893 05974 0.6016 0.6089 0.6159
0.5684 0.0024 0.0022 0.0024 0.0024 0.0023

(2,5) 0.6733 0.6880 0.7108 0.7140 0.7370  0.7527

0.0018 0.6880 0.0018 0.0026 0.0020 0.0021

(3,2) 04204 04161 0.3959 0.3979 0.38956 0.3845

0.0021 0.0024 0.0022 0.0027 0.0022  0.0026

(5,2) 0.3260 0.3084 0.2933 0.2814 02715 0.2534

0.0020 0.0019 0.0017 0.0015 0.0020 0.0026

AMH (2,3) 0.5881 0.5973 0.5949 0.6032 0.6213 0.6280
0.0023 0.0019 0.0026 0.0021 0.0023 0.0022

(2,5) 0.6895 0.6963 0.7026 0.7222 0.7186 0.7752

0.0016 0.0014 0.0015 0.0016 0.0017 0.0019

(3,2) 0.4128 0.4057 0.4031 0.3969 0.3880 0.3661

0.0016 0.0018 0.0022 0.0023 0.0029 0.0032

(5,2) 0.3157 0.3062 0.2894 0.2799 0.2599 0.2281

0.0016 0.0016 0.0017 0.0013 0.0015 0.0016

Table 11: Estimates Ry, for the Gumbel’s bivariate exponential copula with the sample size
n=>50. The values in the second row are MSE for Ry ,,.

0
(a1,00) 0.1 0.3 0.5 0.7 0.9
(2,3)  0.6004 05893 0.5837 0.5858 0.5790
0.0025 0.0023 0.0023 0.0016 0.0026
(2,5)  0.6988 0.6927 0.6894 0.6809 0.6785
0.0019 0.0020 0.0021 0.0018 0.0019
(3,2) 04031 04055 0.4158 0.4192 0.4208
0.0029 0.0016 0.0022 0.0023 0.0027
(5,2) 0.2950 0.3108 0.3050 0.3266 0.3284
0.0018 0.0017 0.0025 0.0016 0.0019

7. Conclusions

This article aims to study the expression for the reliability R = P(Y < X) when the variables
are dependent with exponential margins and study the effect of dependency on it. The
dependency is modeled through copula functions. The copula function to be used depends
on the underlying situation. We have studied the expression for R for four important copula
functions and have studied also its variations with respect to the dependence parameter 6.
It is seen that the variation in R with respect to 6 is moderate in the case of FGM copula,
AMH copula, and Gumbel’s bivariate exponential copula. For the GH copula, the variation
in R with respect to € is more than that for the other three copulas. If a; = a9, R equals 1/2
for every # in case of the FGM, the AMH, and the Gumbel’s bivariate exponential copulas.
However, it depends on # for the GH copula. We were not able to obtain an explicit expression
for R in the case of GH copula and used the MC technique for its computation. For this copula,
there seems to be a fairly large variation in R with respect to 6 compared to the other three
copulas considered. The performance of the estimators of the dependence parameter  and
R are studied via simulations. In general, it is observed that the estimates of 8 are close to

29
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Table 12: Estimates Ry, for the GH copula with the sample size n=>50. The values in the
second row are MSE for Ry ,,.

6
(a1, a9) 2 4 6 8 10
(2,3) 0.6994 0.8232 0.8853 0.9192 0.9311
0.0033 0.0041 0.0040 0.0028  0.0021
(2,5) 0.8383 0.9376 0.9624 0.9804  0.9825
0.0018 0.0013 0.0008 0.00033 0.00029
(3,2) 0.2884 0.1792 0.1225 0.0844  0.0726
0.0027 0.0049 0.0039 0.0030 0.0021
(5,2) 0.1400 0.0633 0.0354 0.0243  0.0147
0.0017 0.0014 0.0009 0.0005  0.0003

Table 13: Strength X and stress Y

177 09457 1.8985 2.6121 1.0929 0.0362 1.0615 2.3895
0.0352 0.0397 0.0677 0.0233 0.087 0.1156 0.0286 0.0200
0.0982 0.7971 0.8316 3.2304 0.4373 2.5648 0.6377
0.0793 0.0072 0.0245 0.0251 0.0469 0.0838 0.0796

<o

its true value using the conditional likelihood procedure as compared to using Blomqvist’s
beta except for the FGM copula. The estimation procedure based on Blomqvist’s beta is
computationally simpler and the resulting estimates are fairly good. The pattern of variation
in the estimates of R with respect to 8 is found to be the same as the pattern of variation
in true R with respect to 6 for both the methods of estimation of . Mean square errors
for estimates of R are considerably small. Next, we have studied the asymptotic properties
of all the estimators. We have also, obtained an estimate of the corresponding Godambe
information matrix. Finally, we apply our results to a real data set. It is found that Gumbel’s
bivariate exponential copula is the only copula that can model the dependency between the
variables among the four copulas considered, for the given data set.

Appendix 1

1. The asymptotic variance J%}C of Ry, for the FGM copula, from Equation (8), is given by

’

012%,0 = {he(g)}z Ug,c

i OélOéQ(—Oq + 062) 2
= {<a1+a2><2a1+a2>(a1+2a2)} {1607} (32)

2. The asymptotic variance a% ¢ of Rp p, for the AMH copula is given by

Oho = {he(g)}szg,c (33)
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where, from Equation (11),

p oy 1 . o 2000 + a2
hy(0) = - H tric2F1 |2 0
0(0) (a1 + a2)0 { (1—6)2 ypergeometric [ "ot a4 as’ ] }
o 1 140 a1 (a1 + 2a0)Gamma <%>
et (T8 CIE o7
(a1 +ag) | -1+ (=1+0) (o1 + a2)2 Gamma (2311322)

— Hypergeometric2F'1 |2, , )
2 ypery [ ap+ a2 o+ oy

« 1
(1-10)
Gamma <m> Hypergeometric2F'1 [2 aut2ay 2aif3az 9}

ai+asz artaz ? artaz
2a1+3a0
Gamma <7&1+a2 )

a1 + 2a9 20 + 3ao ‘9”

N , (34)

and U(%,C is defined in Section 4.2.

3. The asymptotic variance 012%’0 of Ry, for the Gumbel’s bivariate exponential copula, from
Equation (14), is given by

O'%%,C = {hle(e)}Q Ug,c

(a1+ag)?
ala _ _ogtas
(a2 — a2) . e te102f /(o — ) Erfe {2%(11229] . (a1 + ap)? I
8 aph? 80/ a0 201010 Be
(35)

where 03 ¢ is defined in Section 4.3.

Appendix 2

1. FGM copula: From Equation (7) the conditional distribution function of Y given X = z
is given by

Fyix(ylz) = (1—e %) [140e % (=14 2¢" )], x>0; y>0. (36)

Therefore, using the inverse transformation, we get

B —il (146 —20e=4%) — /(1460 — 20e=217)2 — 40(1 — 2e=*17)(1 — W)
YTt 20(1 — 2¢—n2)

(37)
where W ~ U(0,1).

2. AMH copula: From Equation (10) the conditional distribution function of Y given X = x
is given by
(1 —e 22Y) (1 — fe=2Y)

F x) = , >0; y>0. 38
Y\X(Z/| ) (1- He_alxe_o‘Qy)Q Yy (38)
Therefore, using the inverse transformation, we get
L, —(1+60—20We %) — /(140 — 20We 012)2 + 49(We 202 — 1)(1 — W)
=——1In
Y Qs 20(0We—2z — 1)
(39)

where W ~ U (0, 1).
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3. Gumbel’s bivariate exponential copula: From Equation (13) the conditional distribution
function of Y given X = z is given by

Fyix(ylz) =1~ efo2my=a2y (1 4 Pagy), x> 0; y > 0. (40)

The inverse transformation, for this copula, is not possible for 8. We, therefore, use rejection
method (Ross 1997) to draw a sample from Y. For rejection method, we consider the density
function

gy) = e y>0; ay>0 (41)

as a basis, i.e., simulate a value from g(y) and accept this simulated value with probability

proportional to f(y|X = z)/g(y) where f(y|X = z) is given by Equation (23). We note that
X =

f(y| x) _ eﬂ‘)alagxy [(1 + 0&1.%’)(1 + 0a2y) _ 9]

9(y)

is bounded for all y by the constant k given as

k= (14 arz) (1 + 1) . (42)

a1

4. GH copula: From Equation (16) the conditional distribution function of Y given X = x
is given by

—ayapf—1 1
Frxtole) = EEEECE [Cmfi- o))+ (- e
x Exp (- [(—ln [1- e*a”])e + (=In[1- e*C“?y])e} t})) , x>0; y>0.

Then, using the inverse transformation, we get

1 (1/6)
y = _OTQ In |:1 _ e—{—(E1)0+[(—1+0)ProductLog[zH9} :| (43)

1
_ o (1-0)11-9
where F; = —1In [1 i e—alz]’ y = [W(l e l_zi_Eel) ]

gives the principal solution for z = we®.

, W ~ U (0,1) and ProductLog|z]
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