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Abstract

In the last decades, more than a hundred families of fuzzy implication functions have been proposed. These families are generated
by adequately combining other logical connectives or univariate functions. However, no attention has been given to the final
expression of the fuzzy implication function, a crucial feature for any application. In this paper, fuzzy polynomial implications
are introduced as those fuzzy implication functions whose expression is given by a polynomial of two variables. Polynomials
present advantages with respect to other types of functions making them interesting for applications. Several results are proved for
polynomials of any degree and the characterisation of all fuzzy polynomial implications of degree less or equal to 4 is achieved.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Up to now, more than a hundred families of fuzzy implication functions have been introduced in the literature (see
[3,4,8] and references therein). From all these studies, experts are able to choose the fuzzy implication function which
satisfies all the additional properties needed for a specific application. However, there is an important aspect for any
application that has been neglected: the final expression of the fuzzy implication function.

Indeed, the vast majority of the families of fuzzy implication functions have been proposed through either (i) an
adequate combination of logical connectives (fuzzy negations, fuzzy conjunctions, fuzzy disjunctions or other fuzzy
implication functions) or (ii) by using univariate functions. While (S,N), R or QL-implications are important examples
in the first category, Yager’s f and g-generated implications are the prototypes in the second one. Although members
of any family share a common way to be generated, their expressions can be completely different, depending mainly
on the expressions of the components used to generate them. For a matter of visualisation, consider the Yager’s
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f-implications generated from fj(x) =1 — x and f>(x) = —In (”T’l) for all x € [0, 1]. These fuzzy implication
functions belong to the same family but their final expressions are quite different:

Ir(x,y)=1—x+xy, Ifz(x,y)=10g3(1+217x(3y—1)x), x,y€[0,1].

This phenomenon could be overlooked if the final expression of the fuzzy implication function did not play any role
when it is applied. However, it is obvious that in addition to the additional properties the fuzzy implication function
may fulfil, the final expression of the operator determines greatly the behaviour of the application and even it can be
the differential factor in order to choose one fuzzy implication function over the others. Thus, the main motivation of
this work is to start with a deep study of fuzzy implication functions in terms of their final expression and not in terms
of their construction method or their additional properties. Some preliminary results without proofs on this topic have
been presented in several conferences [9—11].

In this first paper, the goal is to study fuzzy implication functions whose expression is a polynomial of two variables.
Polynomial functions have been always one of the most studied and used types of functions. Several features support
their popularity. First of all, polynomials present rather simple expressions, easily to be implemented in a computer,
which is a crucial characteristic when choosing a type of function to model an operator in an specific application.
Moreover, they are always continuous and, in comparison with other families of functions such as exponential or
rational functions, they do not propagate as much error from inputs to outputs.

It is important to note that in other contexts such as Archimedean continuous t-norms and uninorms, there exist
similar studies [1,7] but for rational operators directly without a first study on polynomials. This is a direct conse-
quence of the axioms of t-norms and uninorms with respect to the ones of fuzzy implication functions. While t-norms
and uninorms are associative (which is a very restrictive property), fuzzy implication functions require only the mono-
tonicities and some boundary conditions, leading to a greater number of fuzzy implication functions whose expression
is a polynomial in comparison with t-norms and uninorms.

The paper is structured as follows. After recalling the basic definitions and results which will be used throughout
the paper, in Section 3 the definition of a fuzzy polynomial implication of any degree is presented and some additional
properties are studied. Moreover, some conditions on the coefficients are determined to ensure the fulfilment of the
boundary conditions of the definition of a fuzzy implication function. However, the impossibility to characterise in
general which polynomials of two variables are fuzzy implication function leads to the study of polynomials of low
degree in Section 4. Indeed, complete characterisations of all fuzzy polynomial implications of degree less or equal
to 4 are proved. As it has been already said, some preliminary results were presented in [9] without proofs. In this
paper, some of the results presented in the conference paper are corrected and the case of polynomials of degree 4 is
addressed (and solved) for the first time. The paper ends with some conclusions and future work.

2. Preliminaries

Let us recall some concepts and results that will be used throughout this paper. First, we give the definition of fuzzy
negation.

Definition 1 ([6, Definition 1.1]). A decreasing function N : [0, 1] — [0, 1] is a fuzzy negation if N(0) = 1 and
N(1) =0. A fuzzy negation N is

(i) strict, if it is continuous and strictly decreasing.
(i) strong, if it is an involution, i.e., N (N (x)) = x for all x € [0, 1].

A well-known fuzzy negation is the classical negation Nc(x) = 1 — x for all x € [0, 1], which is strong and
therefore, also strict.

Next, we recall the definition of fuzzy implication functions.

Definition 2 (/6, Definition 1.15]). A binary operator [ : [0, 11?2 = [0, 1] is called a fuzzy implication function, if it
satisfies:

1) I(x,z)>1(y,z) when x <y, forallzel0,1].
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X2) I(x,y) <I(x,z) when y<gz, forallxe]lO0,]l].
I3) 1(0,0)=1I1(1,1)=1 and I(1,0)=0.

From the definition, we can deduce that 7(0,x) =1 and I (x, 1) = 1 for all x € [0, 1] while the symmetrical values
I(x,0) and I (1, x) are not determined. Some additional properties of fuzzy implication functions which will be used

in this work are:

e The left neutrality principle,

I(l,y)=y, yel0,1]. (NP)
e The exchange principle,

I(x,I(y,2)=1(y,1(x,2)), x,y,z€l[0,1]. (EP)
e The law of importation with respect to a t-norm T,

I(T(x,y),20)=1(x,1(,2), x,y,z€[0,1]. (L)
e The ordering property,

x<y<=Ix,y)=1, x,yel[0,1]. (OP)
e The identity principle,

Ix,x)=1, x¢€l0,1]. ap)

Finally, we recall the definitions of two important families of these operators, namely, (S,N)-implications and
Yager’s f-generated implications.

Definition 3 (/3, Definition 2.4.1]). A function I : [0, 1]> — [0, 1] is called an (S,N)-implication if there exist a t-
conorm S and a fuzzy negation N such that / is given by

IS,N(X,)’):S(N(X)sy)s -xvye[09 l]

Definition 4 (/3, Definition 3.1.1]). Let f : [0, 1] — [0, +0c] be a continuous and strictly decreasing function with
f(1) =0. The function I : [0, 1]*> — [0, 1] defined by

Ire,y)=f'x- f()), x,yelo,1],

understanding 0 - (4-00) =0, is called an f-generated implication.
3. Fuzzy polynomial implications: general properties

In this section, we will introduce the concept of fuzzy polynomial implication and we will prove some conditions
on the coefficients of the polynomial in order to obtain a fuzzy implication function from this expression.

3.1. Definition and first additional properties
First of all, let us define these operators.

Definition 5. Let n € N. A binary operator I : [0, 1]> — [0, 1] is called a fuzzy polynomial implication of degree n if
it is a fuzzy implication function and its expression is given by

I,y)= Y ayx'y/
0<i,j<n

i+j<n

forall x,y € [0, 1], a;; € R and there exist some 0 <i, j <n withi + j =n such that a;; # 0.
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The first question to answer is whether there exist fuzzy polynomial implications. The answer is clearly positive.
For instance, the well-known Reichenbach implication given by Irc(x,y) =1 —x + xy for all x,y € [0,1] is a
fuzzy polynomial implication of degree 2. Furthermore, as the following example shows, there exist fuzzy polynomial
implications of any degree n € N with n > 2.

Example 1. Let us consider the parametrized family of fuzzy negations given by N,(x) =1 — x" for all x € [0, 1]
and n € Z™T, and the probabilistic sum t-conorm, whose expression is Sp(x, y) = x + y — xy for all x, y € [0, 1]. This
t-conorm belongs to the family of Hamacher t-conorms (the dual t-conorms of the Hamacher t-norms given in [7])
and it is the unique t-conorm whose expression is given by a polynomial of two variables. Then, if we consider these
two operators, we can construct the following parametrized family of (S,N)-implications

Isp.Ny (%, 9) = Sp(Nyo1(x), y) =1 —x" " +x" 1y

for all x, y € [0, 1] and n > 2. As it can be observed, they are polynomial implications of degree n. In addition, they
satisfy (LI) with respect to the product t-norm, given by Tp(x, y) = xy for all x, y € [0, 1], and therefore, they are
also Yager’s f-generated implications with f(x) = "Y1 = x (see [12, Theorem 6]).

It is important to understand the concept of fuzzy polynomial implication correctly. Definition 5 does not include
those fuzzy implication functions whose expression is piecewise polynomial such as the Lukasiewicz Itk or Godel
Igp implications given by

1 ifx<y,
y ifx>y,

1 ifx <y,

IGD(xa)’)Z{ l—x+y ifx>y,

Lk, y)= {

for all x, y € [0, 1], respectively.

Besides having a simple and pleasant expression, fuzzy polynomial implications satisfy also some additional prop-
erties with great importance from the point of view of applications. A first property which can be straightforwardly
derived from the definition is the continuity.

Proposition 1. All fuzzy polynomial implications are continuous.
Proof. Since all polynomials are continuous in R?, they are also continuous in [0, 1]>. O
Moreover, they have a trivial one region as the following result proves.

Proposition 2. All fuzzy polynomial implications I have a trivial one region, i.e., I (x,y) =1 if, and only if, x =0 or
y = 1. Consequently, they do not satisfy either (IP) or (OP).

Proof. Suppose, on the contrary, that there exist some xo > 0 and some yy < 1 such that /(xg, yo) = 1. Due to
the monotonicities of a fuzzy implication function, 7(x,y) =1 for all (x,y) € [0, xo] X [yo, I]. Since the unique
polynomials which have a constant region are polynomials of degree O, then / (x, y) =1 for all x, y € [0, 1]. However,
this is a contradiction with (I3) because 7(1,0) = 0 1. Thus, I must have a trivial one region and consequently, it
cannot satisfy either (IP) or (OP). O

In [5] it is proved that having a trivial one region, i.e., I (x,y) =1 if, and only if, x =0 or y = 1, is essential to
generate strong equality indices by using fuzzy implication functions.

Other additional properties need further insights about the feasible coefficients of the fuzzy polynomial implications
in order to be analysed. However, next result links those fuzzy polynomial implications satisfying (EP) with the family
of (S,N)-implications.
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Proposition 3. Let I(x,y) = Z a; jxi v/ be a fuzzy polynomial implication of degree n. If I satisfies (EP),
0<i,j<n
i+j<n
n .
then I is an (S,N)-implication generated by the strict fuzzy negation N (x) = Zaiox' and the t-conorm S(x,y) =
i=0
> a(NTHa)y.
0<i,j<n
i+j<n
Proof. First, since [ is a fuzzy implication function, it satisfies (I1). Moreover, its natural negation, which is given by
n

Ni(x)=1(x,0)= Zaioxi for all x € [0, 1] is a strict negation. Thus, if I satisfies (EP), by using Theorem 5.2 in
i=0
[2], I is an (S,N)-implication generated from the fuzzy negation N; and the t-conorm § given by

S =IINT @, =Y a(N'(x)'y/
0<i,j<n

i+j<n

forall x,y€[0,1]. O
3.2. On the choice of the coefficients

Although Definition 5 provides a simple expression for a fuzzy implication function, it is clear that not all poly-
nomials lead to a fuzzy implication function in the sense of Definition 2. As an example, consider the bivariate
polynomial of degree 2 given by p(x, y) = x> which do not fulfil either (I1) or (I3). Therefore, a characterisation of
which coefficients a;; € R generate a polynomial p(x, y) which satisfies the conditions of Definition 2 is necessary.
The general problem is unfeasible due to its complexity. However, in this section, we will prove some necessary con-
ditions for the coefficients of a polynomial of a general degree in order to obtain a fuzzy polynomial implication. Later
on, in Section 4, a complete characterisation will be obtained for all polynomials of degree smaller or equal to 4.

First of all, the next result determines the necessary and sufficient conditions a polynomial must satisfy in order to
be the expression of a fuzzy polynomial implication.

Theorem 1. A bivariate polynomial of degree n given by p(x,y) = Z aijxiyj for all x,y € [0, 1] is a fuzzy

0<i,j=n
i+j<n
polynomial implication if, and only if, the following properties hold:

(i) p0,y)=p(x,1)=1forall x,y e[0,1].
(ii) p(1,0)=0.
(iii) 22 <0 for all x, y € [0, 1).

(iv) 222 > 0 for all x, y € [0, 1].

Proof. If p(x, y) is a fuzzy polynomial implication, Properties (i)-(iv) follow directly from Definition 2.
Conversely, consider a polynomial satisfying Properties (i)-(iv). First of all, we want to ensure that p(x, y) takes
values in [0, 1] when x, y € [0, 1]. Indeed, using Properties (ii), (iii), (iv) and (i), we obtain:
0=p1,0) < px,0) <px,y) <pkx,)=1forall x,ye[O0,1].

Moreover, Properties (I1)-(I3) from Definition 2 are also satisfied. Property (I3) is immediate from (i) and (ii). Prop-
erties (I1) and (I12) follow from Properties (iii) and (iv). O

Note that the previous theorem provides general conditions on the polynomial to be a fuzzy implication function,
but it is necessary to study the consequences of these conditions on the coefficients of the polynomial. Properties (i)
and (ii) can be easily managed as the following result shows.
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Proposition 4. Let p(x,y) = Z aijxiyj for all x,y € [0, 1] be a bivariate polynomial of degree n. Then the

0<i,j=<n
i+j<n
following statements hold:

(i) p(0,y)=1forall y €[0, 1] if, and only if, apo = 1 and ag; =0 for all 0 < j < n.

n n—i
(i) p(x,1)=1forall x €[0,1] if. and only if. Zaoj =1and Zai,- =0forall0<i <n.
j=0 j=0

n
(iii) p(1,0)=0if, and only if. » " ajo=0.
i=0

Proof. The results are straightforward. 0O

However, up to our knowledge, Properties (iii) and (iv) of Theorem 1 (those related with the derivatives) cannot
be rewritten in terms of the coefficients of the polynomial for polynomials of a general degree. In the next section, it
will be proved that for polynomials of degree smaller or equal to 4 this problem can be solved. The key result for the
next section is the following result which provides a nice simplification to the structure of polynomials satisfying the
required conditions given in Proposition 4.

Proposition 5. Let I : [0, 11> — [0, 1] be a fuzzy polynomial implication of degree n. Then there exists a polynomial
q(x,y) of degree n — 2 satisfying:

L4 q(l,O)Z—l, 5
o —q(r, )+ (1 =) 5Lx, y) 20 forall (x,y) €0, 17,
o q(x,y) +x3l(x,y) <0forall (x,y)€[0, 1]

such that I (x,y)=x-(1—y)-q(x,y)+ 1 forall x,y € [0, 1].

Proof. Let I be a fuzzy polynomial implication of degree n. Define r(x, y) = I (x,y) — 1 for all x, y € [0, 1]. This
polynomial satisfies

r(x,1)=r(0,y)=0, forallx,yel0,1],

since [ satisfies I (x, 1) = 1(0, y) = 1 forall x, y € [0, 1]. Thus, r can be written as 7 (x, y) = x - (1 —y) -g(x, y) where
¢ is a bivariate polynomial of degree n — 2 with g(1,0) =7(1,0) =1(1,0) — 1 = —1. Thus, I (x,y) =r(x,y) + 1 =
x-(1—y)-q(x,y)+ 1. Now, since [ is a fuzzy implication function, it satisfies the monotonocities and therefore, we
obtain:

o L,y =0=—q(x,»)+ 1 —y5kx,y) =0forall (x,y) €0, 1%,
o Lx, ) <0=q(x,y) +xg—3(x, y) <0 forall (x, y) [0, 117,

and the result follows. O

Consequently, the study of the coefficients of a fuzzy polynomial implication of degree n can be done by analysing
the coefficients of the associated bivariate polynomial of degree n — 2 greatly reducing the complexity for low degrees.

4. On the characterisations of fuzzy polynomial implications of degree <4
This section is devoted to find all fuzzy polynomial implications of degree less or equal to 4. For such degrees,
it is feasible to characterise the coefficients of the polynomial in order to ensure the fulfilment of the monotonicities

required to a fuzzy implication function. Although the results involving smaller degrees can be derived as corollaries
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from the results involving greater degrees, for the sake of clarity, the study will be carried out step by step in an
increasing order with respect to the degree of the polynomial. This procedure will clearly show how there is a high
increase in complexity as the degree of the polynomial gets higher.

4.1. Degrees zero and one
As a first consequence of Proposition 5, the following result is straightforward.
Proposition 6. There are no fuzzy polynomial implications of degree less or equal to 1.

Proof. Given a fuzzy polynomial implication of degree n, Proposition 5 assures the existence of a polynomial g (x, y)
of degree n — 2 with g(1,0) = —1 such that I (x,y) =x - (1 — y) - g(x, y) + 1. Thus, itmustbe n > 2. O
Consequently, there are no fuzzy polynomial implications with the following expressions:

I(xv )’) = 4aoo, with aoo GR,
I(x,y) =ap+aix+ao1y, with ajg # 0 or ag; # 0.

Again, note that there do exist fuzzy implication functions defined by a piecewise function whose components are
polynomials of degree less or equal to one as Igp and /L k. However, they are not fuzzy polynomial implications.

Example | ensures the existence of fuzzy polynomial implications of any degree n > 2. Therefore, let us study in
detail those of degrees 2, 3 and 4.

4.2. Degree two
The following result proves that there is only one fuzzy polynomial implication of degree 2.
Proposition 7. The Reichenbach implication Igc is the unique fuzzy polynomial implication of degree 2.

Proof. Consider 7 :[0,1]> — [0, 1] a fuzzy polynomial implication of degree 2. Then, using Proposition 5, I is given
by
Ix,y)=x-(1—=y)- (=D +1=1—x+4+xy=Igc(x,y), forall x,y €0, 1].
It is well known that Irc satisfies Definition 2, see [3]. O
The Reichenbach implication is a well-known fuzzy implication function which belongs to the family of (S,N)-
implications (it can be obtained as Is; yc) and also to the family of Yager’s f-generated implications (taking f(x) =

1 — x for all x € [0, 1]). It satisfies (LI) with Tp, (EP) and (NP) (see [3]). Moreover, note that it is obtained in
Example 1 as Isp n, .

4.3. Degree three

Let us study the fuzzy polynomial implications of degree 3. Next result shows that an infinity of such fuzzy
implication functions exist.

Theorem 2. Let I : [0, 11> — [0, 1] be a binary operator. Then I is a fuzzy polynomial implication of degree 3 if, and
only if, I is given by

Lop(x,y) =1 +ax+ (=1 —a)x® + (B —a)xy + (1 + @)xy — x? (1)
with «, B € R such that (o, B) # (—1, 0) and one of these cases hold:

(i) 2<a<—-land —1<B<2+a.
(ii) —l<a<0anda < B < —a.
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Proof. First, consider I a fuzzy polynomial implication of degree 3. By Proposition 5, I is given by

Ix,y)=x-(1—=y)-(¢+ (=1 —a)x+By)+1
for all x, y € [0, 1] with (¢, B) # (—1,0). Since I is a fuzzy implication function, it satisfies that:

o U < forallx,yel0,1].
. %};’wEOforallx,yE[O’ 1].

The first inequality is equivalent to:

a—2-(1+a)x+By=<0

for all x, y € [0, 1]. Specifically, taking concrete values of x and y, we obtain the following inequalities:

Ifx=0and y =0, then @ <O0.
Ifx=0and y =1, then 8 < —«.
Ifx=1and y =0, then o« > —2.
Ifx=1andy=1,then 8 <2+ «.

Similarly, if we consider the second inequality provided by the partial derivative, it is equivalent to

—a+B+(0+a)x—28y>0

for all x, y € [0, 1]. Analogously, taking specific values of x and y, we get the following conditions:

Ifx=0and y =0, then 8 > «.
Ifx=0and y =1, then 8 < —c.
Ifx=1and y =0, then § > —1.
Ifx=1andy=1,then g <1.

By joining all these conditions, we get that & and 8 are such that («, 8) # (—1, 0) and one of these cases hold:

(i) 2<a<-land—1<pB<2+a.
(i) ~-l<a<O0anda <B <—a.

Conversely, let R’ be the region of R? given by the mentioned values (o, 8). Let R = R’ U {(—1, 0)}. Due to the
convexity of R, each point («, B) € R is a linear convex combination of the vertices of R. Those polynomials I, g
corresponding to the point (¢, 8) € R can be expressed as the same linear convex combination of polynomials /o,
I_11,1-1—1,1-2,0and I_» _; obtained by means of the vertices of R. These polynomials are given by the following
expressions:

Ioo(x,y) =1—x%+x2y.
I1(x,y)=1—x+2xy —xy>.
Ii—1(x,y)=1—x+xy%

I o0(x,y)=1—2x4x>+2xy — x%y.

I o _1(x,y)=1-2x +x2 4+ xy —x%y +xy2.

In all these cases it is straightforward to check that all of them are fuzzy polynomial implications. As a linear convex
combination of fuzzy implication functions is also a fuzzy implication function [3], Iy, is a fuzzy polynomial impli-
cation for all (¢, 8) € R. Note, however, that the point (—1, 0) must be removed because it generates /rc, the unique
fuzzy polynomial implication of degree 2. O

The region of the values of the parameters « and g in Expression (1) given in the previous theorem can be viewed
in Fig. 1.
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Fig. 1. Region of the values of the parameters « and § given in Theorem 2. Point (—1, 0) is not included in the region.

At this stage, let us study some additional properties of these fuzzy implication functions in order to analyse if they
belong to any known family of these connectives.

Proposition 8. Let 1, g be a fuzzy polynomial implication of degree 3 given by Expression (1). Then the following
statements are equivalent:

(i) Iy p satisfies (EP).
(ii) Iy p satisfies (NP).
(iii) B=0.

In this case, the fuzzy polynomial implications are given by

Ino(x,y)=14+ax+ (-1 —a)xz—axy—i—(l +a)x2y 2)
forall x,y € [0, 1] where « € [-2,0] \ {—1}.
Proof. Let us start with ()= (ii). If Iy, g satisfies (EP), since Ny, 8 is continuous, according to Corollary 1.5.18 from
[3], Iy, p satisfies (NP).
For (ii)=(iii), if 1y, g satisfies (NP), then from Expression (1), for all y € [0, 1], we have that
y=1lup(l,y) =1+ By — By>.

Therefore, it must hold that 8 = 0.
Finally, let us prove (iii)=>(i). It is a matter of straightforward computation that

Ipo(x,y)=14+oax+(—1— oz)x2 —axy+ (14 oz)xzy
for all x, y € [0, 1] where « € [-2, 0]\ {—1} satisfies (EP). O

Since the most usual fuzzy implications such as (S, N), R, QL or Yager’s f and g-generated implications satisfy
(NP), the previous result proves that there exist fuzzy polynomial implications of degree 3 which do not belong to any
of the aforementioned families. For example, the fuzzy polynomial implications /_ 1, /—1,—1 and /_ _; given in the
proof of Theorem 2 do not satisfy (NP).

On the other hand, using Proposition 3, those fuzzy polynomial implications of degree 3 satisfying (EP) are (S,N)-
implications obtained from the unique polynomial t-conorm Sp.
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Theorem 3. Let I : [0, 11> — [0, 1] be a binary operator, S a t-conorm and N a fuzzy negation. Then the following
statements are equivalent:

(i) 1 is a fuzzy polynomial implication of degree 3 and an (S, N)-implication obtained from S and N.
(i) S=Spand N(x) =1 +ax + (=1 — a)x% with « € [-2, 0] \ {—1}.

Proof. The proof is straightforward using Propositions 3 and 8. O

Finally, and using the characterization of Yager’s f-generated implications with f(0) < 400 in [12, Theorem 6],
the next result determines which fuzzy polynomial implications of degree 3 belong to this Yager’s family.

Theorem 4. Let I : [0, 112 — [0, 1] be a binary operator. Then the following assertions are equivalent:

(i) 1 is afuzzy polynomial implication of degree 3 and a Yager’s f-generated implication with f(0) < +oo.
(ii) 1 is a fuzzy polynomial implication of degree 3 satisfying (LI) with respect to the product t-norm Tp.
(iii) I is given by I(x,y) =1 — x* + x2y, which is the f-generated implication with f(x) =/1 —x forall x,y €
[0, 1].

Proof. (i)<(ii) is straightforward taking into account that Ny is a continuous fuzzy negation and Theorem 6 in [12].

(iii)=>(ii) can be also easily proved. Indeed, it is clear that 7 (x, y) = 1 — x> +x2y is a fuzzy polynomial implication
of degree 3 since it is a bivariate polynomial of degree 3 being also the f-generated implication with f(x) =+/1 —x
(and in particular, a fuzzy implication function). Moreover, the fulfilment of (LI) with respect to Tp is ensured by
Theorem 6 in [12].

Finally, let us prove (ii)=>(iii). If 7 is a fuzzy polynomial implication of degree 3 satisfying (LI) with respect to
the product t-norm 7Tp, it also satisfies (EP) and it is given by Equation (2). Now, if it satisfies (LI) with respect to Tp,
it holds that

I+ axy + (=1 —a)x?y* = I (xy,0) =1 (x, 1 (y,0))
=1- azxy +a(l +a)x2y +a(l —|—oz)xy2 +(—1—-20— otz)xzy2

forall x, y € [0, 1]. Thus, &« =0 or o« = —1. Since o = —1 retrieves Igrc, the unique fuzzy polynomial implication of
degree 2, the unique solution of degree 3 is given by « = 0, which retrieves I (x, y) = 1 — x? + x2y. By Theorem 6 in
[12], this fuzzy implication function is the f-generated implication given by f(x) = N;l x)=+1—x. O

The fuzzy implication function obtained in the previous result belongs to the family considered in Example 1 taking
Isp N,-

4.4. Degree four

The case of fuzzy polynomial implications of degree 4 is much more complex. Indeed, first of all, several re-
sults involving polynomials defined in [0, 1] will be proved. These results will be used later in order to manage the
monotonicities of the fuzzy polynomial implications.

Lemma 1. Let p(x) = ag + a1 x +ayx? be a polynomial of one variable of degree < 2. Then p(x) <0 forall x € [0, 1]
if and only if the following conditions hold simultaneously:

1) ap <0,
2) ap+a1+ax <0,
3) Ifax <0and 0 <a; < —2ay, then a% —4dapar < 0.

Proof. Let us suppose first that p(x) <0 for all x € [0, 1]. Then p(0) = a9 <0 and p(1) =ag + a; + a2 <0 and
Conditions (1) and (2) are obtained. Now, suppose that a; < 0 and 0 < a; < —2a», in this case the polynomial p has
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. aj cy- . . . . . ..

a maximum at 5 within [0, 1] since 0 < a; < —2a,. Moreover, the image of this maximum is also non-positive
as

and therefore,

p _ar =ao—ﬁ+a—% <0=a’—4apar <0
2as 2ar  4ar — ! -
and Condition (3) is obtained.
Reciprocally, suppose that Conditions (1)-(3) are satisfied. By Conditions (1) and (2), p(0) =ap <0 and p(1) =
aop + a1 + az < 0. Now two cases arise. If a» = 0, then p is a bivariate polynomial of degree < 1 and it follows that

p(x) <0 for all x € [0, 1]. Otherwise, if ap # 0, it is clear that if p has a minimum or the maximum _a does not

a»
belong to [0, 1], then p(x) <0 for all x € [0, 1]. Therefore, the only problematic case would be when the maximum

— ;—1 belongs to [0, 1] which is equivalent to 0 < a; < —2a>. However, Condition (3) ensures that the image of this
a»

maximum is negative and consequently, again p(x) <0 forall x € [0,1]. O

Corollary 1. Let p(x) = ag + ajx + ax* be a polynomial of one variable of degree < 2. Then p(x) > 0 for all
x € [0, 1] if and only if the following conditions hold simultaneously:

1) ap =0,
(2) ag+ay+ax =0,
3) Ifay > 0and —2ay <aj <0, then af —4dapar < 0.

Proof. Just consider —p(x) and apply Lemma 1. O
Now, let us follow with similar results but now for polynomials of two variables.

Lemma 2. Let p(x, y) = aoo + aiox + a1y + ar1xy + asox? + apay> be a bivariate polynomial of degree <2 of two
variables. Then p(x,y) <0 for all (x, y) € [0, 11? if and only if the following conditions hold simultaneously:

(1) ap <0,

(2) aopo +aio +ax <0,

(3) aoo + ao1 +ap2 <0,

(4) apo + ao +ao1 +ar +azo +ag <0,

(5) Ifaxo <0and 0 < ajg < —2ay, then alzo —4appazy <0,

(6) Ifaxy <0and 0 <ayg+ay < —2ax, then (ajo + ai)? — 4ax(a + ao1 + ag2) <0,

(7) Ifapxy <0and 0 <ap) < —2agp, then agl —4agoagy <0,

(8) Ifapx <0 and 0 < ag; +ay < —2ag, then (agi + arr)* — 4ag(ago + aio + az) <0.

9) If axo <0, ap <0, 4axagy — a3y >0, 0 < agiay — 2ayag, < daxap —a}; and 0 < ajpar — 2ag1az0 <
ad an+alan—apanan <0.

dagrary — a?,, then agy —
02420 11 00 daroao 7a12|

(10) Ifax <0, ap <0, a12] =4dayoap, ap1air — 2aypapy = 0 and one or more of the following conditions hold:
(@ —1=<219<0,
(b) 0 =<ajo =< —2a,
() —1 <40t g
(d) 0=<ajo+an <—2a,

2
a
then agoy — ﬁ <0.

Proof. The condition p(x, y) <0 forall (x, y) € [0, 172 implies first of all that p(x, y) < 0 in the boundary of [0, 113,
that is:

p(x,0) <0, p(x,1) <0, p(0,y) <0, p(l,y) <0, forall (x,y) € [0, 11>,
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The polynomial p(x, 0) is given by p(x,0) = arx? + ajox + ago. Using Lemma 1, p(x,0) <0 is equivalent to the
following conditions:

(1) apo =0,
(2) ax +aio+ap <0,
(3) If azo <0 and 0 < ajg < —2a, then aj, — dazagy < 0.

The polynomial p(x, 1) is given by p(x, 1) = arox? + (a11 + ao)x + a2 + aor + ago- Using again Lemma 1,
p(x, 1) <0 is equivalent to the following conditions:

1) agz +ap1 +apo <0,
(2) axo +agx + a1 +aio + apr +ag <0,
(3) If azp <0 and 0 < ayy +ajo < —2az, then (ary + aip)? — 4axo(agz + ao1 + ago) < 0.

The polynomial p(0, y) is given by p(0, y) = apy? + ao1y + aoo. Using Lemma 1, p(0, y) < 0 is equivalent to
the following conditions:

(1) ago =0,
(2) a2 +ao1 +apo <0,
() Ifap < 0and 0 < ag; < —2agy, then a3, — dagam < 0.

The polynomial p(1, y) is given by p(1, y) = ap2y* + (a11 +ao1)y +a20+aio +ago. Using Lemma 1, p(1, y) <0
is equivalent to the following conditions:

1) azo +aio+ap <0,
(2) axo + a2 +ai +ao + apr +ago <0,
(3) Ifapx <0and 0 < ayy +ao1 < —2agy, then (ar1 + ao)? — 4aga(azo + aio + ago) < 0.

Collecting the previous conditions and removing the duplicated ones, it holds that p(x, y) <0, for all (x, y) in the
boundary of [0, 1]? if and only if the following conditions are true:

(1) apo <0,

(2) axo + a0 +ap <0,

(3) ap2 +ao1 +aoo <0,

4) a0 +ap2 + a1 +aio + ao1 + a0 <0,

(5) If axp < 0 and 0 < aj9 < —2az, then a3, — dazoan <0,

(6) If azo < 0and 0 < ay; +aig < —2az, then (a11 + aio)? — 4azx(aoz + ao1 + ago) <0,
(7) If agy <0 and 0 < ag; < —2agy, then a}; — dagagy <0,

(8) If apy <0and 0 <ayy +agr < —2an, then (ar1 + ao1)? — 4aga(azo + aio + ao) <O.

Once the boundary has been analysed, it remains to impose that in the case that the polynomial has a maximum
and it belongs to [0, 112, its value must be negative. The eigenvalues of the Hessian matrix of the function p(x, y) are:

Ax=a +ap \/(azo —ap)? +adj,.

The polynomial p(x, y) will have a maximum if and only if the previous eigenvalues are negative, that is, if and only if
axg < 0, agy < 0 and 4axoagy > a121- We note that ayg and ag; cannot be zero because in that case, one of the previous
eigenvalues would be positive. At this point, the extreme values of the polynomial p(x, y) are computed through the
following system of equations:

2ax0x +aiy = —a,
anx +2apy = -—aop.

187



S. Massanet, A. Mir, J.V. Riera et al. Fuzzy Sets and Systems 451 (2022) 176195

First, we suppose that 4axpapy > a%l. In this case, the solution of the previous system is:
- anael —2amaio . 2axpaor — aiiaio
r= 2 0 YT 73
daxoapr — ag, ay, — 4axao
The extreme value (X, y) belongs to [0, 11 (taking into account that 4azpagpy — a%l > 0) if and only if
2
0 <ariao1 — 2apai1o < 4axaey — aiy,
2
0 <ariaio — 2axao01 < 4axapr — aiy,
and p(x, y) <0 if and only if

2 2
axoay; + anaij, — aiidiodol

ao =<0.

dayoagy — a%l

Finally, we suppose that 4aspag; — a%l = 0. In this case, if ajjag; — 2ap2a10 = 0 or —2azoap; + ajoair = 0, there is
an infinity of maxima, all located on the line 2ap0x + a11y = —ajo. This line intersects the domain [0, 112 if and only
if one or more of the following conditions hold:

— a10
(1) —1<2 <,

a)—15%%§0,:05am5—%m’

_ ajo+2ax
(3) —1 < @ten <q

4 -1 S%EO, = 0=<a +ao < —2a.

2
In this case, the value of p(x, y) for all (x, y) belonging to the previous line is: agg — %. So, it is necessary that
2

_ 4y
a0 — gy, <0.

To sum up, p(x, y) has a maximum in the domain [0, 112 whose value is negative if and only if one of the following
conditions holds:

(a) If az0 < 0, apx <0, daxap —a?, > 0, 0 < ajjapr — 2amaio < 4azxap: — a?; and 0 < ajjay — 2axdao <

2 2
ax0ag; +ap2a1,—a11a10401 <0

darpagy — a?,, then agy —
20402 11 00 4a2()a02—a%1

(b) If ayg <0, ap <0, “121 = 4arpagy, ayjag; — 2agraig = 0 and one or more of the conditions (1), (2), (3) and (4)

2
10
hOld, then apy) — Fano < 0. O
At this point, the complete characterisation of all fuzzy polynomial implications of degree 4 is presented. This result
provides the general expression of these operators which depends on five parameters satisfying up to 19 conditions.

Theorem 5. Let I : [0, 11> — [0, 1] be a binary operator. Then I is a fuzzy polynomial implication of degree 4 if and
only if I is given by

I, y)=x(1—=y)(a@x —1)>+B0x—D+yy +8xy+ey—1)+1 3)
with «, B, v, 8, € € R such that («, y, 8) # (0,0, 0) and the following conditions are satisfied:

M. a—B—€<1,

2). §+e+1=>0,

B a—pB+y+e<],

@. y+d+e=],

(5). Ifa <0and —2a <p —8 < —4a, then (B —8)> +4a(8+e+1) <0,
6). Ifa <0and20 <B+8<0, then (B+8)?*—4a(y +8+¢—1) <0,
(7). Ify <Oandy <e <=2y, theny> + €+ y(=3a +3B +€+3) <0,
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®). Ify <Oandy <8+€ <2y, theny?>+ S +€)>+y (6 +e+3) <.
9). Ifa <0, y <0, 3ay —82>0,28> <3By —8(y +2¢) <6ay and 8> —day < —B8 +2a (8 +¢€) <2y — 82
then —da (Y2 +y (8 +€+3) + (8 +€)2) — 382y +2B8(y +2(8 + ) + (y +4)52 <0.
10). Ifa <0, y <0, 82 =3ay, 6a(s +¢€) +8(8 —3B) =0, and one or more of the following conditions hold:
@ —1<2 <1,
(b) 2 <B—-3<0,
© —-1<f<1,
(d 20 <p+5<0,
then 4a(8 +€+ 1) + (B —8)> <0.
an. a—-p<1,
(12). <1,
13). p+y+28+e<1,
(14). Ifa <0and2a < B < —a, thena2+ﬂ2—aﬂ+3o¢50,
(15). Ifa <0and2a < B +8 < —q, then a® —a(B + 3y +48 +3e —3) + (B + 6)*> <0,
(16). Ify <0and 0 < e < =2y, then € +4y(—a + B+ 1) <0,
7). Ify <0and 0 <28 +¢€ < =2y, then (28 +€)* —4(8 — 1)y <O.
(8). Ifa <0, y <0, 3ay —8% >0, —4ay < —2By + 8¢ <2ay —28% and 0 < —4ad + 288 — 3ae < 6ay — 287
then —4ay +4a(B —3)y — a (28 + €)(28 + 3€) — 4B%y +4B8(8 + €) + 482 <.
19). Ifa <0, y <0, 82 =3ay, 4as + 3ae — 288 =0, and one or more of the following conditions hold:

(d) 20 < B+ < —a,
then a® + B> — af + 30 < 0.

Proof. Let us suppose that I is a fuzzy polynomial implication of degree 4. Then according to Proposition 5, there
exists a polynomial p(x, y) of degree 2 satisfying the following conditions:

L p(lao):_l9 P
o —p(x.y)+ (1 =y)z5(x,y) = 0forall (x,y) [0, 17,

o p(x,y) +xL(x,y) <0forall (x,y) € [0, 1%,
and such that
I(x,y)=x(1=y)p(x,y)+ 1.
Using the basis {(x — 1)2, y2, xy,x —1,y, 1} to express the polynomial p, we obtain that
I, )=x(1 =y (ax —1D>+ - D+yy> +8xy+ey— ) +1,

for some «, B, y, 8, € € R such that («, y, 8) # (0, 0, 0). Note that the constant term must be always —1 due to the fact
that p(1,0) = —1.
Now, since [ is a fuzzy implication function, it is decreasing in the first variable. Therefore, it holds that:

%(x,y) =1 -x—-D>+Bx—D+yy*+dxy+ey—D+x(1—y)Qalx— 1)+ B +8y)
=(1—y) Gax2+yy2+25xy+2(8 —2a)x +ey+a—B—1) <0
= 3ax? +yy2 +28xy +2(8 —2e)x + €y +a—p—1<0.

By Lemma 2 this last inequality is equivalent to the following conditions:

D a-p=1,
2 B=1,
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B)a—B+y+e=<l,

@ B+y+28+e<1,

(5) If o <0 and 20 < B < —a, then & + B2 — aff + 3 <0,

(6) Ifa <Oand 20 < B+ 68 < —a, thena? —a(B+3y +48+3e¢ —3) + (B+8)% <0,

@) Ify <Oand0§e5—2y,then62+4y(—ot+,3+l)50,

8) If y <0and 0 <2§ 4+ € < -2y, then (28+e)2—4(,8—1))/ <0.

9) Ifa <0, y <0, 3ay —82 >0, —day < —2By + 8¢ <2ay —28% and 0 < —4as + 288 — 3ae < 6ay — 282
then —4a?y +4a(B —3)y — a (28 + €)(28 + 3¢) —4B%y +4B5(8 +¢€) + 48 <0.

(10) Ifa <0, y <0, 8> =3ay, 8¢ — 2By + 4ay =0 and one or more of the following conditions hold:
@ -1<£2 <o,
(b) 20 < < —a,
© 1= <o,
d 20 <f+6<—a,
then & + 8% — af +3a < 0.

Now, since I is a fuzzy implication function, it is increasing in the second variable. Therefore, it holds that:

Ty =—x@x =D+ —D+yy +dxy+ey—D+x(1—-)Qyy+dx+e) =0
= ax?+3yy? +28xy+ (20 +B—-8)x+2(e—y)+a—p—€e—1<0.

Again, by Lemma 2, this last inequality is equivalent to the following conditions:

a1y a-pg-e<l,

12) §+e+1=0,

@) a—B+y+e=<l,

(13) y+8+e<1,

(14) If o <0 and —2a < B — 8 < —4a, then (B — 8)> +4a (8 +€+1) <0,

(15) Ifa <0and 2a < B+ 8 <0, then (8 +8)> —4a(y +8+¢—1) <0,

(16) Ify<0andy565—2y,then)/2+62—|—y(—3(x~|—3ﬂ+6—|—3)50,

(17) If y <Oand y <8 +€ < —2c,then y2+ (5 +€)2 +y (S +€ +3) <O.

(18) Ifa <0, y <0, 3ay —82> 0,282 <38y —8(y + 2¢) <6ay and 8% — day < —pB8 + 20(5 + €) < 2ay — 82
then —da (Y2 +y (S + € +3) + (8 +€)?) — 387y +2B8(y +2(8 +€)) + (¥ +4)8% <0.

(19) Ifa <0, y <0, 8> =3ay, y8+2e8 + 6ay — 3By =0 and one or more of the following conditions hold:
@ -1<22 <1,
(b) 20 <B—-46<0,
© -1<8<1,
(d) 20 <B+8<0,
then 48 +€+ 1) + (B —8)2 <0.

This concludes the first part of the proof.
Reciprocally, let us consider that 7 is given by:

1, y) =x(1—y)(ax — D+ x — D+ yy? +8xy+ey— D +1

with «, B, v, 8, € € R such that (¢, y, §) # (0, 0, 0) and the Conditions (1)-(19) are satisfied. We have to prove that /
is a fuzzy polynomial implication of degree 4.

First, it is clear that [ is a bivariate polynomial of degree 4. Now, since the coefficients fulfil Conditions (1)-(10),
by using Lemma 2, we have that g—)’c <0 for all (x,y) € [0, 1]2 and therefore, [ is decreasing in the first variable.
Analogously, since the coefficients satisfy Conditions (3) and (11)-(19), by using Lemma 2, we have that % > 0 for
all (x, y) € [0, 1]? and therefore, I is increasing in the second variable.

Finally, it is straightforward to check that 7 (0, y) =1 forall y € [0, 1], I (x, 1) = 1 forall x € [0, I]and I(1,0) =0.
These last conditions, jointly with the monotonicities, imply that 0 < I (x, y) <1 for all (x, y) € [0, 1]2 and the result
follows. 0O
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0‘.*4?"5“*#.

(a‘) (_1707_1a0,0) (b) (—1,0,0,0,0)

Fig. 2. Two examples of fuzzy polynomial implications of degree 4 for different values of («, 8, y, §, €).

Let us provide some examples of fuzzy polynomial implications of degree 4.
Example 2.

(a) Letus consider in Equation (3) the following parameter values: « = —1, y = —1 and § = § = € = 0. These values
satisfy the conditions given by Theorem 5 and therefore, the operator
I, y) =x(1 == =1D* =y =D +1

is a fuzzy polynomial implication of degree 4.
(b) Similarly, we can choose « = —1 and 8 =y = § = € = 0, which also satisfy all the conditions, retrieving the
following fuzzy polynomial implication of degree 4:

I, )=x(1—y(—x—-1D>=1)+1.

Both fuzzy implication functions are depicted in Fig. 2. Note that the second implication satisfies (NP) while the first
one does not.

Although Theorem 5 is an important result which solves the goal of this section, the large number of conditions
makes difficult to find parameter values of («, 8, v, 8, €) satisfying all the conditions and consequently, providing
examples of fuzzy polynomial implications is not an easy task. To overcome this problem, next result defines a convex
polyhedron in R® which defines a whole family of fuzzy polynomial implications of degree 4.

Theorem 6. Let I : [0, 11> — [0, 1] be a binary operator given by

I,y =x(1—x—D>+Bx—D+yy*+oxy+ey—1)+1
with («, B,y, 8, €) C R’ such that
10

10

(@, By, 8, )= MVi, Mel01], Y n=l,
i=1 i=1

and
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(a) (0,—1,0,1,0)

—32) (i) (2,1,0,—1,0) (j) (0,1,0,1,-2)

wi=

41 4
(f) (071707 73:2) (g) (271707070) (h) (§717§»7
Fig. 3. Fuzzy polynomial implications of degree 4 obtained through the vertices of the convex polyhedron given in Theorem 6.

vie{ (0,-1,0,1,0),(0,0,2,0,-1),(0,-1,0,-1,0),(0,1,0,-1,2),(0,1,2,—1,0), (0, 1,0, -3, 2),
(2,1,0,0,0), (3. 1.5.-3.-3) . (2,1,0,—1,0),(0, 1,0, 1, =2)}.

Then I is a fuzzy polynomial implication of degree 4.

Proof. Consider «, y > 0. Applying Theorem 5, I given by

I,y =x(1—yx—D>+Bx—D+yy>+sxy+ey—1)+1

is a fuzzy polynomial implication of degree 4 if and only if Conditions (1)-(4) and (11)-(13) are satisfied since the
other ones are trivially satisfied. Conditions (1)-(4) and (11)-(13), jointly with « > 0 and y > 0, constitute a system
of linear inequalities whose set of solution defines a convex polyhedron. Applying a vertex enumeration algorithm to
this system, the vertices of the convex polyhedron are given by:

‘/i € { (09 _17 Oa 13 O)a (07 Oa 2, Oa _1)7 (07 _19 07 _19 0)7 (Oa 17 09 _17 2)7 (0’ 17 27 _17 0)9 (07 19 07 _39 2)7
(2,1,0,0,0), (3.1.3.-3.-3).(2,1,0,-1,0),(0,1,0,1,-2)}. ©
In Fig. 3, the fuzzy polynomial implications of degree 4 obtained through the vertices of the convex polyhedron
are depicted.
Finally, a straightforward corollary is presented which allows to check if a given bivariate polynomial of degree 4
is a fuzzy implication function or not.

Corollary 2. Let p(x,y) =) o<i, j<n @i jxi y/ be a bivariate polynomial of degree 4 of two variables. Then p(x, y) is
i+j<4
a fuzzy polynomial implication of degree 4 if and only if the following conditions hold simultaneously:

1) apo =1,

(2) a1 =ap =ap3 =aps =0,
3 a;z=—aip—ai —ai,
@D axn =—ax —ax,

(8) azo=—1—ajp— a,

(6) a31 =1+ aio+ a,

(7) as=0.

® ann >0,
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9) aio+ai +axp+axn = -1,

10) 3ajg+2a1; +aix <0,

(A1) 2a10 +2a11 +aipz +ax+axn <1,

(12) Ifayp+ax > —1and4 < H;lﬁ <6, then a21 —4ai1(1+ag+axy) <0,

(13) If ajo + a0 > —1 and —2ax) < a1 < 2(1 + ayp), then 12a10 + 4ajoRay; + aiz + 3azx + 3) + 4Qay (a0 +
1) + azo(arz + ax) + a2) + 4azaz; +a3; <0,

(14) Ifajo+ay +aix <0and ajp <0 < —3(ajo +ain) —2aiz, then 3ayi(ayo +ayy +ap) +aj, <0,

(15) Ifaio+ai +aiz <0and ain < ax +az < —3(ayo +an) — 2aia, then 3al, + 3ai0(2ar; +arx + ax + az +
1) +3a?, 4+ 3aii (a2 + ax + azi + 1) + ai, + arnaz + anasi + 3ain + a3y + 2axaz + a3, <0,

(16) Ifaio+ax > —1, a0+ ai1 + a2 <0, =3(a10 + az0 + D(aio +ai1 +ai2) — (az0 + a21)* > 0, 6(aro + azx +
D(aio + ai + ain) + 2(ax + az1)? < 2apax — ax1(3(aio + ann) + arz) < 0 and 2(3(aio + azo + D(aio +
ai +an) + (a0 + a21)?) < 2a12(aio + azo + 1) + azi(azo + az1) <0, then

12611206111 +4aio(3ad; + 3ari(arz +azo + 1) + aly) — 3ajpa3,
+4(3af (a0 + 1) + an Baizazo + 1) + a3p) + ajy(axn + 1)
+4daxaz (a1, +a) + a3, (ar; +ap) <0

(A7) Ifaio+az > —1, aio +an + a2 <0,
3afy +3aio(arr + a2 +ax + 1) + ax(3(arr + ar) + ax)
+3(a11 +an) + 2axaz +a3; =0,

—6ay(ayp + ar1) — 6ayolao +app + 1) —6ay; — 2a§0 — axoan) + a%l = 0, and one or more of the following
conditions hold:

@@ —1=<_ =<1,

(b) —2(ajp + azo) <ayn+2<2,
() —1< 2a10+a20+2 <1,

(d) —2(1 + azo) L 2ay,
then a21 —dayi(ajp+ax+1) <0,
(18) a0 <0,
19) 2a10 +ax > -3,
(20) 2a11 + a2 + axo + 2az; <3,
(21) Ifaio+ax > —1, and —2ax < —ax <3+ 3aig + az, then 3ajpaz + 3aio(aig + 1) + a3y <0,
(22) Ifajo + axo > —1, and —2ax0 < az; < 3aio + axo + 3, then
9a3y 4 3a10(2ar; + arz + 3az + 3) 4 6a11 (a0 + 1) + 3aipaz + 3ain + 4a3y + 4axaz + a3, <0,
(23) Ifaio+ai +ai2 <0,and 0 <ajo+ay < —2(ai +ai +ar), then —3a3, — 2aio(ar; + 2a2) +ai; <0,
24) Ifajo+ a1 + a2 <0, and 0 < ajo + a1 + 2(ax + a21) < —2(ai0 + a1 + an), then
9a3, + 2a10(5ar; + 4aip + 4az + 2az1 + 6) +a?,
+4a112az + az1 + 3) +4(arn(ax + 3) + (a0 + a21)?) <0,
(25) Ifajo+ax > —1, ajo+ai1 +app <0,
—3aiy — 3aip(an +an +ax + 1) — ax(Bai +an) +ax) — (a1 +arn) — 2axaz — a3 =0,
0 < axi(aio +ai) — azolaio + ain +2ar2) < —6(aio + az + 1)(aio + ai + az) — 2(azx + az1)?, and
0 < 3ajy + 3aio(ari + az + 1) + 3ar (azo + 1) + 2az0(az0 + aar)
< —6(a10 + ax + D(aio + ary +ar) — 2(azo + a21)?,
then

— 9a]30 — 361%0(26111 +4air + 3arg +3) + a10(3a%1 —6ari(ax+1)
—4@Bajz(az + 1) + a%() + axoan1 +a3))) + 3al (a0 + 1) + 4ayjaxaz; — 4611261%0 <0,
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(26) Ifajo +ax > —1, ajo+ a1 +apx <0,

3ajy + 3aio(an +ain +az + 1) + ax(B(ar; + arz) + ax)
+3(a11 +an) + 2axnaz +a3; =0,

—3a?,—3aoarr +ax+ 1) —3aii (a0 + 1) — 2ax(az + az1) = 0, and one or more of the following conditions
hold:
a
(@) —1 =20 <0,
(b) —azg <0 <3ajo+2ax +3,

3a10+2a20+3
c) () < === <
( ) = arot+an = 1;

(d) —2az0 < a1 < 3ayp+ax+3,
then 3ajpazy + 3ajo(aio+ 1) + a%o <0.
(27) (az1,a13,a2) # (0,0,0).

Proof. The conditions ranging from (1) to (7) are a direct consequence of Proposition 4.
Using this proposition, the polynomial p(x, y) can be written as a function of the coefficients ajg, a1, a1z, azo and
ajy.

p(x,y) =14 ajox +axx? +anxy — (1 +aio + ax)x® +anx?y + apxy* — (ao + ayy +ap)xy’
— (a20 + ax)x*y? + (1 + ajo + ax)x>y.

It is straightforward to write this polynomial as:

P, y) =x(1—y) (@@ — D2+ Bx — ) +yy? +8xy +ey— 1) + 1,

where the coefficients «, 8, y, § and € are the following:

a=—1—ajp—a,
B =—2—2a10 — a,
y =aio +ai +an,
8 =ay +ani,
€=ajp+aj.

So, we can apply Theorem 5 and the conditions ranging from (8) to (26) are a consequence of this theorem. Finally,
Condition (27) ensures that the fuzzy polynomial implication is of degree 4 since asp = ags = 0 by Conditions (2) and
7. O

5. Conclusions and future work

In this paper, an in-depth study of those fuzzy implication functions whose expression is given by a polynomial of
two variables is presented. The interest on this family of fuzzy implication function relies on the simplicity of their
expression, their continuity and their lower propagation of errors with respect to other expressions. These facts make
them excellent candidates for their use in any application.

First of all, several results are proved for fuzzy polynomial implications of any degree. These results ensure the
fulfilment of the required properties on the boundary of the domain [0, 1]>. However, the complexity of polynomials
of any degree makes impossible to study the monotonicities for any degree n. Therefore, in Section 4 the main results
of the paper are included. Indeed, characterisation results for all fuzzy polynomial implications of degree < 4 are
achieved and analysed. These results prove the increasing complexity of the study with respect to the degree of the
fuzzy polynomial implication, needing 19 conditions on the coefficients to characterise degree 4.

As future work, we want to study which additional properties are satisfied by the fuzzy polynomial implications
of degree 4. Furthermore, it would be worthy of interest to investigate if there exist any construction method of fuzzy
polynomial implications of higher degrees from fuzzy polynomial implications of low degrees which provides the
complete family of these operators.
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