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ABSTRACT. In this article, we redefine fuzzy random variables using
clear examples. We construct fuzzy distribution functions while graphically
representing these fuzzy distribution functions. Then we clearly construct
a fuzzy copula linking two fuzzy random variables, their marginals and the
fuzzy joint distribution function. Finally, we construct new specific fuzzy
copulas such as the minimum fuzzy copula, the maximum fuzzy copula and
the survival fuzzy copula.
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1. INTRODUCTION

The introduction of copulas in the modeling of multivariate stochastic depen-
dence was motivated mainly by certain shortcomings of the traditional dependence
measurement tool [1] such as the linear Bravais-Pearson coefficient. Indeed, it should
be noted that this dependency tool has a few limitations in practice, the second -
order moment must be finite for this coefficient to be defined, it only integrates lin-
ear dependency (rare in finance and the environment), and a zero correlation does
not necessarily imply independence. The copula is an innovative tool for modeling
the dependency structure of several random variables. The discovery of copulas has
made it possible to understand and prevent risks in many fields, including finance,
actuarial science and agriculture. The word copula was used in a mathematical sense
by Sklar (1959) in multivariate theory. The copula existence theorem is generally
addressed to Sklar [2],

(11) H(x1,$2, ,.’L’n) = C(Fl(.’El), Fg(iCQ), ,Fn(l'n))
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Copulas make it possible to model dependence by means of a dependence function,
which is more practical and more appropriate, and whose applications have made it
possible to control risks in fields such as finance and agriculture.

Copulas were initially used in finance and insurance to assess portfolio risk and
asset correlation. They have gained in popularity in these fields because they enable
complex dependency structures to be modeled, independently of marginal distri-
butions, which was not possible with traditional tools based on linear correlation
coeflicients. In addition to finance, copulas have found applications in the spatial
domain, and authors such as Bagré and Loyara [3] have applied copulas to the en-
vironment, notably in the field of climate change. Also in medicine, copulas have
been applied using survival copulas [2]

Clu,v) =u+v—1+C(1—u,1—v),
where C' is the survival copula for the copula C.
However, classical copulas come up against certain limitations, particularly when
it comes to modeling imprecise, uncertain or incomplete data, such as that often
encountered in real-life contexts.

It is in this context that fuzzy sets are often used to deal with the imprecision
affecting certain features. Following the introduction of fuzzy set theory [4], numer-
ous attempts have been made to develop fuzzy statistical methods. Fuzzy random
variables were introduced by Kwakernaak [5] as a natural generalization of random
variables to represent relationships between the results of a random experiment and
inexact non-statistical data. The use of fuzzy sets has made it possible to extend
classical copulas by introducing fuzzy copulas. Fuzzy copulas offer a more flexible
framework for dealing with uncertainties, by making it possible to model not only
the dependence between variables, but also the imprecise nature of the data. This is
particularly useful in fields such as environmental risk modeling or the management
of complex systems, where data is often fuzzy by nature.

Some authors, such as Stylianos [6], have attempted to construct fuzzy copulas
from fuzzy random variables, but have a number of shortcomings, namely the defi-
nition of a triangular fuzzy random variable, and the failure to use H-difference or
gH-difference to guarantee existence before performing certain operations on fuzzy
numbers.

To make up for these shortcomings, we have clearly defined the fuzzy random
variables we use to construe and clearly represent fuzzy repartition functions of a
fuzzy random variable and a fuzzy joint distribution function.

The paper is organized as follows: In Section 2, we define the basic concepts
required to understand the paper. In Section 3, we present our results, i.e., the defi-
nition and representation of fuzzy distribution functions and fuzzy joint distribution
functions, the construction of new fuzzy copulas such as independent fuzzy copulas,
minimum fuzzy copulas, maximum fuzzy copulas and the survival fuzzy copula. In
Section 4, we conclude with some perspectives.

2. PRELIMINARIES

This section briefly reviews several concepts and terminology related to copula,
fuzzy num bers, and fuzzy random variable.
316
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2.1. Copula.

Definition 2.1 ([2]). Let I = [0, 1]. Then a function C : I? — I is called a bivariate
copula, if it satisfies the following properties:

(2.1) C(u,0) =0,
(2.2) C(0,v) =0,
(2.3) C(u,1) = u,
C(1,v) = v,
(2.5) C(ug,v2) — Clug,v1) — Cluy,v2) + C(uy,v1) >0,

where u; < ug and v; < vs.

Definition 2.2 ([1]). Let (X,Y) be a a random vector.
(i) The distribution of (X,Y) is characterized by:

H(z,y) = P(X <2,Y <y) ¥(z,y) € R?,

where H is called the bivariate distribution function.
(ii) The marginal distributions F of X and G of Y in (X,Y) are defined respec-
tively as follows: for each x € X and each y € Y,

F(z) = P(X <) = H(z,+00) and G(y) = P(Y <y) = H(+00,y).
The main result on copula is given by the following theorem.

Theorem 2.3 ([2]). Let H be a bivariate distribution with marginal distributions F
and G. Then H(u,v) can be written in terms of a unique function C such that

(2.6) H(u,v) = C(F(u),G(v)).

If F and G are continuous, then C is unique and otherwise, C is uniquely determined
on RanF x RanG.

2.2. Fuzzy set.

Fuzzy set theory was introduced by Zadeh [4] in 1965, and its initial intuition is
the need to handle categories that are not dichotomous.

Definition 2.4 ([7]). Let X be a set called the universe. Then a fuzzy set A of X
is defined by

(2.7) A:{(z,uA(:r)),:cEX},

where u ;: X — I is called the membership function of A.
Let a € I. Then the a-level subset or a-cut of A, denoted Al is a subset of X
defined by:

(2.8) Al = {2 € X|uz(z) > a}.
317
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Definition 2.5 ([8]). A fuzzy number is a convex and normalized fuzzy set of the
set of real numbers. The set of fuzzy numbers is denoted by F(R). To each fuzzy
set at level «, we associate a fuzzy interval denoted by:

(2.9) Al = [AL, AQ).

Definition 2.6 ([6]). Let A a fuzzy number. Then the function Cr : F(R) x R — I
defined by

(2.10) Or{A<a} = i[z‘ip u(0) + 1= sup g o).

is called the indicator.
Definition 2.7 ([6]). The a-pessimistic value of A is defined by
(2.11) Ay =inf{z € A" Cr{A <z} >a}.

To each fuzzy number A, we associate A, defined by

. AL it aco,1
(212) A, = ~ioc 1 04 [ 2]1
A2(1_a) if a€ [5, 1]

and
(2.13) Ald = [Ag Ay 4],

Definition 2.8 ([0, 9]). Let A, Be F(R) and Al = [[15,1215], Blel = [35735]
Then ~ o B

(i) (A® B)ll = [AL + BL, AR+ BFY, S

(it) (A6gm B)l* = [min{AL — BY, Al - B}, max{Af - BL, Al - Bf}].
Definition 2.9 ([9]). Given 4,7 € F(R), if @ € F(R) exists such that

U=0+w

2.14 U V=W
(2.14) WO V=1 { or b= i+ (—1)d.

then w is called the gH-difference.

Definition 2.10 ([7]). A fuzzy number m is said to be of type L — R, if its mem-
bership function w, is written as follows

L(™m=2) if x<m
(2.15) ugp(z) =41 if z € [m,n]

R(*5") if z=n,

where « and 3 are positive real numbers and represent the left and right spreads of
m. R and L are reference functions. When L and R are linear and m = n , then m
is called a triangular fuzzy number, denoted by m = (m, a, 8)Lr-

Remark 2.11. In practice, the most commonly used reference function in the lit-
erature is
Lit)y=R(t)=1-1t.
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The membership function
L (%) ifx<m
ua(w) = R(”gm> if x > m.

By setting a1 = m—«, as = m and az = m+ (3, the differences o and 3 are explicitly
determined by:

a=ay—a; and [ =az— as.

We then obtain a very simple triangular fuzzy number of type L-L or R-R, given
by the following definition, which is easy to handle.

Definition 2.12 ([10]). A fuzzy number a is said to be LR-triangular, if it is in
the forma a = (a1,as9,as), where aj,as and ag are real, and has as a membership
function:

r—ar .
if ChS.Z‘SCLQ
a2 — a1
as —T
(2.16) ug(z) = ¢ 23 if as <z <as
asz — az

0 otherelse.

Definition 2.13 ([10]). Let @ = (a1, a2, as) and b = (b, by, bs) two fuzzy triangular
numbers. We have:

(i) ar b a;=0b Vi=1,23,
(il) @=be>a; >b Vi=1,23,
ar < b
(iti) @ < b <= { ay —ay < by — by
a1 + az < by + bs.
Definition 2.14 ([7]). Let m = (m,a,B)rLr and 7 = (n,7,0)Lr two L-R fuzzy
triangular number. We have:

i)mensem=n,a=\0=o0,

(i) mx<nem<nm-a<n—vyand m+p<n+o.

Definition 2.15 ([¢]). Let A and B two fuzzy LR-fuzzy number. We have:

A, x B, if A, B=0
(2.17) (A®B)a=<{ A1_o x B1_o if A, B=<0
A,_, x B, if A=0, B=0.

Definition 2.16 ([11]). Let f: U € R?> — F(R) and (zo,y0) € U. Then [ is said
to be: B
(i) gH-differenciable with respect to x, if it exists a fuzzy number W € F(R)
such that
(2.18~) } } ~ }
Of(zo,p0) _ @0+ hy) Sen fzoy) _ . flwo+hy) Ogn flzo,y)

ox h—0- h h—0+ h
319
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(ii) gH-differenciable with respect to y, if it exists a fuzzy number %ﬁ;’y“) € F(R)

such that
(2.19) ) ] ] ~
9f(xzo,y0) _ lim f(@,yo+h) Sen f(x,90) lim f(x,y0 +h) ©gu f(x,v0)
Ay h—0~ h h—0+ h ’

2.3. Fuzzy random variables.

Definition 2.17 ([5]). Let (2, A, P) be a probabilistic space. Then a fuzzy random
variabl is a mapping from € to the set of fuzzy numbers F'(R).

Definition 2.18 (] ]~) Let (2, A, P) be a probabilistic space. Then a fuzzy random
variable of type L-R X is defined as follows: for each w € (Q,

(2.20) X(w) = (z(w), T(w),a,b),

where X and X are real random variables defined by z(w) = infX (w) and Z(w) =
supX (w) respectively, and a and b are positive real numbers representing the left
and right spreads of x respectively.

Definition 2.19 ([12]). Let o € I and X be a fuzzy random variable of type L-R.
Then the a-cut of X, denoted by X[l is defined by

X1 = [z(w) — al™ (@), F(w) + bR~ (a)).

We define the a-pessimistic value of X, denoted by X,, is defined as follows:
1
2

z—al™1(2a) if 0<a
(2.21) Xy =

T+bR'(2(1—a)) if = <a<l,

l\')\r—ll/\

where a and b are positive real numbers representing the left and right spreads of
x,and L : RT — I, R: Rt — I are left and right shap function respectively and
L(0) = R(0) = 1.

We can deduce that ([13])

(2.22) Xl = [Xa, X1_3].

[N

3. RESULTS

3.1. Preminary results.

In this subsection, we restate the classical minimum and maximum copulas in a
different way.

Definition 3.1 ([1]). Let U be an open subset of R™. Then a function f: U — R
is said to be of class C?, if it has continuous first and second partial derivatives at
every point of U, equivalently,

(i) all first-order partial derivatives gTi exist and are continuous on U,

.. . . . . F

(ii) all second-order partial derivatives 5.~ bz

This means that f is twice continuously differentiable on U.
320
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Example 3.2. Let U be an open subset of R? and consider the function f : U — R
defined by: for each (z,y) € U,

flay)=z+y+1
Then clearly, % =1, w = 1. Thus these derivatives exist everywhere and

are continuous. On the other hand, we have

Pflxy) o Pfly) o Pflxy) o Pf(xy)
=0 =0 =0 = 0.
Ox2 T Oy? T dx0y T Oydzx

So These derivatives are also continuous everywhere. Hence f is of class C2.

A bivariate copula C' is said to be Z2-increasing [1], if it is of the class C? and

gzacu (u,v) > 0 or satisfies the property (2.5).

Proposition 3.3. Let C : I? — I be the function defined by
utv—14+]u+v—1]
5 .

C(u,v) =
Then C'is a mazximum bivariate copula.

Proof. Let u, v € [0,1]. Then we have
O+v—1+[0+v—1]

C(0,v) = 5
_v—=14+v—1]
N 2
_v—l—v+1
N 2

=0.
Similarly, we show that C(u,0) = 0. On the other hand, we get

u+1—1+u+1-1]|
2

C(u, 1)

u+ |ul
2
2u

2
= u.
Similarly, we show that C'(1,v) = v. Thus properties (2.1)—(2.4) hold.
Now, we must prove that C is 2-increasing, i.e., %(u,v) > 0.
If u+v>1,then [u+v—1=u+v—1. Thus C(u,v) = u+ v — 1. So we have
0%C 0 ,0C 0
_ = (= —-1)=—(1)=0.
Audv (u,0) 8u( v (utv—1)) 3u( )
Ifu+v <1, then [u+v—1=—-u—v=1. Thus C(u,v) = 0. So we get

0*C o0*C
= 0 =
Audv (u,0) 8u3v( )
Hence C is 2-increasing. Therefore C is a maximum bivariate copula. d
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Proposition 3.4. Let C: I? — I be the function defined by

u+v—|u—v|

C =
(u7v) 2
Then C is a minimum bivariate copula.
Proof. Let u, v € I. Then we have
0 —0—
C(0,v) = O0t+v—10-v
2
_v— v
2
A
2
= 0,
1—|u—1
_ut+l+u—1
B 2
_ 2u
2
= u.

Similarly, we get C(u,0) = 0 and C(1,v) = v. Thus properties (2.1)—(2.4) hold.
Furthermore, the function C is of the class C°, i.e., that all partial derivatives of
all orders of C are continuous. So we have %(u, v) > 0. Hence C is 2-increasing.
Therefore C is a minimum bivariate copula. O

The representation of the maximum and the minimum copula is given by Figure
1.

o
®
o
®

06

=4
@

o
=

minimum copula
I
4

maximum copula

0.2

=
i

~o

FIGURE 1. Minimum copula on the left and maximum copula on
the right

3.2. Fuzzy cumulative distribution functions.
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3.2.1. Cumulative distribution function of a fuzzy random variable.

This section extend a concept of cumulative joint distribution function to the fuzzy
random variable and their represenation.

Definition 3.5. Let X be a fuzzy random variable and X, its « pessimistic value.
We define the cumaulative distribution function (CDF) of the fuzzy random variable
X, denoted by F or Fg, as

(3.1) F(z) = Fg(z) = P(X, < ).
The «-cut of the cumulative distribution function 1*:’)? of X can be defined as
(32) (Fp) (@) = [P(X3 < o), P(X1_g < )]

Example 3.6. Let X be a real random variable following a normal distribution
N(0,1), and X a fuzzy normal random variable. Here we simulated 1,000 values
following the standard normal distribution, and by taking m = —3,23, n = 3.58 and
a=p=2and L(t) = R(t) = 1 — ¢, we have:

m—x —-323—«x
L =1-—
( a ) 2
523+
-5
and
r—n x — 3.58
R =1-
5 :

Based on (2.15), we deduce the membership function of X defined by ug (z) is the
membership function of X defined by

T+ 5.23

S if @< —3.23
(3.3) ug(r) =41 if —3.23 <z <3.58
5'58% if 2> 3.58.

The a-pessimistic of X is given by:

~ 4o —523 if 0<a<i

(3.4) X, =lomhB i 0sas,
4a+1.58 if 5 <a<l
5.23
By solving % = « and using the equation 2.21, L71(2a) = —4a + 5.23 and
a=1
.. . H5b8—x .

Similarly, by solving — =% R'2(1—a))=—-4a—158and b=1
Then we have 1

X~ N(a—523,1)if0<a < 3

323
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and
~ 1
X~ N(da+158,1)if g <a <1,
where X ~» NV (4a —5.23,1) means that X follows the normal distribution of param-

eters 4o — 5.23 and 1.
For 0 <a< %,

where ® is the cumulative distribution function of the normal random variable.
For % <a<l,

We discretize a with a step of 0.1. The graphical representation of the cumulative
distribution function ® of X is given by Figure 2.

o
©

®

i~

>

cumulative distribution function
© © © ©° °o ©
2@

o
v

\\

o
IS
&
Y
°
w
IS

values

FIGURE 2. Fuzzy normal distribution function with « discretized
in steps of 0.1

If « is discretized with a step of 0.01, the graphical representation is given by
Figure 3.
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09 ,é%/%//! / /
0. /‘g/; ) /

umulative Distribution Function

[«

FIGURE 3. Fuzzy normal distribution function with « sampled at
increments of 0.01

Example 3.7. Let X be a real random variable following a uniform distribution on
the interval [1,4] and X a fuzzy uniform random variable. u ¢ (z) is the membership
function of X defined by

m-—x 1—2x
L =1-
( a ) 2
1+
2
and
r—n x—4
=1—
(55 .
_6—=x
2
We deduce the membership function of X defined by
vl p <t
1if 1<z<4
if >4

0 otherwise.
The a-pessimiste of X is given by
. da—1if 0<a<i
(3.6) X, =" I=e=9
4o + 2 if <a<l.
Then we have

X~Ul440—1,4440—-1)if0<a<

DN | =

and
- 1
X~U1+4a+2,4+4a+2) if§ <a<l,

where X ~» U(1 + 4o+ 2,4 + 4a + 2) means that X follows the uniform distribution

on the interval [1 4+ 4a + 2,4 4 4o + 2].
325
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For0<a< %,

Fi(z) = P(X, <z)= Pz —alL '(2a) < )
=Pda<z<4a+3)
= ®(4da+3) — (4w,

where ® is the cumulative distribution function of the uniform random variable.
For % <a<l,

Fg(z)=P(X, <) =P@+bR'(2(1 - ) <)
=Pl4a+3<7T<4a+6)
= ®(4a + 6) — D4 + 3).

We discretize a with a step size of 0.1 and the graphical representation of the
cumulative distribution function ® of X is given by Figure 4.

° o

cumulative distribution function
o
o

1 15 2 25 3 35 4
values

FIGURE 4. Fuzzy uniform cumulative distribution function with «
with alpha discretized in steps of 0.1

If we discretize a with a step size of 0.01, we have Figure 5.

o o o o
® W ®» ©

cumulative distribution function

FIGURE 5. Fuzzy uniform distribution function with o sampled at
increments of 0.01
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3.2.2. Two-variables fuzzy joint distribution function.

Definition 3.8. Let X and Y be two fuzzy random variables and let a € I. Let

X, and Y,, be the a-pessimistic values of the respective fuzzy random variables X
and Y. Then we have

(3.7) H(z,y) = Hg ¢ (2,y) = P(Xo < 2,Ya < ).

For 0 < o < 1, we have

Thus We can define the a-cut of the fuzzy distribution function H, denoted H®! by

(3.8) HY =[Hg, 5. Hg .5 . )
2 2 2 2

Example 3.9. Let X and Y two random variables with a joint distribution

(a+ 1)(1 - )

(3.9) H(e) =g

(xay) € [_171] X [0,—"—00]7
where X follows a uniform distribution on [—1,1] and Y follows an exponential
distribution with parameter 1. Let X be a real random variable following a uniform

distribution on the interval [~1,1] and u ¢ be the membership function of X defined
by

‘”;3 if —3<z<-1
1if —-1<z<1
(3.10) ug(r)=93_4
5 if 1<z<3
0 otherwise.
The a-pessimistic is
- da—3 if 0<a<i
(3.11) K=o 07w I=0=0
da—-1if 5<a<l.

Then we have

X~U(-1+4a-3,14+4a-1)if0<a<

and

1
X~ULl+4a+2,44+4a+ 2) ifigagl.
327
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The membership function of Y is given by

r—1if 1<z<2
(3.12) ug(x)=<3—z if 2<z<3

0 otherwise.

The a-pessimistic value of Y is given by

~ f20+1if 0<a<?
(3.13) y,= et isass

=P(Xs <a,Ys <y)
=Hg, v, (7,9)

2 2
=Plz—-2a+3<z,y—a—-1<y)

=Pz<r+2a-3,y<y+ta+l)
(@ +2a—-2)(1—e vl
 (r42a—4)e vl 427

For%gagl,

H(z,y) = Hg_y (z,y)
=P(Xi_s <2,Y1_2 <y)
= H)?l,g,f’lfg(x’y)

2 2

(420 —2)(1 —e vt
(x4 2a—4)evTat3 427

3.3. Main results.
In this subsection, we construct fuzzy copulas.

Proposition 3.10. Let X and Y two fuzzy random variables with respective fuzzy

distribution functions F and G and H a fuzzy joint distribution function. Then we
have

(3.14) H(z,y)a = C((F(2))a; (G(1))a))
and
(3.15) C(x,y)a = H(F (2))a: (G (H)a),

where H is a joint distribution function, C a bivariate copula and C(z,y)a, H(Z,Y)a,

ﬁ‘(x))a, G(y))a are respectvely the a-pessimistic of C, H, F, G.
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Proof.

Then H and C are well-defined.
Now, we will prove that C' is a fuzzy copula.

C(0,9)a = H((F1(0))a: (G (¥))a)
= H((F(0),', (G (y))a)

Similarly, C(x,0)q = 04 and C(u,1)q = Ga. Let 1, y1, @2, yo € I such that
x1 < x5 and y; < yo. Then we have

Clar,y1) @ Claa,y2) = H(FH(21), G (1)) @ H((F~(22), G (32))

and

Cla1,y2) @ Claz, 1) = H(FH(a1), G y2)) @ H(E ™ (22), G (w1)-

Since H is 2-increasing, we get R

H(E (1), G~ (1)) ® H(F~(22), G~ (32)

= H(F~ (1), G (y2)) @ H(F ™ (22), G~ ().
Thus we have

C(z1,51) © Clwa,y2) = Clw1,y2) @ Clwz, 41).
So C is 2-increasing. O
The a-cut of C is done by

(816)  Clay) = [H(F " (@)g, G5 W), HF (0), Gt )
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Example 3.11 ([2]). Let X and Y two random variables with a joint distribution

(x+1)(1—eY)

(3.17) H(x,y) = (.1‘ — 1)e—y +927

(x,y) € [7171] X [0,+OO],

where X follows a uniform distribution on [—1,1] and Y follows an exponential
distribution with parameter 1. The copula associated with this distribution is the
copula

uv
3.18 C =
( ) (u7v) U+ v—uv
The a-pssimistic of X and Y are done by:
% _Jda=3if 0<a<i
T lda-1if I<a<i,
= J2a+1 if Ogagé
“ ) 2a+1 if %gagl.

For 0 < a< %,We have

X, ZP(X% <)
=Pz —2a+3< 1)
=Pz <z +2a-—3)

_m+2a—3+1
N 2
_m+2a—2

= 5 .

Then we get

(F () =2u+2-2a, Gy (y) =1 -7 (G (0)a = ~In(l—v) —a—1.

Thus we have
CL(“vv)a = é(u,v)a = H(ﬁ'_l(u))a, (é_l(U»a)
_ (2u+2—2a+1)(1 — e~ (Finli—v)—a-1))
(2u+2 —2a — 1)e~(min(1-v)=a=1) 4 9
(2u +3 —2a)(1 — (1 —v)e~>Y)
2u+1—-2a)(1 —v)e—@D +2°

For % < a <1, similarly we have

2u+1—2a)(1— (1 —v)eeD)
(2u—1—2a)(1 —v)e—a=1 42 °

(3.19) CR(u,v)o = (

The graphical representaton of this copula is done by Figure 6.
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Fuzzy copula

F1GURE 6. Fuzzy copula for a = 0.7

3.3.1. Construction of fuzzy copulas.

In this subsecton, we constuct the novel copulas

3.3.2. Fuzzy independent copula.

Let X and Y two independent fuzzy random variables, we have

Cal,y) = H(F ™ (2))a, (G (%))a)

= F(F ' (2))a.G(G7 (1))a

Ta-Yo-

The representation of a-cut of the independant fuzzy copula is Figure 7.

Alpha=0 Alpha = 0.010101

il

FIGURE 7. The a- cuts of fuzzy independant copulas
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3.3.3. Fuzzy minimum and mazimum copulas.

Proposition 3.12. Let M : I?> — I be the function defined as follows: for all
x? y7 « e I

1
(320) M(x»y)a = g(fa D@ Yo © |i'a S gozl'

Then M is a fuzzy minimum copula.

Proof. Let x, y, o € I. Then we have

1
M(O’y)a:§<0a@ya9‘0aeya|

1 _ L
M(z,1)q :i(ia ® 1o © T © Lo

1, . _ .
:E(xa@la@maela)

- P
M(L:U)a 25(104 SRS |1a o ya|

= %(ia D Jo © 1o ® fa)
= %(~a D ga)
= Ja.
Furthermore, we have
(3:21) M(w1,41)a & M(23,y2)a © M(21,y2)a © M(y1,72)0 = 0
for all x1,x2,y1,21,y1 € I such that x1 < x5 and y; < ys. O
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The representation of a-cut of the minimum fuzzy copula is Figure 8.

Alpha =0 Alpha=0.3
1 1
= =
505 Z05
5] &
0 0
1 1
1 1
05 05 05 05
00 o0
v u v u
Alpha=0.4 Alpha = 0.5

1 1
= =
Sos So0s
o 5]
0 0
1 1
1 1
05 05 05 05
L) oo
v u v u

FIGURE 8. Fuzzy minimum copula

Proposition 3.13. Let W : I? — I be the function defined as follows: for all
u, v, @ €1,

~ =~ ~ i ~ ~ i
(3.22) W(u,v)a = U D Vo © @2|ua B U, O |

Then W is a fuzzy mazimum copula.

Proof. The proof is the same way as Proposition 3.12.
The representation of a-cut of the maximum fuzzy copula is Figure 9.

Alpha = 0.5 Alpha = 0.7
1 1
= =
Sos Sos
53 3
0 o
1 1
1 1
05 05 0= 05
00 00
v u v u
Alpha=0.9 Alpha =1

Ciuv)
Cluv)

1 1
05 05
0 0
1 1
1 1
05 05 05 05
00 o0
v u v u

FIGURE 9. Fuzzy maximum copula

3.3.4. Fuzzy survival copula.

Fuzzy survival copulas enable modeling the dependence between fuzzy variables
related to the survival of individuals in a population while managing data
uncertainty.
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Definition 3.14. The fuzzy random variables of interest represent the lifetimes of
individuals or objects in some population. The probability of an individual living or
surviving beyond time z is given by the survival function

F(z) = P[Xy > a]=1— F(z),
where F is the cumulative distribution of X and a € I.

Definition 3.15. Let be (X'7 }7) be a pair of fuzzy random variables with joint dis-
tribution function H, the joint survival function is given by

Proposition 3.16 (]E‘uzzy survival copula). Let X andY two fuzzy random variables
and C a copula. Let € : I* — I be the function defined as follows: for all ,u, v, o € I,
(3.23) E(U,0) o = Tla @ Vo Ognr La ® Ca(l Ogp u, 1 Ogpr v).

Then é is a fuzzy mazimum or minimum copula.
In this case, £ is called the survival fuzzy copula of C.

Proof. Let u, V, a € I. Then we have
é(oa U)oz = Oa D Uq 9gH ioc D é(L 1 egH U)a
o @gH ia D 104 @gH ’[}a

o3

I
jes)
Q

)

§(u,0)q

lio ©gtr 1o © C(1 Sgm uy1)a

o @gH Ia S¥) 1(1 @gH ﬂa

Il
<2

Il
jes)i

ay

g(lav)a =

a® f)a 99H i © C’(O, 1 @gH ’U)a

SR

s

g(uv ]-)oz - aa ) 104 egH ia D é(]. @g[—[ U70)a

= Uq-
Moreover, we get
825 _ 0 85 o 3é(u,v) B 826(10’ 1})
(324) 8u81)<u,v)a_%(%(u’v))_%(l—’_T)_o—’_W /e
Thus £ is 2-increasing. O

Example 3.17. Let us determine the fuzzy survival copula associated with the
independent copula.

g(“?”)a = ﬂa S ﬁa @gH i(y D C’O,(l —u, 1-— ’l))
= lio ® Ve Ogt Lo @ (1o Ogn Ua) (1o Oy V)
= ﬂa S¥ 'Ea egH ’[La @gH ’Da @aaﬂa
= UaVq-
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This reflects the fact that the independence of random variables is preserved, even

when considering their complementary events.

Example 3.18. Let X and Y be two random variables with a joint distribution
(x+1)(1—eY)
(x—1e¥v+2°

where X follows a uniform distribution on [—1,1] and Y follows an exponential

distribution with parameter 1. Then we have

(3.25) H(z,y) = (x,y) € [-1,1] x [0, +o0],

(3.26) Clu,v) = H(F ! (u),G™(v))

where F(u) = “t and G(v) =1—¢e7".
Now, we want to construct the fuzzy survival copula associate to this copula.

f(u,'v)a = ﬁa @604 99H ia () éa(]. —u, 1-— ’U)

U D 1 i@ u i@ v
:ua@va@nga@~ ~( gH )( ~gH ) _
logpud 16y voym (194 w)(16gmv)
U200 g V210 ® 20ala

1 egH ’aaﬁa

The fuzzy survival copula associated with this fuzzy survival copula is shown on
Figure 10.

Fuzzy survival copula
Alpha=0.2 Alpha=0.5

1
06 1
04 05
S 04 e
03 o
0 Bl
1 02 1
1 1 .
05 05 04 05 05 05
M . M arY N

vival opula

fuzzy,

fuzzy urvival opula

Y

Alpha=0.7 Alpha=1

' os
o
os
0
o
i 02
05 !
0s .
. 0o .

FiGURE 10. Fuzzy survival copula

fuzzy,unvival opula
fuzzy unvival opula

0s

3.3.5. Survival copula analysis. Fuzzy survival copulas model the dependence be-
tween fuzzy variables representing the survival of individuals in a population, ac-
counting for data uncertainty. Fuzzy survival copulas model the dependence between
fuzzy random variables by incorporating imprecise margins and parameters. Their
construction involves fuzzifying the margins, selecting a classical copula, and apply-
ing an appropriate transformation. Useful in epidemiology, and risk management,
they better handle data uncertainty.
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The fuzzy survival copula captures the dependence between X and Y in fuzzy
form, taking uncertainty into account through the parameter a.

Now by doing an analysis and simulation with (3.18) simulating, the simulation
generates n random points for v and v and calculates the fuzzy margins and survival
copula for each (u,v) pair. The parameter « controls the degree of uncertainty, and
a sample of 1000 points is simulated for a«=0.3 and « = 0.7 The data generated
is organized in a data frame comprising the values, fuzzy margins. The results are
displayed as follows:

fuzzy survival copula (alpha = 0.7 )

fuzzy survival copula (alpha = 0.3 )

Value of copula
175

150
Value of copula
21
18

125
100

s 075

FIGURE 11. Fuzzy survival copula for « = 0.3 and oo = 0.7

A scatter plot shows the points (u, v) colored according to copula value, ranging
from blue (low dependence) to red (high dependence). For u and v close to 1, the
value of the copula tends to be high (red), indicating strong dependency. Areas
where u or v are low show reduced dependencies (blue).

The statistical summary of the fuzzy copula is calculated to obtain information
on the distribution of values (minimum, maximum, mean, median). Correlations are
calculated between the fuzzy margins and the copula. This allows us to assess the
relationship between margins and the overall dependency modeled by the copula.
We have

min value of the fuzzy copula | -3.23

maxvalue of the fuzzy copula | 5.58
r 0.5
n 1000

TABLE 1. Statistical Analysis of the copula

The results allow visualization and analysis of the impact of « on the fuzzy survival
copula and its margins. A high value of aincreases uncertainty in the margins and
spreads the dependence curves in the copula. Correlation analysis helps understand
how the fuzzy margins influence the dependence between variables.
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4. CONCLUSION

In conclusion, the construction of fuzzy copulas offers several advantages. It
allows us to take into account the uncertain nature of the data and to express the
dependencies between variables in a more realistic way. We have clearly defined the
concepts of fuzzy random variables, fuzzy cumulative distribution functions, fuzzy
distribution functions and fuzzy copulas. In addition, we have constructed fuzzy
copulas such as the minimum fuzzy copula, the maximum fuzzy copula and the fuzzy
survival copula. This contribution provides researchers with tools to better represent
the complexity of systems due to uncertainty in various domains. Looking ahead,
we plan to build fuzzy copulas in 3 or 4 dimensions and apply them in medicine or
the environment, where data is generally fuzzy, to better study dependence between
variables and make predictions.
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