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EXPLORING TWO MODIFIED ALI-MIKHAIL-HAQ COPULAS AND NEW BIVARIATE LOGISTIC
DISTRIBUTIONS

CHRISTOPHE CHESNEAU

ABSTRACT. The Ali-Mikhail-Haq copula is a bivariate ratio-type Archimedean copula known for its simplicity
and flexibility in modeling moderate negative and positive dependence structures, making it widely used in var-
ious fields. However, it is limited to capturing asymmetric dependence features, significant negative correlations,
or versatile tail dependence properties. This research paper proposes two modifications of the Ali-Mikhail-Haq
copula that overcome these limitations, but at the price of the loss of the positive dependence nature. Contrary
to the common approach that focuses on modifying the corresponding generator function, we apply direct func-
tional changes to the Ali-Mikhail-Haq copula. We thus perturb its Archimedean identity. The first copula has the
particularity of being non-exchangeable, capable of reaching an interesting level of negative dependence corre-
lations, and possessing flexible tail dependence properties. The second copula offers another modeling option;
it is exchangeable like the Ali-Mikhail-Haq copula, but it benefits from a broader range of negative dependence
correlations and more adaptable tail dependence properties. For the two proposed copulas, we investigate their
main characteristics, including quadrant dependence, copula density function, conditional copulas, couples of
value generation, extended variants via standard copula schemes, comprehensive copula orders, and weighted
harmonic mean copula transformations. An application on two new bivariate logistic distributions in a two-
component system context is given. When possible, numerical and graphical studies are given to strengthen the
theory.

1. INTRODUCTION
The context, contributions and organization of the paper are now presented.

1.1. Context. Since the Sklar seminal work in [33], copulas have gained importance thanks to their ability to
capture complex dependence features between random variables. Unlike traditional correlation measures,
they offer a more nuanced approach by separating marginal distributions from the joint distribution. Thus,
they allow a flexible representation of dependence structures. The basics of copulas can be found in the
books [27] and [12]. In order to have a first mathematical element, the definition of a copula in the bivariate
absolutely continuous context is recalled below.

Definition 1.1. We consider the bivariate absolutely continuous context. Let D(u,v), (u,v) € [0,1]?, be a
differentiable function on (0, 1). Then D(u, v) is called a copula if it meets the following two requirements:

(M: D(u,1) =u, D(1,v) = v, D(u,0) = D(0,u) = 0.
2

0
S > 0.
(In auavD(u,v) >0
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We refer to [27] for more information on these technical requirements.

This copula definition, taken into the associated bivariate absolutely continuous context, will be central
to this study.

For decades, copulas have found applications in various fields, including finance, risk management,
insurance, environmental science, reliability engineering, hydrology, and actuarial science. In parallel
with this highly applicable activity, researchers often modify existing copulas or propose new ones to
adapt their properties to specific challenges. As interdisciplinary demand for accurate and robust mod-
eling increases, copulas continue to play a central role in advancing statistical methodologies and improv-
ing our understanding of multivariate dependence patterns. Recent studies in this regard include those
in [8], [10], [24], [31], [4], [5] and [34].

In this research paper, we make our contribution to the subject by modifying, in a certain sense, the
capabilities of the famous Ali-Mikhail-Haq (AMH) copula. Thus, in order to explain the interest of these
contributions, a retrospective on this copula is necessary.

1.2. On the AMH copula. The AMH copula finds its origin in [1]. It was an intermediary mathematical
tool to construct a single-parameter version of the Gumbel bivariate logistic distribution established in [16].
To be more precise, the AMH copula is defined as

1
“ +a(l —u)(1—v)’
with a € [—1, 1]. Based on this copula, by considering the standard logistic distribution for the two univari-

ate marginal distributions, i.e., with the cumulative distribution function (CDF) F(z) = [1 + exp(—z)]},

(1.1) Ci(u,v;a) = (u,v) € [0, 1]2,

z € R, the proposed single-parameter extended version of the Gumbel bivariate logistic distribution in [1]
is

F(z,y;a) = C[F(x), F'(y); d]
1

= F(x)F(y) 1+all— F(2)][l - F(y)]
= exp(z +y) . 2
Ca+t [exp(z) + 1][exp(y) + 1]’ (z,y) € R,

or equivalently, with more adequacy to the expression in [1],

F(x,y;a) = [1+ exp(—z) + exp(—y) + (1 +a)exp(—z — )] ", (z,y) € R%

The choice of a = —1 yields the Gumbel bivariate logistic distribution as studied in [16].
Some known facts and results about the AMH copula are recalled below. First, it is a member of the
Archimedean family of copulas and is characterised by the following strict generator function:

o(t) = log {H—a(l—t)

: ] , >0,

with lim_,o ¢(t) = +oo0. In fact, the AMH copula is one of the famous twenty-two single-parameter
Archimedean copulas presented in [27, Table 4.1]. It is clearly exchangeable, i.e., C;(u,v; a) = C(v, u; a) for
any (u,v) € [0,1]%, and associative, i.e., Ct[Ct(u,v;a), w;a] = Ct[u, Ct(v, w;a); a for any (u,v,w) € [0,1]3.
Furthermore, it does not have tail dependence except for a = —1, where a rigid left tail of 0.5 is obtained
(see [22, Theorem 3]). It is positively quadrant dependent for a € [-1,0], ie., Ci(u,v;a) > uv for any
(u,v) € [0,1]?, and negatively quadrant dependent for a € (0, 1], i.e., Cy(u, v;a) < uv for any (u,v) € [0, 1]°.
It is one of the rare copulas to enjoy a simple and comprehensive harmonic mean property (see [35, Proposi-
tion 1]). On the correlation aspects, the range for the associated medial correlation is [—0.2, 0.3333], and that

of the associated Spearman rho is [33 — 481log(2), 47? — 39] &~ [—0.2711,0.4784] (see [22, Page 661]). Thus,
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the AMH copula has both positive and negative moderate dependence correlations. However, these results
imply that it is not appropriate for asymmetric or moderate-to-strong negative dependence. Despite these
limitations, the AMH copula has attracted attention for decades, revealing itself to be a suitable dependence
model in various statistical scenarios. See, for instance, [14], [25], [27], [22], [35], and [9].

1.3. Contributions. With the idea of overcoming some limitations of the AMH copula and keeping a sim-
ilar ratio-type form, we propose two modifications of it. They are based on direct functional changes of
Ci(u,v; a); we do not alter directly the associated strict generator function ¢(¢) and go beyond the standard
Archimedean scheme. More precisely, the modified copulas are of the following form:
b(w)p(v)
(o) +a(l —u)(1 -v)’
with a € R (to be refined), ¥(u) € {1,u} and ¢(v) € {1,v}, or, equivalently,
1
S parmrIm G
with U(u) = (1 —u)/¥(u) € {1 —u,u™! —1} and ®(v) = (1 —v)/p(v) € {1 —v,v~! — 1}. Such a similar
single-parameter ratio-type copula form was investigated in [6] but with original functions for ¥(u) and

Co(u,v;a) = uw

(u,v) € [0,1]%,

Co(u,v:a)= 0,1]?,

®(v), completely out of the polynomial denominator definition of the AMH copula. Of course, the admis-
sible values for a making C,(u,v;a) a valid copula remain a challenge that this research work addresses.
However, applying our modification strategy results in some gains and losses. Indeed, after a thorough
investigation, we lost sight of the positive dependence nature of the AMH copula and its Archimedean
identity. For the gains, let us distinguish the two proposed copulas. The first one has the advantage of
being non-exchangeable, capable of reaching an interesting level of negative dependence correlations, and
possessing flexible tail dependence properties. The second proposed copula gains from other modeling
angles. Indeed, it is exchangeable like the AMH copula, but it benefits from a broader range of negative
dependence correlations and more adaptable tail dependence properties. These facts are emphasized via
standard measures and benchmarks. On the other hand, for each of them, we investigate some important
mathematical characteristics, such as the nature of the quadrant dependence, the copula density function
and its shapes, the conditional copulas along with their uses in couples of value generation, several ex-
tended variants via standard copula schemes, comprehensive copula orders involving old and modern
copulas, and the weighted harmonic mean copula transformatons. As a probability application, two new
single-parameter variants of the Gumbel bivariate logistic distribution are established. Their uses in a two-
component system context, with the consideration of minimum and maximum random variables, are also
examined. The theory is reinforced using numerical and graphical investigation.

1.4. Organization. The rest of this research paper contains the following sections: Section 2 describes the
first proposed copula, along with its main characteristics. Section 3 does the same for the second one. Two
new bivariate logistic distributions are described in Section 4, along with a discussion in their implication
in two-component random systems. A conclusion is formulated in Section 5.

2. FIRST PROPOSED RATIO-TYPE COPULA

2.1. Description. The first proposed ratio-type copula is explored in the subsequent proposition.

Proposition 2.1. The following bivariate function is a copula for a € [0, 1]:

u+a(l—u)(l-wv)’

(2.1) Cy(u,v;a) = uv (u,v) € [0,1)%
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Proof. The validation of (I) and (II) in Definition 1.1 forms the foundation of the proof. Let us start by
examining (I). For any u € [0, 1], we obtain

u u
1:a) = 1 - i
Cy(u,l;a) = u x Xu+a(1—u)(1—1) ux -~ =u

Also, for any v € [0, 1], we have

1
1(1,v;a) va1+a(1_1)(1_v) v X v

On the other hand, for any u € [0, 1], we get

u
Cl(u707a)_’u,><0>< u+a(1—u)(1_0) =0

Similarly, for any v € [0, 1], we have

0
C1(0,v;a) =0 x v X 0 Fal =01 =) =0

The results above validate (I).
Let us now focus on (II). Using multiple differentiation procedures and suitable factorizations, for any
(u,v) € (0,1)%, we find that

0 wva) = — au?v ~ 2a(1 —u) 2p[1 — a(1 —v)]
Fuae 10 Vi) [u+a(l —u)(1—0)2 [u+a(l—u)(l—0v)?
u?[1 — a(l —v)] 2a(1 — w)uw 2u

Cuta(l—w)(1=0)]2 " Juta(l —u)(l—0)? + u+a(l —u)(1l—2v)
a?(2 —u)(1 —u)(1 —v) + K(u,v;a)
[u+ a(l —u)(1—v)]3 ’

where
K (u,v;a) = au[u(v — 2) — 3v + 3] + u?.
Since u+a(l—u)(1—v) >0,2—u >0,1—u > 0and 1 —v > 0, itis clear that (I) is fulfilled if K (u,v;a) > 0.
To demonstrate that, the key is a suitable factorization of K (u,v;a); for a € [0, 1], we have
K(u,v;a) = au[(1 —u)(1 —v) +2(1 — v)] + (1 — a)u?
>(1- a)u2 > 0.

Thus, (II) is established. As a result, C1 (u, v; a) is a valid copula, ending the proof. O

Let us name the copula C} (u, v; a) in Equation (2.1) as the first new ratio-type (FNRT) copula, and assume
in the rest of this section that a € [0, 1]. To make a parallel with the expression of the AMH copula, we can
rewrite it as

1
1 +a(u~t=1)1—-v)’

Ci(u,v;a) =u (u,v) € [0,1]%

Hence, the AMH and FNRT copulas have similar mathematical ingredients (ratio-type type, product uv,
etc.), but the difference is that the term 1 — u in the denominator of the AMH copula is replaced by u=! — 1
and that the parameter « is restricted to the interval [0, 1]. These changes, which can be considered minor at
first glance, have notable consequences. Some of these consequences are discussed in the next subsection.
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2.2. Properties. Some of the important properties of the FNRT copula are studied in the proposition below.

Proposition 2.2. The FNRT copula possesses the following properties:

It is not exchangeable for a € (0, 1] (and exchangeable for a = 0).

It is a decreasing function with respect to a.

It is negative quadrant dependent.
Its medial correlation has a range of values of [—0.3333, 0].
Its Spearman rho has a range of values of [—0.4784, 0].

It is upper left tail dependent only.

Proof. The listed items are proved in turns below.

e We can always find (u,,v,) such that

U,
u, +a(l—u,)(1—v,)

v,
A =C Ly Uy @),
7éuU‘vb—l—a(l—ub)(l—vL) 1V, wsa)

C (Um ) a) =u,v,

implying that the FNRT copula is not exchangeable. For a = 0, the independence copula is obtained;
we have C' (u,v;0) = uv, which is obviously exchangeable.
o Clearly, for a1 < ag, wehave a1(1 —u)(1 —v) < az(1 — u)(1 — v), which implies that

U U
. = < = : .
Cy (u,v;a9) uvu—i—ag(l—u)(l—v) _uvu+a1(1—u)(1—v) Cy (u,v;aq)

So the FNRT copula is decreasing with respect to a.

o It follows from the above result that, for any a € [0, 1], we have C1 (u,v; a) < C1(u, v;0) = uv, which
corresponds to the negative quadrant property.

o Based on a formula in [27], the medial correlation of the FNRT copula is defined by

11 a
M((I):401 <2,2,a> _1:_2+a

It is a decreasing function with respect to a, so, for a € [0,1], the associated range of values is
[M(1),M(0)]. We have M (0) = 0 and M (1) = —1/3 ~ —0.3333. Thus the range of values for M (a)

is [-0.3333,0].
e Owing to a formula in [27], the Spearman rho of the FNRT copula is defined by

11
pla) = 12/ / Cy (u, v;a)dudv — 3.
0o Jo

Since C1(u,v;a) is a decreasing function with respect to a, the same holds for p(a). Thus, since
a € [0, 1], the associated range of values is [p(1), p(0)]. We have

1ol 1l 2
1
p(O)zl?/ / Cl(u,v;O)dudv—3:12/ / uvdudv—3:12x<) -3=0
o Jo 0o Jo 2
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and, after tedious integral developments, we find that
1ol
p(l) = 12/ / Cy(u, v; 1)dudv — 3
0o Jo
1 1

12/0 [/0 uvu—i—(l—t)(l—v)du dv—3

1 oy of 132 B

_ 12/ v(3v —2) — 2(v : 1)*log(1 U)dv—?)
0 2v
7 7

=12 -—— | -3~ —-04784.

Therefore, the Spearman rho has a range of values of [—0.4784, 0].

o The diverse kinds of tail dependence of the FNRT copula can be revealed by the calculus of the re-
lated parameters. In particular, owing to the formulas in [27] and [18], the lower left tail dependence
parameter is given by

. 2
Ay — lim SH @) u
u—0

. — )
u u—%u—l—a(l—u)2

the lower right tail dependence parameter is obtained as

u—C1(1 —u,u;a) — lim u— (1 —u)u/[l —u+au(l —u)] o,

u—0 u u—0 u

the upper left tail dependence parameter is given by

,mL:nm”_C“wl_waﬁzmn“_ﬁu_uwm+awl_w}: ‘.
u—0 u u—0 u a+ 1

and the upper right tail dependence parameter is computed as

1-2 ; 1-2 3 1 —u)?
\op = lim utCi(u,usa) lim w4 u’/[u+a(l —u)?
u—1 1—u u—1 ]_—u

=0.

As a result, since only Ay, = a/(a + 1) # 0 for a € (0, 1], the ENRT copula is only upper left tail
dependent.

The listed results are proved. O

Therefore, contrary to the AMH copula, the FNRT copula is non-exchangeable (for a € (0, 1]) so it can
model asymmetric dependences, and it reaches a greater range of negative dependence than the AMH
copula, i.e., for the medial correlation, we have [—0.3333, 0] versus [—0.2, 0] and for the Spearman rho, we
have [—0.4784, 0] versus [—0.2711, 0]. However, the FNRT copula cannot reach positive dependence.

2.3. Functional analysis. The FNRT copula is now analyzed from a functional perspective, with the help
of graphics. Some related results are also discussed.

To begin, let us depict the FNRT copula for two different values of a with a € [0,1] in Figure 1. We
mention that all the graphics and numerical study of this research paper are performed with the software
R (see [28]).
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FIGURE 1. Plots of the contours of the FNRT copula for ¢ = 0.1 (left) and a = 0.9 (right).

The analysis of these figures confirms the validity of the FNRT copula. The asymmetric contours are
clearly visible for a = 0.9.
On the other hand, the copula density derived from the FNRT copula is obtained as
2
%Cl (U'7 C a’)
ua2(2 —u)(1 —u)(1 =)+ au[(1 —u)(1 —v) +2(1 —v)] + (1 — a)u?
[uta(l —u)(1—v)P ’

C1 (’U,, v; a) =

(u,v) € [0,1]%.

The shapes of this function are important to understand the modeling ability of the FNRT copula. For a
direct examination of them, we perform a graphical study. Figure 2 represents c¢; (u,v; a) for two different
values of a with a € [0, 1].

FIGURE 2. Plots of the contours of the FNRT copula density for ¢ = 0.1 (left) and a = 0.9 (right).

From this figure, nuanced contours are observed for the FNRT copula density. Furthermore, the upper
left tail dependence at the corner point (0, 1) is flagrant; a certain concentration of high values is present.
On the other hand, the first conditional FNRT copulas is given by

a2—u)(1—v)+u
[u+a(l—u)(1—2v)]?

Cr(u,v;a) = —C4(u,v;a) = uv

ou
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and the second one is specified as

0 u+a(l —u)
C ;a) = —C1(u,v;a) = v’ 0,1)%.
I_I(u7vva) v 1(U7U7a’) u [u+a(1_u)(1_v)]2a (’LL,’U)E[ ’ ]

In particular, the conditional copula Cr(u,v;a) can be useful for generating a couple of values (u,,v,)
from a random vector (U, V') having the FNRT copula as a cumulative distribution function (CDF). The
standard generation scheme is as follows:

o Generate a couple of independent values (u,, w) based on the uniform distribution over [0, 1].
e Find v, satisfying Cr(u,,v,;a) = w.
e Take into account (u,,v,).
Figure 3 shows the scatter plots of 500 such generated couples of values for two different values of a with

a € [0,1].
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FIGURE 3. Scatter plots of 500 generated couples of values derived from the FNRT copula
for a = 0.1 (left) and a = 0.9 (right).

With some distinct point clusters and a rather well-defined structure, this figure illustrates some types
of dependent patterns. The most evident cluster is at the corner (1,0), which is coherent with the upper left

tail dependence nature of the FNRT copula.
2.4. Related copulas. Since the FNRT copula is not exchangeable (for a € (0, 1]), a natural copula comes
by exchanging the variables « and v; the following bivariate function is a copula:

v+a(l—u)(l-uv)’ (u,v) € 0.1,

Cy(u,v;a) = Cy(v,u;a) = uv

still with a € [0, 1].
Also, the standard flipping and survival techniques described in [27] can be applied to the FNRT copula

to generate new ratio-type copulas. In particular, the u-flipping FNRT copula is obtained as

Cr(u,v;a) =v—C1(1 —u,v;a)
1—u

Ulfquau(l—v) (u,v) € [0, 1]2’

=v—(1—-u)

b

the v-flipping FNRT copula is given by
Cy(u,v;a) =u—Ci(u,1 —v;a)

=u—u(l _U)u—i—a(uﬂ’ (u,v) € [0,1]?,
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and the survival FNRT copula is indicated as

Cr(u,v;a) =u+v—14+C1(1 —u,1 —wv;a)

1—u

=ut+v—1+1—-u)(l—-0) (u,v) € [0,1]2.

1—u+auv’
The power function technique elaborated in [11] can also be applied. Let us consider b € [0,1] and
¢ € [0,1]. Then a valid copula based on the FNRT copula is given by
Cy(u,v;a,b,¢) = ubv°Cr(u=, v ¢ a)
ul-b
ul=t + (1 — ul=b)(1 — vl-¢)’
While adding greater flexibility to the FNRT copula, the parameters b and ¢ complicate the mathematical

=uv (u,v) € [0,1]°.

scheme. From a practical point of view, there is a risk of the over-parameterization phenomenon.
Another option is the mixture technique, as described in [27]. It ensures that the following integral
bivariate function is a copula:
1 1 u
Ca(u,v) = ; Cy(u,v;a)da = /0 uw— a0 —u)i= U)da
log [1+ (u™' = 1)(1 —v)]
(vt =1)(1—-v)

It represents a new non-exchangeable ratio-type logarithmic copula of the literature. Since a € [0, 1], we can

= uv

eventually extend it in a parametric way by the duplication-parameter technique developed in [7] as

OV (U7U;a’) = /0 Ol(u7v;ab)db = /0 UUU + ab(l — u)(l — 'U) db
log [1+a(u™" = 1)(1 —v)]
alut =1)(L-v)

When a — 0, the independence copula is obtained. Thus this single-parametric non-exchangeable copula

= uv

has the advantage to be general in form and cover the indepence case. It may be valuable to consider a
dependence problem demonstrating such characteristics.

2.5. Additional properties. Since the FNRT copula is not exchangeable, it is obviously not Archimedean,
contrary to the AMH copula.
In addition, the FNRT and AMH copulas are related by the following nonlinear equation:

uv 1 _ Uu _
1—u \Ci(u,v;a) Ci(u,v;a))
As for any valid copula, the FNRT copula is 1-Lipschitz, i.e., for any (u1, ug, v1,v2) € [0, 1]*, we have
|C1(u1,v1;a) — C1(uz,v2;0)|< Jug — ur|—[vg — v,

SO
U1 U2
— UV
ur +a(l —ug)(1l—wvp) 2 2uz+a(17uQ)(1fv2)

This bivariate inequality can be of independent interest in the field of analysis.

U1v1 ’ S|U2_U1|_"U2_U1|.

The FNRT copula benefits from tail increasing characteristics, as demonstrated below. For any (u,v) €

(0,1)%, we have
0 (Ci(u,via)\ _ a(l —v)v
8u< u )_[u+a(1—u)(1—v)]2>0
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and

0 (Ci(uyvia)\ _ au?(1 — u)
81}( v >_ [u+a(l—u)(1—0v)? 20,

implying that the FNRT copula is left tail increasing (for both variables v and v). Furthermore, we have

9 (v="Ci(u,v5a)\ a’v(l —v)?
5‘u< T—u >_[u+a(1u)(lv)]220

and

0 (u—Ci(u,v;a) au(l —u)fu — a(l — u))
-~ — >0,
v 1—w [u+a(l—u)(1—-0v)]% —
implying that the FNRT copula is right tail increasing (for both variables u and v). More details on the
notion of tail increase can be found in [1].
After tedious differentiation steps and factorizations, we establish that

82 82 1— 2 2+ 1— 2 +(1-— 3
@Cl(uav?a)‘FﬁCl(u?v;a):2aa[( w4+ (1—v)%]+ (1 —wu®

[uv +a(l —u)(1 —v)]3 -

By following the notion of harmonicity in [27], we conclude that the FFNRT copula is subharmonic.

The FNRT copula satisfies interesting copula orders, as discussed below. The following exponential
inequality is well-known: exp(t) > 1 + ¢ for ¢ € R. Therefore, for any (u,v) € [0,1]?, we have expla(u™" —
(1 —v)] >1+a(u"! —1)(1—v), which implies that

u
u+a(l—u)(l—0o)

where C;(u, v; a) is a modified version of the Celebioglu-Cuadras copula (see [4]).

Cy(u,v;a) = uv > wvexp[—a(u~! — 1)(1 —v)] = C;(u,v;a),

For any (u,v) € [0,1]?, we have 1 — u > u(1 — u), which can be rewritten as «=! — 1 > 1 — u, and
1+a(ut=1)(1—v) >14a(l —u)(l —v). Therefore, an inequality involving both the FNRT and AMH

copulas is
u 1

<
utal—w(l—v) ~ “T+al—wl—v)
where C;(u, v; a) is the AMH copula as described in Equation (1.1).

Cy (u,b;a) = uv = Ci(u,v;a),

The two above results thus give the following copula orders:
(22) CT (’LL, ) a) S Cl (’Z,L, ba a) S Ci (’Z,L, ) a)7

and so position the FNRT copula into two well-referenced copulas.
The weighted harmonic mean transformation of two FNRT copulas with different parameters is still a
FNRT copula with a special parameter. Indeed, let a; € [0, 1], az € [0,1] and b € [0, 1], and
_ 1
~ b/Cy(u,v;a1) + (1 —0)/Cy(u,v;a2)’

be such a weighted harmonic mean of the copulas C;(u,v;a1) and Ci(u,v;az), with weight b. Then, by

C_(u,v;a1,a2,b)

expliciting C4 (u, v; a1) and C1(u, v; az), we establish that
uv
bl +ar(ut = 1)1 —v)]+ (1 =b)[L +az(u™t = 1)(1 —v)]

T et 0 Dml T — i =)~ CHwvibat (1 -ba.

Based on Proposition 2.1, we thus obtain the FNRT copula with parameter ba; + (1 — b)as, which is valid if

C\/(u,v;al,ag,b) -

ba; + (1 — b)ag € [0, 1], thus proving the statement.
This ends the study of the FNRT copula. The second proposed ratio-type copula is developed in the next
section.
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3. SECOND PROPOSED RATIO-TYPE COPULA
3.1. Description. The second proposed ratio-type copula is examined in the subsequent proposition.

Proposition 3.1. The following bivariate function is a copula for a € [0,1]:
wv
wv + a(l —u)(1 —v)

(3.1) Ca(u,v;a) = uv . (u,v) €0,1)2

Proof. We follow the structure of the proof of Proposition 2.1; the validation of (I) and (II) in Definition 1.1
is the challenge. Let us begin with the study of (I). For any « € [0, 1], we obtain

u X 1 U
2w, L) =u x Xulera(lfu)(lfl) uxu b
Also, for any v € [0, 1], we have
1
Cy(1,v;a) =1 x v x XY :ngzv_

I1xv+a(l-1)(1-wv)
On the other hand, for any u € [0, 1], we obtain
ux0

Cy(u,0;a) = u x 0 x x0T a(l— W =0) =0.

Similarly, for any v € [0, 1], we get

0xw
Cs(0,v: a) = —0.
2(0,050) = 00 X G T o T = o)

The equalities in (I) are proved.
Let us now demonstrate (II). With several differentiation techniques and appropriate factorizations, for
any (u,v) € (0,1)?, we obtain

02 L (a+ 1)u?v?
Buy 2 V) = e A T A= o
20?02 [u — a(l — u)][v — a(l — v)] B 2u?v[v — a(1l — v)]
[uv 4+ a(l —u)(1 —v)]3 [uv + a(l —u)(1 —v)]?
2uv?[u — a(l — u)) duv

w4 al—w) (1 —0)]2 " ww+al —u)(l—0)
a?(2 —u)(1 —u)(2 —v)(1 —v) + L(u,v;a)

- [uv +a(l —u)(1 —v))3 ’

where
L(u,v;a) = auv[u(2v — 3) — 3v + 3] + u?v>.
Sinceuv +a(l —u)(1—v) >0,2—u>0,1—u>0,2—v>0and 1 —v > 0, the assumption (II) is fulfilled
if L(u,v;a) > 0. Let us prove it via an appropriate factorization. For a € [0, 1], we have
L(u,v;a) = 3auv(l — u)(1 —v) + (1 — a)u’v?
>(1- a)u2v2 > 0.

This establishes (II). The proof concludes the fact that Cs(u, v; a) is a valid copula. O

Let us name the copula Cs(u, v; a) in Equation (3.1) as the second new ratio-type (SNRT) copula and and
assume in the rest of this section that a € [0, 1]. Similarly to the AMH and FNRT copulas, we can rewrite it
in another ratio-type form as follows:

1
I+a(u=t =1)(v-1 =1)

Co(u,v;a) = ww (u,v) € [0,1]°.
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Hence,

the AMH and SNRT copulas have similar mathematical ingredients (ratio-type type, product uv,

etc.), but the difference is that the terms 1 — u and 1 — v in the denominator of the AMH copula are replaced

by u~!

—land v~! — 1, respectively, and that the parameter a is restricted to the interval [0, 1]. As the next

subsection highlights, these modifications make the SNRT copula original in some aspects.

3.2. Properties. Some of the important properties of the SNRT copula are studied in the result below.

Proposition 3.2. The SNRT copula possesses the following properties:

It is exchangeable.

it is a decreasing function with respect to a.

it is negative quadrant dependent.

Its medial correlation has a range of values of [—0.5, 0].
Its Spearman rho has a range of values of [—0.7011, 0].
It is lower right and upper left tails dependent only.

Proof. The listed items are proved in turns below.

For any (u,v) € [0, 1]?, we have
uv vu
v =vu
w +a(l —u)(1—wv) vu+a(l —v)(1 —u)

CQ(U7U; a) =u = CQ(Uvu; a)7

implying that the SNRT copula is exchangeable.

Clearly, for a1 < az, we have a1(1 — u)(1 —v) < as(l — u)(1 — v), which implies that
uv < uv

w+as(l—u)(1—v) =  w+a(l —u)(l—v)

Co(u,v;as) = wv = Cy(u,v;ay).

Hence, the SNRT copula is decreasing with respect to a.
It follows from the above result that, for any a € [0, 1], we have Cs(u,v;a) < Ca(u, v;0) = uv. The
SNRT copula has thus a negative quadrant property.
The medial correlation of the SNRT copula is indicated by

11 a

M(a) =4Cy <2,2;a> -1= “11a

Since it is a decreasing function with respect to a for a € [0,1], the associated range of values is
[M(1),M(0)]. We have M(0) = 0 and M (1) = —1/2 = —0.5. Thus the range of values for M (a) is
[—0.5,0].
The Spearman rho of the SNRT copula is defined by

1,1
pla) = 12/ / Cs(u, v;a)dudv — 3.
o Jo

Since C(u, v; a) is a decreasing function with respect to a, this also applies to p(a). Thus, by taking
into account that a € [0, 1], the associated range of values is [p(1), p(0)]. We have

1ol 1
p(0) = 12/ / Cy(u, v;0)dudv — 3 = 12/ / uvdudv —3 =0
o Jo 0o Jo

and, by the use of numerical techniques, we find that

1
,0(1):12/ / Cy(u, v; 1)dudv — 3
o Jo
1

1
1 uv
:12/ {/ uv du] dv —3 =~ 12 x 0.191575 — 3
o 0 w4 (1 —u)(1—v)

= —0.7011.
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Therefore, the Spearman rho has a range of values of [—0.7011, 0].
o Let us investigate the four tail dependence parameters. The lower left tail dependence parameter is

given by
L Gawua) s
(TR e G
the lower right tail dependence parameter is obtained as
A = lim VoG mwwa) w1 w?a?/[(1 —wutau(l—u)] _ a |
u—0 (3 u—0 u a + 1
the upper left tail dependence parameter is given by
Avr = lim u— Colu 1 —usa) = lim 2= u?(1—u)*/[u(l - u) + au(l — u)] - )
u—0 u u—0 u a _|_ 1

and the upper right tail dependence parameter is computed as

1 —2u+ Cy(u,u;a) lim 1—2u+u*/[u?+ a(l —u)?]
1—u T sl 1—u

=0.

)\UR = lim
u—1

As aresult, since A\pgp = Ay = af(a + 1) # 0 for a € (0,1], the SNRT copula is lower right and
upper left tails dependent.

This ends the proof. O

In comparison to the FNRT copula, the SNRT copula is exchangeable exclusively. Furthermore, it has
a wider range of negative values for the medial correlation and Spearman rho than the FNRT copula,
i.e., for the medial correlation, we have [—0.5, 0] versus [—0.3333,0] and for the Spearman rho, we have
[-0.7011,0] versus [—0.4784,0]. Thus, the FNRT and SNRT copulas, even if constructed from a similar
ratio-type scheme, accomplish different modeling goals.

On the other hand, if we compare the SNRT and AMH copulas, we observe that it has greater negative
dependence flexibility, i.e., for the medial correlation, [—0.5, 0] versus [—0.2,0], and for the Spearman rho,
[-0.7011, 0] versus [—0.2711,0], which are more than twice for both. However, it has no positive depen-
dence, contrary to the AMH copula. Also, the SNRT copula is dependent on the lower right and left tails,
which is advantageous if these characteristics need to be modulated based on a data analysis; the AMH
copula is more rigid on these aspects.

3.3. Functional analysis. We now perform a functional analysis of the SNRT copula. To begin, let us depict
it for two different values of a with a € [0, 1] in Figure 4.

1- . 1- « <
\ \ \ \ \ \ ,
4 \ - 0.8 o= . 2, 0.8
0.9 ‘ \\ o 0.9 o?\ o
\ o 0.6 N\ 0.6
0.8- \ y\ \\o 0.8- \ . \ N N
\ \\\ \ b \\ .
N\ N 3

N N

NN \
0.7- ~N o 0.7- N o
‘ \ 05 o NN 0.2
0.6- Lo - 0.6- = AN N -

\\ \ o \ 0
. - N . Y
2, 7 2. \

0.4- 0.4-
23

0.2- 0.2-

0.1- 0.1-

FIGURE 4. Plots of the contours of the SNRT copula for a = 0.1 (left) and ¢ = 0.9 (right).
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The validity of the SNRT copula is confirmed by the analysis of these figures. The typical semicircular
shapes are observed, with increasing value trends into [0, 1].
On the other hand, the copula density associated with the SNRT copula is as follows:

2
C2 (u’a U3 a) = 02 (’LL, U3 a)

~ udv
@2 —uw)(1—u)(2—v)(1—v)+ auvu(2v — 3) — 3v + 3] 4+ u?v?
- [wv + a(l — w)(1— o) ’

(u,v) € [0,1]2.

To comprehend the modeling capacity of the SNRT copula, we must investigate the forms of this function.
In Figure 5, we conduct a graphical analysis of ¢a(u, v; a) for two distinct values of a with a € [0, 1].

FIGURE 5. Plots of the contours of the SNRT copula density for a = 0.1 (left) and a = 0.9 (right).

Different contours for the SNRT copula density are visible in this figure. They are particularly notable at
the top left and bottom right, in accordance with the demonstrated tail dependence properties.
On the other hand, the two conditional SNRT copulas are given by

5 a(2—u)(1—v)+uv

Cr(u,v;a) = %Cg(u,v; a) = uv o+ a(l — )1 — o)
and
Cu(u,v;a) = %Cg(u,v; a) = Cn(v,u;a) = vu? [Szfi—_aq(jl)(i ;)?1) —I_—z)liw (u,v) € [0,1]%.

Similarly to the FNRT copula, the generation of a couple of values (u,,v,) from a random vector (U, V)
having the SNRT copula as a CDF is as follows:

e Generate a couple of independent values (u,, w) based on the uniform distribution over [0, 1].
e Find v, satisfying Cr(u,,v,;a) = w.
e Take into account (u,,v,).

Figure 6 depicts the scatter plots of 500 such generated couples of values for two different values of a with
a € [0,1].
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FIGURE 6. Scatter plots of 500 generated couples of values derived from the SNRT copula
for ¢ = 0.1 (left) and a = 0.9 (right).

This figure shows several kinds of dependence features; it has a reasonably well-defined structure with
a few distinct clusters of points mainly concentrated on the top left and bottom right corners. This is logical
in view of the demonstrated tail dependence properties of the SNRT copula.

3.4. Related copulas. Like for the FNRT copula, the flipping and survival techniques described in [27] can
be applied to the SNRT copula. In particular, the u-flipping SNRT copula is obtained as

Ch(u,v;a) =v—Cs(1 — u,v;a)
(1 —wu)

—v—(1— 2
=v—(1 u)v(lfu)erau(lfv)’ (u,v) € [0,1]7,
the v-flipping SNRT copula is indicated as
Cy(u,v;a) =u— Ca(u,1 —v;a)
—u—u(i—o)—— e o,

u(l—v)+a(l —u)v
and the survival SNRT copula is given by
Cy(u,v;a) =u+v—14Ce(1 —u,1—wv;a)

(1—w)(1—wv)
(1—u)(1—v)+auv’

The power function technique elaborated in [11] can also be applied. Let us consider b € [0,1] and
c € [0, 1]. Then a valid copula based on the FNRT copula is given by

=ut+v—1+(1—u)(l—-wv) (u,v) € [0,1]2.

Co(u,v;a,b,¢) = ubv°Cy(u' =, v1 7% a)

o ul—bvl—c
T byl a(l —ul=)(1 —vl=e)’
Like for the FNRT copula, although the parameters b and ¢ provide the SNRT copula more flexibility, they

also complicate the mathematical method.
On the other hand, the mixture technique provides

1 1 uv
CA(%U)—/O CQ(U’U’a)da_/O uvuv+a(1—u)(1_v)da

(u,v) € [0,1].
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We thus obtain a new exchangeable ratio-type logarithmic copula. Since a € [0,1], the duplication-
parameter technique described in [7] can eventually be used to extend it parametrically. It gives

1 1 o,
cv(u,v,a)—/o Cz(u,wb)dbffo W ab( - W =)
log [1 + a(u! — 1)(v~! — 1)

a(u=t =1)(v=1 =1)

= uv

When ¢ — 0, the independence copula is obtained. The originality, generality, and coverage of the inde-
pendence situation are hence advantages of this single-parameter exchangeable copula.

3.5. Additional properties. First, let us investigate the Archimedean nature of the SNRT copula through
its potential associative property by considering a special example. By choosing a = 0.05, we have
1 11 11 1
02 |:5,CQ (4, 3,(1) ,Cl:| = 0.0033 # 0.0025 = 02 |:CQ <5, 4,a> s 3,a] .
This contradicts the associative property; the SNRT copula is not Archimedean. This is a notable difference
from the AMH copula.
In addition, the SNRT, FNRT, and AMH copulas are related by the following nonlinear equations:

uUv 1 B UV 1
1—uv \ Cy(u,v;a)  Ca(u,via))

and

uw < 1 B v > _
1—v \Ci(u,v;a)  Ca(u,v;a) '
As for any valid copula, such as the AMH and FNRT copulas, the SNRT copula is 1-Lipschitz, i.e., for
any (u1,uz,v1,v2) € [0,1]*, we have

|Co(u1,v15a) — Calug,v2;a)|< |ug — ur]|—|ve — v1l,

SO

U1v1 U2V2
— UV
uivy +a(l —up)(1 —vy) 22 uvs + a(1 — ug) (1 — va)

U101 S "LLQ — ’LL1‘—|1)2 — V1.

This bivariate inequality may be of independent interest.
As the FNRT copula, the SNRT copula benefits from interesting tail increasing characteristics. Indeed,
for any (u,v) € (0,1)?, we have

0 (Cy(u,v;a) a(l —v)v?
8u< >_ [uv + a(l —u)(1—v))? 20,

u
implying that the SNRT copula is left tail increasing (for both variables u and v since it is exchangeable),
and

0 (v—=0Ca(u,v5a) a’v(l —v)? >0

ou 1—u CJuwwFa(l —u)(1—v)]2 T

implying that the SNRT copula is right tail increasing (for both variables u and v since it is exchangeable).
After tedious differentiation steps and factorizations, we obtain

0? 0? (1 —u)?u? + (1 —v)?0?
WCQ(U,'U; a) + ng(u,v; a) = 2a®

[uv +a(l —u)(1—v))3 2 0.

Hence, the SNRT copula is subharmonic.
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The SNRT copula is involved in interesting copula orders, as investigated below. First, based on the
following exponential inequality: exp(t) > 1+ ¢ for t € R, for any (u,v) € [0,1]%, we get expla(u™! —
D™t =1)]>1+a(u"' —1)(v"! — 1), which implies that
uv 1

Vo + a(l —u)(1—wv) 2 wvexpl—a(u™ — (v — 1)) = Culu, v ),

Cz(U,U; CL) =u

where C«(u,v; a) is a variant of the Celebioglu-Cuadras copula (see [5]).
In addition, for any v € [0,1], we have 1 — v > v(1 — v), implying that v=* — 1 > 1 — v. Therefore, we
havel +a(u™! = 1)(v"' =1) >1+a(u"! —1)(1 —v),and
uv 1
Ca(u,bia) = W a(l —u)(1—v) = YT a(u=! —1)(1 —v) = CGiv, via),
where C (u, v; a) is the FNRT copula.
The two above results thus give the following copula orders:

CT(U, ) a) S Ol (’LL, b) CL) S Cl (’U,, ) CL) S Ci(ua ) CL),

where Cy(u,v; a) is the AMH copula as described in Equation (1.1) (the last inequality being explained in
Equation (2.2)). We thus position the SNRT copula into some introduced copulas.

Under some parameter assumptions, the weighted harmonic mean transformation of two SNRT copulas
with different parameters is still a SNRT copula with a special parameter. Indeed, for any a; € [0,1],
az € [0,1] and b € [0,1], we have

1

T b/Co(u,via1) + (1 — b)/Calu, v as)

Bl +ar(u ' — (o — 1)+ (1 —b)[I +ag(u ' — D(v—! —1)]

= T b+ (= Baal(at — D1 1) el vibar (1= bjaz]

Based on Proposition 3.1, we thus obtain the SNRT copula with parameter ba; + (1 — b)ag, which is valid if
bai + (1 —b)as € [0,1].
Applications of our copula findings to various bivariate logistic distributions are performed in the next

Cv (ua v;a, az, b)

section.

4. APPLICATIONS: NEW BIVARIATE LOGISTIC DISTRIBUTIONS
Let us begin this section with an overview of the famous logistic distribution.

4.1. On the logistic distribution. First, the logistic distribution is a continuous distribution defined on the
entire real line, similarly to the normal distribution. It is of considerable importance in various research
fields. Its main functions, i.e., the CDF and probability density function (PDF), have found numerous
applications, particularly in statistical methodologies such as logistic regression, logit-type models, and
neural networks. We recall that the CDF of the (standard) logistic distribution is given by

F(z) =[1+exp(—2)]"!, zeR,
also known in statistics under the name of sigmoid function, and the associated PDF is indicated as
f(z) = exp(—z)[1 +exp(—x)] 7%, z€R.

Furthermore, it is a symmetric distribution around 0, its quantile function is given by Q(y) = log[y/(1 —v)],
y € [0,1], its failure rate function corresponds to its CDF, ie., r(z) = f(x)/[1 — F(x)] is equal to F(x),
its mean is 0, its variance is 72/3, its skewness is 0, its kurtosis is 6/5 and its characteristic function has a
closed-form expression.
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Beyond statistical analyses, the logistic distribution has demonstrated its usefulness in the fields of
physics, ecology, risk analysis, sports, and, more recently, finance. One of its main advantages is its char-
acteristic of having wider tails and higher kurtosis compared to the (standard) normal distribution, i.e.,
6/5 versus 0. Therefore, the logistic distribution provides a valuable tool for researchers and practitioners
seeking nuanced insights into the likelihood and implications of extreme events in various domains. For
more information on this topic, we may refer to [19] and [2].

On the other hand, by extending the capabilities of the logistic distribution to bivariate scenarios, re-
searchers can capture more complex relationships between two random variables, especially those whose
data present wider tails and higher kurtosis compared to the bivariate normal distribution. The seminal
work in this direction is in [16], which is based on the following CDF:

F(z,y) =1 +exp(—z) + exp(—y)}_1 , (z,y) € R

This function characterizes the so-called Gumbel bivariate logistic distribution. It has a univariate (stan-
dard) logistic distribution for both the marginal distributions and comprehensive properties. More detail
on it can be found in [23] and [3]. Also, as a proof of its modern utility, its located and scaled version is
implemented in the R package VGAM with the function bilogistic (see [37]).

The Gumbel bivariate logistic distribution was later flexibilized through the use of the AMH copula
in [1]. Thus, the following single-parameter CDF was proposed:

F(x,y;a) = [1+ exp(—z) + exp(—y) + (1 + a)exp(—z —y)] ', (z,y) € R,

with a € [-1,1]. Itis clear that F'(z,y;a) = F(x,y) for a = —1. Another single-parametric extension was
explored through the exponentiated scheme in [29], which considers the following CDEF:

G(z,y;0) = [F(z,y))’
=[1+exp(—z) +exp(—y)] ", (z,y) €R?,
with b > 0. A multifactorial model of disease transmission based on it was also discussed.
More technical or modern works on extended bivariate logistic extensions include [23], [15], [32], [21],
[17] and [36].

4.2. First new bivariate logistic distribution. Based on the FNRT copula as defined in Equation (2.1), we
define the FNRT logistic distribution by the following CDF:

Fi(x,y;a) = C1[F(x), F(y); a]

- F(z)
= F(x)F(y)F(m) +a[l — F(z)][1 — F(y)]
exp(2z + y)

= [exp(x) + 1][a + exp(z + y) + exp(z)]’ (z,y) € R%.

By construction, the FNRT logistic distribution has a univariate (standard) logistic distribution for both
marginal distributions, and it is non-exchangeable. Such non-exchangeable bivariate distributions are able
to model the dependence between two random variables, taking into account the observation order. Their
application is particularly valuable in fields such as finance, biology, and environmental sciences, where
capturing nuanced and dynamic associations between ordered random variables is crucial for accurate
modeling and interpretation.

Figures 7 and 8 present the CDF Fi (z, y; a) for two different values of a with a € [0, 1].
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FIGURE 7. Plots of the CDF of the FNRT logistic distribution for ¢ = 0.1: contours (left)
and shapes (right).
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FIGURE 8. Plots of the CDF of the FNRT logistic distribution for a = 0.9: contours (left)
and shapes (right).

These figures give a visual validation of the CDF; we observe a clear increasing trend starting from 0 to
1, and also a slight deformation of the contours depending on the value of a. The non-exchangeability of
the distribution is also clear.

To complete this functional analysis, upon differentiation of F;(z, y; a), the associated PDF is given as

82
fl(may;a) = WByFl(x’y;a)
— exp(92 a?lexp(z) + 2] — aexp(z)[exp(x + y) — exp(x) — 3] + exp(2x)[exp(y) + 1]
= exp(2+y) [exp(a) + 1[a + exp(e + y) + exp(a)] ’
(z,y) € R%

This function is more able to determine the overall information behind the FNRT logistic distribution. It is,
however, complex. For this reason, a graphical analysis is more appropriate than a mathematical analysis.
Thus, Figures 9 and 10 depict this PDF for two different values of a with a € [0, 1].
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FIGURE 9. Plots of the PDF of the FNRT logistic distribution for a = 0.1: contours (left)
and shapes (right).

FIGURE 10. Plots of the PDF of the FNRT logistic distribution for ¢ = 0.9: contours (left)
and shapes (right).

Visually, the contours at the prime plan of this PDF are particularly versatile; they can adapt almost
"losange shapes" or "trapezoid shapes", among others, with only one tuning parameter. The skewed ability
of the overall bell shape is flexible. It is thus an interesting choice for applications with data from non-

exchangeable random variables.

4.3. Second new bivariate logistic distribution. Based on the SNRT copula as given in Equation (3.1),
another bivariate logistic distribution can be constructed. We define the SNRT logistic distribution by the
following CDEF:

Fy(x,y;a) = CoF (), F(y); a]

= F(x)F(y)F(x)F(y) +a[l = F(z)][1 - F(y)]
exp[2(z + y))

_ -
= oo F ool + aton@ iy ©YEER

By copula construction, like the FNRT logistic distribution, the SNRT logistic distribution has a univariate
(standard) logistic distribution for both marginal distributions. Thanks to the exchangeable property of the
SNRT copula, it is, however, exchangeable, contrary to the FNRT logistic distribution. It is thus particularly
adapted to model systems involving two exchangeable components depending on a characteristic whose
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distribution is compatible with the logistic distribution, among others. More details on such a scenario are
given in the next subsection.
Figures 11 and 12 present this CDF for two different values of a with a € [0, 1].
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0.2

FIGURE 11. Plots of the CDF of the SNRT logistic distribution for a = 0.1: contours (left)
and shapes (right).
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0.2

FIGURE 12. Plots of the CDF of the SNRT logistic distribution for a = 0.9: contours (left)
and shapes (right).

These figures give a visual sketch of the validity of the CDF and its exchangeable properties; the main
graphical objects are symmetric with respect to the diagonal line v = w.
Upon differentiation of F»(x,y; a), the associated PDF is given as

2
Ja(z,y5a) = sz(’I,y;a)

a®[exp(z) + 2][exp(y) + 2] — aexp(z + y)[exp(z +y) — 3] + exp[2(z + y)]
[exp(x) + 1]*[exp(y) + 1]*[a + exp(z + y)?

= exp[2(z + y)]

)

(z,y) € R2.

Figures 13 and 14 show this PDF for two different values of a with a € [0, 1].
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0.025

FIGURE 13. Plots of the PDF of the SNRT logistic distribution for ¢ = 0.1: contours (left)
and shapes (right).

FIGURE 14. Plots of the PDF of the SNRT logistic distribution for ¢ = 0.9: contours (left)
and shapes (right).

We see that, with only one parameter, the PDF can accommodate diverse skewed bell shapes with a base
of a trapezoid-like or ellipse-like form.

4.4. Application: reliability analysis. Following the studies in [26], [13] and [35], exchangeable bivariate
distributions can be involved in random systems, depending on various minimum or maximum random
variable scenarios. Thus, we consider a random vector (X,Y") that follows the SNRT logistic distribution,
and we define the random variables S and 7" as follows:

S=min(X,Y), T =max(X,Y).

Such minima or maxima of not necessarily independent random variables from a random vector naturally
appear in many applied scenarios. See [26] and [13], in which bivariate lifetime distributions are considered,
and [35] for the use of the Gumbel bivariate logistic distribution.

In our SNRT logistic distribution setting, by introducing the probability operator PP, the reliability func-
tion of T is given by

exp(4t)

[exp(t) + 1]2[a + exp(21)]
_ 2aexp(t) + aexp(2t) + a + exp(2t) + 2 exp(3t)
B [exp(t) + 1]%[a + exp(2t)]

Ro(t;a) =P(T > t) =1— Fy(t, t;a) =1 —

, teR.
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Also, the reliability function of S is obtained as

a+ (1 —a)exp(2t)

lexp(t) + 1]2[a + exp(2t)]’ teR.

Ri(t;a) = B(S > 1) = 2[L — F(t)] — Ra(tia) =
To the best of our knowledge, these ratio-type reliability functions are new in the literature.
Based on these results, upon differentiation, the PDF of T is indicated as

alexp(t) + 2] + exp(2t)
[exp(t) + 1]3[a + exp(2t)]?’

fo(t;a) = —[Ro(t; )] = 2exp(4t) teR.

Furthermore, the PDF of S is given by

filtsa) = —[Ri(t;a))
2a2[exp(t) + 1] — 2a exp(2t)[exp(2t) — 2] + 2 exp(4t)
[exp(t) + 1)*[a + exp(2t)] ’

= exp(t) teR.

In order to analyze the modeling capabilities of the related distributions, Figure 15 displays these PDFs for
three different values of a with a € [0, 1].

0.3 0.4
1

0.2
1

0.1

FIGURE 15. Plots of the PDF of T (left) and S (right).

We observe slightly skewed PDFs, which vary between the mesokurtic and leptokurtic states depending
on the value of a.
From the above reliability functions and PDFs, we derive the failure rate of T' by

o fa(tsa)
254 = Ry o)
= 2ex alexp(t) + 2] + exp(2t)
= 2exp(4t) [exp(t) + 1][a + exp(2t)][2a exp(t) + a exp(2t) + a + exp(2t) + 2 exp(3t)]’
teR.

Also, the failure rate of S is given by

_ filt;a)

" Ri(t;a)

2a?[exp(t) + 1] — 2a exp(2t)[exp(2t) — 2] + 2 exp(4t)
[exp(t) + 1][a + exp(2¢)][(1 — a) exp(2t) + a]

r1(t;a)

= exp(t) , teR

They are of moderate complexity and new in reliability analysis. Figure 16 depicts these functions for three
different values of a with a € [0, 1].
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FIGURE 16. Plots of the failure rates of 1" (left) and S (right).

Based on this figure, it is clear that S and T have increasing failure rates, sharing similar characteristics
to the normal and logistic distributions. Surprisingly, it graphically appears that the failure rate of 7' seems
to have the properties of a CDF, i.e., lim;_, o 72(¢; @) = 0, limy_,o0 72(¢; a) = 1, and ra(¢; a) increasing.

In this section, we have thus provided the mathematical basis for a new modeling horizon in bivariate
data and reliability analysis. Applications with modern and interesting data are left as perspectives for
another complete work.

5. CONCLUSION

In conclusion, this research paper presents two modifications of the AMH copula, aiming to overcome
some of its limitations while preserving a similar ratio-like form and a single tuning parameter. Unlike pre-
vious approaches, these modifications directly alter the functional form of the copula instead of the associ-
ated strict generating function. The resulting copulas exhibit interesting features and provide advantages in
different modeling scenarios. In particular, the first proposed copula is not exchangeable, allowing for sig-
nificant negative dependence correlations and flexible tail dependence properties. Meanwhile, the second
copula retains a similar exchangeability to the original AMH copula but wins in providing a broader range
of negative dependence correlations and more flexible tail dependence properties. However, our modifica-
tion strategy involves tradeoffs; the positive dependence nature of the AMH copula and its Archimedean
identity are sacrificed in some sense. For a direct view, our main copula findings in comparison to known
information about the AMH copula are summarized in Table 1.

Copula Expression Values of a | Exchangeable | Archimedean | Tail dependence Values of M Values of p New
1
AMH | wv————————— |a € [-1,1] Yes Yes No (excepta = —1)|[—0.2,0.3333] | [-0.2711, 0.4784] | No
14+ a(l —u)(1l—2)
u
FNRT | uv ——————— | a € [0,1] No No Yes [—0.3333,0] [—0.4784, 0] Yes
u+a(l—u)(l—o)
uv
SNRT |uv——————— | a € [0, 1] Yes No Yes [—0.5,0] [—0.7011, 0] Yes
uv + a(l —u)(1l —v)

TABLE 1. A brief summary of the main findings on copula

In addition to that, two new single-parameter variations of the Gumbel bivariate logistic distribution
are established using the modified copulas as applications. We discuss their implications in the context of
random systems with two components.
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Overall, our comprehensive exploration of the proposed modified AMH copulas, their characteristics,
and applications contributes to a broader understanding of copula theory and its implications in probability
modeling. Ambitious work in this direction includes the following aspects:

e the bivariate data fits based on our modified AMH copulas or variants of the Gumbel bivariate
logistic distribution; in view of the applicability of similar models in the literature, some interesting
studies can benefit from the offered alternative options,

e always for data analysis purposes, the construction of regression models based on these copulas,
which are still a very demanded approach (see [20] and [30]),

e the multivariate extension of our findings, beyond the bivariate case; for any integer d > 3, a logical
expression for an adapted d-variate copula candidate is as follows:

d

1
Cylui,...,ug;a) = w; —,
£[1 L+ a T, [(1— w)/uf)

where, for any i = 1,...,d, we have fixed b; € {0, 1}.

(u1,...,uq) € [0,1]%

These aspects need more investigation, and we leave them for the future.

Conflict of interest statement. The author declares that there is no conflict of interests.
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