On the Construction of Semiquadratic Copulas

Tarad Jwaid, Bernard De Baets, and Hans De Meyer

Abstract. We introduce several classes of semiquadratic copulas (i.e. copulas that
are quadratic in at least one coordinate of any point of the unit square) of which the
diagonal section or the opposite diagonal section are given functions. These copu-
las are constructed by quadratic interpolation on segments connecting the diagonal
(resp. opposite diagonal) of the unit square to the boundaries of the unit square. We
provide for each class the necessary and sufficient conditions on a diagonal (resp.
opposite diagonal) function and two auxiliary real functions f and g to obtain a
copula which has this diagonal (resp. opposite diagonal) function as diagonal (resp.
opposite diagonal) section.

1 Introduction

Bivariate copulas (briefly copulas) [[10] are binary operations on the unit interval
having 0 as absorbing element and 1 as neutral element and satisfying the condi-
tion of 2-increasingness, i.e. a copula is a function C : [0, 1]> — [0, 1] satisfying the
following conditions:

1. forall x € [0, 1], it holds that
C(x,0) =C(0,x) =0, C(x,1)=C(1,x) =x;
2. forall x,x’,y,y" € [0,1] such that x <x’ and y </, it holds that
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VC([X’X/} X [ ay/D = C(x,y) +C(x/,y/) 7C(xay/) *C()C/,y) >0.

Ve([x,x'] % [y,y']) is called the C-volume of the rectangle [x,x’] % [y,y']. The copulas
M and W, defined by M (x,y) = min(x,y) and W (x,y) = max(x+y—1,0), are called
the Fréchet—Hoeffding upper and lower bounds: for any copula C it holds that W <
C < M. A third important copula is the non-singular product copula IT defined by
IT(x,y) = xy.

The diagonal section of a copula C is the function ¢ : [0,1] — [0, 1] defined by
Oc(x) = C(x,x). A diagonal function 0 is a [0, 1] — [0, 1] function that satisfies the
following conditions:

(D1) 6(0)=0,06(1)=1;

(D2) forall x € [0, 1], it holds that & (x) < x;

(D3) & is increasing;

(D4) 6 is 2-Lipschitz continuous, i.e. for all x,x” € [0, 1], it holds that

|6(x') — &(x)] <2[x —x].

Note that (D4) implies that 6 is absolutely continuous, and hence differentiable
almost everywhere. The diagonal section 8¢ of a copula C is a diagonal func-
tion. Conversely, for any diagonal function § there exists at least one copula C
with diagonal section 8¢ = . For example, the copula K§, defined by Kg(x,y) =
min(x,y, (8(x) 4+ 6(y))/2), is the greatest symmetric copula with a given diagonal
section 6 [11] (see also [13,7]). Moreover, the Bertino copula Bg defined by

Bgs(x,y) = min(x,y) —min{t — 6(¢) | t € [min(x,y), max(x,y)]},

is the smallest copula with a given diagonal section 0. Note that Bs is symmetric.

Similarly, the opposite diagonal section of a copula C is the function @ : [0, 1] —
[0, 1] defined by ¢ (x) = C(x,1 —x). An opposite diagonal function [2] is a function
o : [0,1] — [0,1] that satisfies the following conditions:

(OD1) forall x € [0,1], it holds that @ (x) < min(x,1 —x);
(OD2) @ is 1-Lipschitz continuous, i.e. for all x,x’ € [0, 1], it holds that

|o() — o)] < |x/—x’ .

Note that (OD2) implies that @ is absolutely continuous, and hence differentiable
almost everywhere. The opposite diagonal section w¢ of a copula C is an opposite
diagonal function. Conversely, for any opposite diagonal function w, there exists at
least one copula C with opposite diagonal section @¢ = ®. For instance, the copula
F,, defined by

Fo(x,y) = max(x+y—1,0) + min{(#) | # € [min(x, 1 —y), max(x,1 —y)]},

is the greatest copula with opposite diagonal section o [2, 9].
Diagonal functions and opposite diagonal functions have been used recently to
construct several classes of copulas [1, 12,13, 4,15, 16,7, [12].
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Copulas with a given diagonal section are important tools for modelling upper
(Ay) and lower (Ay) tail dependence [1,13], which can be expressed as

Ay=2-38.(1") and A, =8.0").

On the other hand, copulas with a given opposite diagonal section are important
tools for modelling upper-lower (4y;) and lower-upper (A;y) tail dependence [2],
which can be expressed as

Ay =1 —|—a)£;(1_) and Ap=1-— C()év(0+).

The above tail dependences are used in the literature to model the dependence be-
tween extreme events [13].

This paper is organized as follows. In the next section we introduce lower, up-
per, horizontal and vertical semiquadratic functions with a given diagonal section
and characterize the corresponding classes of copulas. In Section 3 we introduce
in a similar way lower-upper, upper-lower, horizontal and vertical semiquadratic
functions with a given opposite diagonal section and characterize the corresponding
classes of copulas. Finally, some conclusions are given.

2 Semiquadratic Copulas with a Given Diagonal Section

2.1 Lower and Upper Semiquadratic Copulas with a Given
Diagonal Section

Lower (resp. upper) semiquadratic copulas with a given diagonal section are con-
structed by quadratic interpolation on segments connecting the diagonal of the unit
square to the left (resp. right) and lower (resp. upper) boundary of the unit square.
The quadratic interpolation scheme for theses classes is depicted in Fig.[1}

For any two functions f, g :]0,1] — R that are absolutely continuous and satisfy

lim y(x—y)f(x)=0 and lim x(y—x)g(y)=0, (1)
x—0 y—0
0<y<x 0<x<y
1 1 1 1
0 10 1 0 1 0 1
Lower semiquadratic copula Upper semiquadratic copula Horizontal semiquadratic copula Vertical semiquadratic copula

Fig. 1 Semiquadratic copulas with a given diagonal section
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and any diagonal function 8, the function C{ S0, 1] — R defined by

X .
y5(y)—x(y—x)g(y) JAf0<x <y,
Gl =1 @
S(X)fy(xfy)f(x) aif0<y§xa
X
with C/#(1,0) = C/$(0,¢) = 0 for all 1 € [0, 1], is well defined. Note that the limit
conditions on f and g ensure that C{ Sg is continuous. The function le ‘f is called a

lower semiquadratic function with diagonal section 0 since it satisfies C{ Sg(t,t) =
8(¢) forall € [0, 1], and since it is quadratic in x on 0 < x < y < 1 and quadratic in
yon 0 <y <x < 1. Obviously, symmetric functions are obtained when f = g. Note
that for f = g = 0, the definition of a lower semilinear function [5] is retrieved.

We now investigate the conditions to be fulfilled by the functions f, g and & such
that the lower semiquadratic function CI{ ‘f is a copula. Note that f and g, being
absolutely continuous, are differentiable almost everywhere.

Proposition 1. Let 6 be a diagonal function and let f and g be two absolutely con-
tinuous functions that satisfy conditions (). Then the lower semiquadratic function
le ‘f defined by (Q) is a copula with diagonal section & if and only if

() (1) = g(1) =0, ,
(i) max (£(r) +11f(6)].g(6) +11g' () < (°V),
Gib 1) +5() 21 (%),

for allt €)0,1] where the derivatives exist.

Example 1. Let 87 be the diagonal section of the product copula IT, i.e. 8 (t) = t*
forall 7 € [0,1]. Let f and g be defined by f(r) = g(t) =1 —¢ for all # €]0, 1]. One
easily verifies that the conditions of Proposition[] are satisfied and hence, Cl]f fn isa
lower semiquadratic copula with diagonal section Oyy.

Upper semiquadratic copulas with a given diagonal section can be obtained easily
from lower semiquadratic copulas with an appropriate given diagonal section.

Proposition 2. Let 0 be a diagonal function and 5 be the diagonal function defined
by 6(x) =2x— 14 8(1 —x). Let f and g be two absolutely continuous functions that
satisfy conditions (1) and f and g be two functions defined by f(x) = f(1 —x) and
g(x) = g(1 —x). The function C,{_’g :[0,1]? — [0, 1] defined by

Cliy) =xty—1+C/5(1—x1-y), 3)
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is a copula with diagonal section & if and only if
@) £(0) =(0) =0, |
(i) max (/) + (1 1) | (0] () + (1 =) [0 < (120)
!
Gii) £(6)+g(r) = (1=0) (7500 ),
forallt € [0,1] where the derivatives exist.

The function C,{ § defined by @) is called an upper semiquadratic function with
diagonal section 6.

2.2 Horizontal and Vertical Semiquadratic Copulas with a Given
Diagonal Section

Horizontal (resp. vertical) semiquadratic copulas with a given diagonal section are
constructed by quadratic interpolation on segments connecting the diagonal of the
unit square to the left (resp. lower) and right (resp. upper) boundary of the unit
square. The quadratic interpolation scheme for theses classes is depicted in Fig. [l

For any two functions f : [0,1[— R and g :]0, 1] — R that are absolutely contin-
uous and satisfy

lim x(y—x)g(y)=0 and lim (1—x)(y—x)f(y)=0, 4)
y—0 y—1
0<x<y 0<y<x

and any diagonal function &, the function C,{ %200, 112 — R defined by

x .
y5(y)—X(y—X)g(y) if0<x<y,
Cli(xy) = . (5)
y— 17y(y—3(y))—(1 —x)(x=y)f(y) ,ify<x<lI,
with C}$(0,1) = 0 and CJ'%(1,1) =1 for all 7 € [0,1], is well defined. Note that

the limit conditions on f and g ensure that C,{ ’§ is continuous. The function C]{“'g is
called a horizontal semiquadratic function with diagonal section 0 since it satisfies
C,{_‘é’(t,t) = §(¢) for all ¢ € [0, 1], and since it is quadratic in x on [0, 1]?. Note that
for f = g = 0, the definition of a horizontal semilinear function [1] is retrieved.

We now investigate the conditions to be fulfilled by the functions f, g and 6 such

that the horizontal semiquadratic function C,{ ’§ is a copula.

Proposition 3. Let 0 be a diagonal function and let [ and g be two absolutely
continuous functions that satisfy conditions (d). Then the horizontal semiquadratic
function C,{ ’f‘; defined by Q) is a copula with diagonal section & if and only if
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() £(0) =¢(1)=0

for allt €)0,1[ where the derivatives exist.

Example 2. Let Op7 be the diagonal section of the product copula. Let f be defined
by f(t) =t forall t € [0,1] and g be defined by g(#) = 1 —¢ for all # €]0, 1]. One
easily verifies that the conditions of Proposition[3 are satisfied and hence, C,];"gn isa
horizontal semiquadratic copula with diagonal section yy.

Vertical semiquadratic copulas with a given diagonal section are trivially obtained
as the converses of horizontal semiquadratic copulas with a given diagonal section.

Proposition 4. Let 6 be a diagonal function and let f and g be two absolutely con-
tinuous functions that satisfy conditions (d). The function C{ $:10, 112 = [0,1], de-
fined by '

CLE(xy) = Cr5(n), (©6)

is a copula with diagonal section 6 if and only if C}{_’g is a copula, i.e. under the
conditions of Proposition '

The function Ci ’Sg defined by (@) is called a vertical semiquadratic function with
diagonal section 6.

3 Semiquadratic Copulas with a Given Opposite Diagonal
Section

3.1 Lower-Upper and Upper-Lower Semiquadratic Copulas with
a Given Opposite Diagonal Section

Lower-upper (resp. upper-lower) semiquadratic copulas with a given opposite diag-
onal section are constructed by quadratic interpolation on segments connecting the
opposite diagonal of the unit square to the left (resp. right) and upper (resp. lower)
boundary of the unit square. The quadratic interpolation scheme for these classes is
depicted in Fig.

For any two functions f :]0,1] — R and g : [0, 1[— R that are absolutely contin-
uous and satisfy

lim (1-y)(x+y—1)f(x)=0 and lim x(1—-x—y)g(y)=0, 7
y—0 y—1
0<1—x<y y<1-x<1
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1 1 1 1

0 1 0 1 0 1 0 1
Lower-upper semiquadratic copula  Upper-lower semiquadratic copula  Horizontal semiquadratic copula Vertical semiquadratic copula

Fig. 2 Semiquadratic copulas with a given opposite diagonal section

and any opposite diagonal function w, the function leu’gm : [0,1]> = R defined by
Chi (o) =
X

lfyw(l—y)—X(l—x—y)g(y) ify<l—x<1,
®)

1—
Xxy—1+ xya)(x)f(lfy)(ery—l)f(x) f0<1—y<x,

with C[;$,(0,1) = 0 and CJ,*

lu,®

(1,¢) =t for all € [0,1], is well defined. Note that

the limit conditions on f and g ensure that Clj;gw is continuous. The function Clj;gm

is called a lower-upper semiquadratic function with opposite diagonal section ®
since it satisfies Clj;gm(t 1 —¢) = () for all ¢ € [0,1], and since it is quadratic in
xon0<x+4+y<l1 and quadratic in y on 1 < x+y < 2. Note that for f =g =0,
the definition of a lower-upper semilinear function with a given opposite diagonal
section [8] is retrieved.

We now investigate the conditions to be fulfilled by the functions f, g and w such

that the lower-upper semiquadratic function Cf g is a copula.

Proposition 5. Let o be an opposite diagonal function and let f and g be two abso-
lutely continuous functions that satisfy conditions (7). Then the lower-upper semi-

quadratic function Cl];gw defined by (8)) is a copula with opposite diagonal section ®
if and only if

(@) f(1)=g(0)=0
(i) f(t) —t|f (1) > wt(z)
(i) g(t) — (1 —1)|g'(t)| > — (wgl__t,))/’

for allt €)0,1[ where the derivatives exist.

Example 3. Let oy be the opposite diagonal section of the product copula I1, i.e.
orr(t) =t(1—1¢)forallz € [0,1]. Let f be defined by f(r) =1 —t forallz €]0, 1] and
g be defined by g(¢) = —t for all # € [0, 1]. One easily verifies that the conditions of
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Proposition 3l are satisfied and hence, cl#

. Blar : e.ory is a lower-upper semiquadratic copula
with opposite diagonal section yy.

Upper-lower semiquadratic copulas with a given opposite diagonal section can be
obtained easily from lower-upper semiquadratic copulas with an appropriate given
opposite diagonal section.

Proposition 6. Let @ be an opposite diagonal function and & be the opposite diag-
onal function defined by & (x) = w(1 —x). Let f and g be two absolutely continuous

functions that satisfy conditions ([Z). The function cls [0,1]> — [0, 1], defined by

ul,w
Cli8,(x,y) = CL% (3,%) 9)
is a copula with opposite diagonal section o if and only if

() f(1) =g(0)=0,

iy ()~ 170 > (“07)
Gib) g() — (1 -1)[g'(0)] >~ (49

i) (1= +g0)< (-0 (" T0Y,
for allt €)0,1[ where the derivatives exist.

The function lel’fzw defined by @) is called an upper-lower semiquadratic function

with opposite diagonal section @.

3.2 Horizontal and Vertical Semiquadratic Copulas with a Given
Opposite Diagonal Section

Horizontal (resp. vertical) semiquadratic copulas with a given opposite diagonal sec-
tion are constructed by quadratic interpolation on segments connecting the opposite
diagonal of the unit square to the left (resp. lower) and right (resp. upper) boundary
of the unit square. The quadratic interpolation scheme for these classes is depicted
in Fig. 2l

For any two functions f :]0,1] — R and g : [0, 1[— R that are absolutely contin-
uous and satisfy

lim (1-x)(x+y—1)f(y)=0 and lim x(1—-x—y)g(y)=0, (10)
y—0 y—1
0<1—x<y y<I—-x<lI

and any opposite diagonal function , the function C}{_’f) . o, 1}2 — R defined by
s (x,y) =
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17)}(1)(1—y)—x(l—x—y)g(y) Jgfy<l—x<1,
(11)

x+y—1+ yxa)(lfy)f(lfx)(eryfl)f(y) Jf0<y<1—x

with C/% (0,£) = 0 and C} % (1,1) =t for all 7 € [0,1], is well defined. Note that
the limit conditions on f and g ensure that Cf 8 is continuous. The function C}{_’f) is
called a horizontal semiquadratic function wzth opposite diagonal section ® since it
satisfies C}{_‘fo(t, 1 —1) = w(t) forall t € [0, 1], and since it is quadratic in x on [0, 1]2.
Note that for f = g = 0, the definition of a horizontal semilinear function with a
given opposite diagonal section [§] is retrieved.

We now investigate the conditions to be fulfilled by the functions f, g and @ such

that the horizontal semiquadratic function Cf ® is a copula.

Proposition 7. Let w be an opposite diagonal function and let f and g be two ab-
solutely continuous functions that satisfy conditions ({L0). Then the horizontal semi-

quadratic function C,{_"(i defined by (L) is a copula with opposite diagonal section ©
if and only if '

M f(1) =¢(0)=0,

(i) () —e1f @) > (47,

Gii) () — (1=0)[g/ ()] = = (")
W) (1=0)f(1=1)+rg(1—1) < 1= 40
for allt €)0,1[ where the derivatives exist.

Example 4. Let wyy be the opposite diagonal section of the product copula I1. Let f
be defined by f(#) =1 —1¢ for all + €]0, 1] and g be defined by g(t) = —¢ for all t €
[0, 1[. One easily verifies that the conditions of Proposition[/lare satisfied and hence,

Cl{ﬁ)n is a horizontal semiquadratic copula with opposite diagonal section @yy.

Vertical semiquadratic copulas with a given opposite diagonal section are trivially
obtained as the converses of horizontal semiquadratic copulas with an appropriate
given opposite diagonal section.

Proposition 8. Let @ be an opposite diagonal function and & be the opposite diag-
onal function defined by &(x) = w(1 —x). Let f and g be two absolutely continuous

functions that satisfy conditions (L0). The function C{ 8 :[0,1]% = [0, 1], defined by
Clis(x,y) = G5 (0.), (12)

is a copula with opposite diagonal section o if and only if
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@O r=g0)=0,

i) £ +117/ ()= ()

Gib) g() + (1 =)l ()] > — ()
() 1f(1=0)+ (1 =ng(1—n < 1= 80,
for allt €)0,1[ where the derivatives exist.

The function C{ » defined by (12 is called a vertical semiquadratic function with
opposite diagonal section ®.

4 Conclusions

We have introduced the classes of lower, upper, horizontal and vertical semi-
quadratic functions with a given diagonal section as well as the classes of
lower-upper, upper-lower, horizontal and vertical semiquadratic functions with a
given opposite diagonal section. Moreover, we have identified the necessary and
sufficient conditions on a diagonal (resp. opposite diagonal) function and two aux-
iliary real functions f and g to obtain a copula that has this diagonal (resp. opposite
diagonal) function as diagonal (resp. opposite diagonal) section.

References

[1] De Baets, B., De Meyer, H., Mesiar, R.: Asymmetric semilinear copulas. Kyber-
netika 43, 221-233 (2007)

[2] De Baets, B., De Meyer, H., Ubeda-Flores, M.: Opposite diagonal sections of
quasi-copulas and copulas. Internat. J. Uncertainty, Fuzziness and Knowledge-Based
Systems 17, 481-490 (2009)

[3] De Baets, B., De Meyer, H., Ubeda-Flores, M.: Constructing copulas with given diag-
onal and opposite diagonal sections. Communications in Statistics: Theory and Meth-
ods 40, 828-843 (2011)

[4] Durante, F., Jaworski, P.: Absolutely continuous copulas with given diagonal sections.
Communications in Statistics: Theory and Methods 37, 2924-2942 (2008)

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

[6] Durante, F., Kolesdrovd, A., Mesiar, R., Sempi, C.: Semilinear copulas. Fuzzy Sets and
Systems 159, 63-76 (2008)

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

[8] Jwaid, T., De Baets, B., De Meyer, H.: Orbital semilinear copulas. Kybernetika 45,
1012-1029 (2009)

[9] Klement, E., Kolesirovd, A.: Extension to copulas and quasi-copulas as special
1-Lipschitz aggregation operators. Kybernetika 43, 329-348 (2005)

[10] Nelsen, R.: An Introduction to Copulas. Springer, New York (2006)



Semiquadratic Copulas 57

[11] Nelsen, R., Fredricks, G.: Diagonal copulas. In: Benes, V., gtépén, J. (eds.) Distribu-
tions with given Marginals and Moment Problems, pp. 121-127. Kluwer Academic
Publishers, Dordrecht (1997)

[12] Nelsen, R., Quesada-Molina, J., Rodriguez-Lallena, J., Ubeda-Flores, M.: On the con-
struction of copulas and quasi-copulas with given diagonal sections. Insurance: Math.
Econ. 42, 473483 (2008)

[13] Schmidt, R., Stadtmiiller, U.: Non-parametric estimation of tail dependence. Scand. J.
Statist. 33(2), 307-335 (2006)



	On the Construction of Semiquadratic Copulas
	1 Introduction
	2 Semiquadratic Copulas with a Given Diagonal Section
	2.1 Lower and Upper Semiquadratic Copulas with a Given Diagonal Section
	2.2 Horizontal and Vertical Semiquadratic Copulas with a Given Diagonal Section

	3 Semiquadratic Copulas with a Given Opposite Diagonal Section
	3.1 Lower-Upper and Upper-Lower Semiquadratic Copulas with a Given Opposite Diagonal Section
	3.2 Horizontal and Vertical Semiquadratic Copulas with a Given Opposite Diagonal Section

	4 Conclusions
	References




