Available online at www.sciencedirect.com

"*2° ScienceDirect FL Y

sets and 's'yster'ns

Fuzzy Sets and Systems 160 (2009) 2049-2062

www.elsevier.com/locate/fss

(U,N)-implications and their characterizations™

Michat Baczynski® *, Balasubramaniam Jayaram® ¢
nstitute of Mathematics, University of Silesia, ul. Bankowa 14, 40-007 Katowice, Poland
bDeparlment of Mathematics and Computer Sciences, Sri Sathya Sai University, Prasanthi Nilayam, Andhra Pradesh 515134, India
¢Department of Mathematics, Faculty of Civil Engineering, Slovak University of Technology, Radlinského 11, 81368 Bratislava, Slovakia

Received 18 July 2008; received in revised form 19 October 2008; accepted 2 November 2008
Available online 8 November 2008

Abstract

Recently, we have presented characterizations of (S,N)-implications generated from t-conorms and continuous (strict, strong)
negations. Uninorms were introduced by Yager and Rybalov in 1996 as a generalization of t-norms and t-conorms, thus they
are another fertile source based on which one can define fuzzy implications. (U,N)-implications are a generalization of
(S,N)-implications, where a t-conorm § is replaced by a (disjunctive) uninorm U. In this work we present characterizations
of (U,N)-implications obtained from disjunctive uninorms and continuous negations as well as (U,N)-operations defined from
uninorms and continuous negations.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

(U,N)-implications are a generalization of (S,N)-implications, where a t-conorm S is replaced by a uninorm U. A
similar generalization of R-implications from the setting of t-norms to the setting of uninorms has been done by De
Baets and Fodor [6]. Ruiz and Torrens [18,20] have investigated, quite extensively, fuzzy implications generated from
uninorms [19] and their distributivity.

Despite this interest, fuzzy implications obtained from uninorms are yet to be characterized. Recently, some charac-
terizations of (S,N)-implications were given by the authors in [2]. In this work, along similar lines, we investigate and
characterize (U,N)-operations and (U,N)-implications obtained from continuous negations N.

After introducing the necessary preliminaries on the basic fuzzy logic operations, we list out some of the most
desirable—but relevant to this work—properties of fuzzy implications and investigate their interdependencies. Follow-
ing this, we discuss the class of (U,N)-operations and the properties they satisfy. Finally, based on the above analysis,
we derive characterizations for (U,N)-operations and (U,N)-implications generated from continuous negations.

% Expanded version of a talk presented at the Sth Conference of the European Society for Fuzzy Logic and Technology, EUSFLAT 2007 (Ostrava,
Czech Republic, September 11-14, 2007).
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2. Fuzzy negations and uninorms

To make this work self-contained, we briefly mention some of the concepts and results employed in the rest of the
paper.

Definition 2.1 (see Fodor and Roubens [9, p. 3]; Klement et al. [13, Definition 11.3]). A decreasing function
N : [0, 1] — [0, 1] is called a fuzzy negation, if N(0) = 1, N(1) = 0. A fuzzy negation N is called

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

It is well known that if [a, b] and [c, d] are two closed subintervals of the extended real line [—o0, +00] and
f :la,b] — [c,d] is a monotone function, then the set of discontinuous points of fis a countable subset of [a, b]
(see [17]). In this case we will use the pseudo-inverse f =D [e,d] — [a, b]ofa decreasing and non-constant function
fdefined by (see [13, Section 3.1])

FEV(y) = suplx € [a, b1 f(x) > ¥}, y € [, dl.

Lemma 2.2 (Baczyriski and Jayaram [2, Proposition 3.13]). If N is a continuous fuzzy negation, then the function
9 : [0, 1] — [0, 1] defined by

R i NED ) ifx € 0,11
1 ifx=0
is a strictly decreasing fuzzy negation. Moreover,
n-L =N,
N o 9t =idjo, 17,
o N |Ran9)= idRan(9). (1

Lemma 2.3 (Baczyriski and Jayaram [2, Proposition 3.8]). If Ny, N» are two fuzzy negations such that
N o Ny =id|p 1, then

(i) Nj is a continuous fuzzy negation,
(ii) Ny is a strictly decreasing fuzzy negation,
(iii) N3 is a continuous fuzzy negation if and only if Ny is a strictly decreasing fuzzy negation. In both cases Ny = N, I

Definition 2.4 (see Yager and Rybalov [24], Fodor et al. [10]). An associative, commutative and increasing operation
U :|0, 1]2 — [0, 1] is called a uninorm, if there exists e € [0, 1], called the neutral element of U, such that

Ue,x)=U(x,e)=x, xe]0,1].

Remark 2.5 (¢f. Fodor et al. [10]).

(i) If e = 0, then U is a t-conorm and if e = 1, then U is a t-norm.
(i) The neutral element e corresponding to a uninorm U is unique.
(iii) For any uninorm U we have U (0, 1) € {0, 1}.
(iv) A uninorm U such that U(0, 1) = 0 is called conjunctive and if U(0, 1) = 1, then it is called disjunctive.
(v) The structure of a uninorm U with the neutral element e € (0, 1) is always the following. It is like a t-norm on the
square [0, e]?, like a t-conorm on the square [e, 1]? and it takes values between the minimum and the maximum
in the other cases.

There are several different classes of uninorms introduced in the literature. We only mention relevant details and
results, which will be useful in the sequel, connected with the three main classes of uninorms.
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Uninorms verifying that both functions U( -, 0) and U( -, 1) are continuous except at the point e, also referred to as
pseudo-continuous uninorms, were characterized by Fodor et al. [10], as follows (see also [6]).

Theorem 2.6. For a function U : [0, 11> — [0, 1] the following statements are equivalent:

(i) U is a conjunctive uninorm with the neutral element e € (0, 1), such that the function U( -, 1) is continuous on
[0, e).
(ii) There exist a t-norm T and a t-conorm S such that

e.T<f,X) ifx,y €0,el,
e e
Uk.y)=Ye+(l—¢)-S (1‘;" ?) ifx,ycle, 1, *yel01l )
—e l—e
min(x, y) otherwise,

Theorem 2.7. For a function U : [0, 11> — [0, 1] the following statements are equivalent:

(i) U is a disjunctive uninorm with the neutral element e € (0, 1), such that the function U( -, 0) is continuous on
(e, 1].

(i1) There exist a t-norm T and a t-conorm S such that

eT<£’X) ifo’e[Ose],
e e
Ulx,y) = e+(1—e)~S<)lc;e,¥> ifx,y € le, 1], x,y €[0,1]. 3)
—e l1—e
max(x, y) otherwise,

The class of uninorms of the form (2) is denoted by Uwin, While the class of uninorms of the form (3) is denoted by
Umax- Note that, even if a t-norm 7, a t-conorm S and e € (0, 1) are fixed, a pseudo-continuous uninorm is not uniquely
defined—it can be conjunctive or disjunctive. If U is a conjunctive (disjunctive) uninorm, then we will write U%’ S.e
v ‘le §.¢» respectively).

A uninorm U such that U(x, x) = x forall x € [0, 1] is said to be an idempotent uninorm. The class of all idempotent
uninorms will be denoted by Ujgem. Martin et al. [ 14] have characterized all idempotent uninorms, which subsumes the
results of De Baets [5], who first characterized the class of left-continuous and right-continuous idempotent uninorms.

Uninorms that can be represented as in Theorem 2.8 are called representable uninorms and this class will be denoted
by uRep~

Theorem 2.8 (Fodor et al. [10]). For a function U : [0, 112 - [0, 1] the following statements are equivalent:

(i) Uis a strictly increasing uninorm, continuous on (0, 1)? with the neutral element e € (0, 1), such that U is self-dual,
except in points (0, 1) and (1, 0), with respect to a strong negation N with the fixed point e, i.e.,

Ux,y) = NWUN@), N, x,y €0, 117\ {0, 1), (1, 0)}.

(i) U has a continuous additive generator, i.e., there exists a continuous and strictly increasing function
h : [0,1] — [—o00, 00], such that h(0) = —oo, h(e) = 0 for e € (0, 1) and h(1) = oo, which is uniquely
determined up to a positive multiplicative constant, such that

_ o if (e, y) € (0. 1), (1, 0)},
v = {h‘(h(x> FROY) i y) € [0, 12\ {0, 1), (1, 0)},
or

1 if (e, y) € (0. 1), (1, 0)},
vte = { BN+ h() if (. y) € [0, 112\ {(0. 1), (1, 0)}.

Particular examples of uninorms as well as the other different classes of uninorms can be found in the recent literature
(see [6,7,10]).
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3. Fuzzy implications

In this work the following equivalent definition proposed by Fodor and Roubens [9, Definition 1.15], (see also
[12, p. 50]) is used.

Definition 3.1. A function I : [0, 1]2 — [0, 1] is called a fuzzy implication, if it satisfies, for all x, y, z € [0, 1], the
following conditions:

if x<y, then I(x,2)>1(y, 2), 1)
if y<z, then I(x, y)<I(x,2), (12)
100,0) =1, 13)
I1(1,1) =1, (14)
1(1,0) = 0. {5)

The set of all fuzzy implications will be denoted by FZ.

Directly from the above definition we see that each fuzzy implication [ satisfies the following left and right boundary
conditions, respectively:

1(0,y)=1, ye]l0,1], (LB)

Ix,1)=1, xe][0,1]. (RB)
Therefore, I satisfies also the normality condition

1(0,1) = 1. (NC)

Consequently, every fuzzy implication restricted to the set {0, 1} coincides with the classical implication. In the
following we list out some of the desirable properties of fuzzy implications (cf. [9,21]):

Definition 3.2. Let / € 7 and N be a fuzzy negation. [ is said to satisfy
(i) the left neutrality property, if
I(L,y)=y, ye€l0,1], (NP)
(>ii) the exchange principle, if
I(x,1(y,2)=1(y, I(x,2)), x,y,z¢€l0,1], (EP)
(iii) the law of left contraposition with respect to N, if
I(N(x), y) = I(N(y),x), x,y€l0,1], (L-CP)
(iv) the law of right contraposition with respect to N, if
I(x, N(y)) =1(y, N(x)), x,ye€l0,1], (R-CP)
(v) the law of contraposition with respect to N, if

I(x,y) =I(N(y), N(x)), x,y€l0,1]. (CP)

If I satisfies the law of (left, right) contraposition with respect to N, then we also denote this by CP(N) (respectively,
by L-CP(N) and R-CP(N)).
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Lemma 3.3 (Baczyriski and Jayaram [2, Lemma 3.2]). Let I : [0, 11> — [0, 1] be any function which satisfies (R-CP)

with respect to a continuous fuzzy negation N. Then I satisfies (11) if and only if I satisfies (12).

Definition 3.4. Let [ : [0, 112 — [0, 1] be any function and « € [0, 1). If the function NI“ : [0, 1] — [0, 1] given by
Nf(x)=1I(x,0), x€[0,1]

is a fuzzy negation, then it is called the natural negation of I with respect to o.

It should be noted that for any I € FZ we have (I5), so for = 0 we have the natural negation Ny = N ? of I (see
[2]). Also « should be less than 1 for fuzzy implications, since I(1, 1) = 1 by (I4).

Lemma 3.5. Let I : [0, 11> — [0, 1] be any function and N} be a fuzzy negation for an arbitrary but fixed o. € [0, 1).
(1) If I satisfies (12), then I satisfies (15).
(i1) If I satisfies (12) and (EP), then I satisfies (13) if and only if I satisfies (14).
(iii) IfI satisfies (EP), then I satisfies R—CP(NI“).
Proof. (i) Since N?‘ is a fuzzy negation and 7 satisfies (I2) we get
I(1,0)<I(1,a) = Nj(1) = 0.
(ii) Let 1 satisfy (I2) and (EP). If [ satisfies (I4), then
1=1(1,1)=I(1, N}(©0)) = I(1, 1(0, )) = 1(0, I(1, o)) = I(0, N} (1)) = 1(0, 0),

i.e., I satisfies (I3). The reverse implication can be shown similarly.
(iii) Since I satisfies (EP), we have

I(x, Nf(y) = I(x, I(y, ) = I(y, [(x, ) = I(y, N{(x)), x,y€[0,1],
i.e., I satisfies R-CP(N7). O

Lemma 3.6. Let I € 1 and N} be a fuzzy negation for an arbitrary but fixed o € [0, 1). If N is a fuzzy negation such
that NI“ o N =1id|o,1] and I satisfies (EP), then I satisfies L-CP(N).

Proof. By our assumptions, we get
I(N(x), y)=I(N(x), N o N(y)) = [(N(x), [(N(y), 2))
=I(N(y), I(N(x), ) = I(N(y), Nf o N(x)) = I(N(y), x),
for all x, y € [0, 1], so I satisfies L-CP(N). U

Remark 3.7. Under the assumptions of Lemma 3.6, we have:
(i) If N7} is a strict negation, then / satisfies L—CP((N}")’1 ).
(i) If N7 is a strong negation, then / satisfies L-CP(N}) and CP(N}).

4. (S,N)-implications and their characterizations

In this section, we give a brief introduction to one of the families of fuzzy implications that is very well studied in
the literature.

Definition 4.1 (cf. Trillas and Valverde [21 ], Fodor and Roubens [9], Alsina and Trillas [ 1 ], Baczyriski and Jayaram [2]).
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

I(x,y) = S(N(x),y), x,ye€l0,1].

If N is a strong negation, then / is called an S-implication.
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The following characterization of some subclasses of (S,N)-implications is from [2], which is an extension of a result
in [21].

Theorem 4.2 (Baczyriski and Jayaram [2]). For a function I : [0, 11> — [0, 1] the following statements are equiva-
lent:

(1) Iis an (S,N)-implication generated from some t-conorm S and some continuous (strict, strong) fuzzy negation N.
(ii) I satisfies (11), (EP) and the function Ny is a continuous (strict, strong) fuzzy negation.

Remark 4.3 (c¢f. Baczyriski and Jayaram [2]).

(i) The representation of (S,N)-implications in Theorem 4.2 is unique.
(i) The axioms in Theorem 4.2 are independent from each other.
(iii) In Theorem 4.2, the property (I1) can be substituted by (12).

5. (U,N)-operations and (U,N)-implications

A natural generalization of (S,N)-implications in the uninorm framework is to consider a uninorm in the place of a
t-conorm in Definition 4.1.

Definition 5.1. A function 7 : [0, 1]> — [0, 1] is called a (U,N)-operation, if there exist a uninorm U and a fuzzy
negation N such that

Iy N(x,y) =U(N(KX),y), x,ye€l0,1]. “)
If Iis a (U,N)-operation generated from a uninorm U and a negation N, then we will often denote it by Iy .

Firstly, observe that if e = 0, then U is a t-conorm and Iy y, as an (S,N)-implication, is always a fuzzy implication,
whose properties and characterizations are quite well known. If ¢ = 1, then U is a t-norm and Iy y is not a fuzzy
implication, since (I3) is violated. Therefore, we consider only the situation when U is a uninorm with the neutral
element e € (0, 1).

Proposition 5.2. If Iy n is a (U,N)-operation obtained from a uninorm U with e € (0, 1) as its neutral element, then

(1) Iy n satisfies (11), (12), (I5), (NC) and (EP),
(i) Ny =N,
U,N
(iii) Iy, n satisfies R-CP(N),
(iv) if N is strict, then Iy, n satisfies L-CP(N~D,
(v) if Nis strong, then Iy y satisfies CP(N).

Proof. (i) By the monotonicity of U and N we get that Iy y satisfies (I1) and (I2). Moreover, it can be easily verified
that Iy y satisfies (I5) and (NC). Finally, from the associativity and the commutativity of U we have also (EP).
(i1) For any x € [0, 1], with e € (0, 1) being the identity of U, we have

N[eU‘N(X) = Iy n(x,e) = U(N(x), e) = N(x).

(iii) Since Iy, y satisfies (EP), from Lemma 3.5(iii) with « = e we have that Iy y satisfies R-CP(N).
(iv) If N is a strict negation, then from Remark 3.7(i) we see that Iy y satisfies L-CP(N -1,
(v) If N is a strong negation, then from Remark 3.7(ii) we see that [y y satisfies CP(N). O

If e € (0, 1), then not for every uninorm U the (U,N)-operation is a fuzzy implication. The next result characterizes
those (U,N)-operations, which satisfy (I3) and (14).

Theorem 5.3 (cf. De Baets and Fodor [6, p. 98]). For a uninorm U with neutral element e € (0, 1) the following
Statements are equivalent:

(1) The function Iy n as defined in (4) is a fuzzy implication.
(i) U is a disjunctive uninorm, i.e., U(0, 1) = U(1,0) = 1.
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Proof. (i) = (ii) If Iy y as defined in (4) is a fuzzy implication, then from (I3) we have
Uo,1)=01,0)=1Iyn(0,0)=1.
(il)) = (i) Assume that U (0, 1) = 1. From Proposition 5.2 it is enough to show only (I3) and (I4):
Iy n(©0,0)=U(N0),0)=U(1,0) =1, Iyn(1, )=UNN1),H)=U0,)=1. O

Remark 5.4. Following the terminology used by Mas et al. [16] for the QL-implications, only if the (U,N)-operation
Iy, n is a fuzzy implication we use the term (U,N)-implication.

Example 5.5. In the following, we give examples of (U,N)-implications obtained using the classical strong negation
Nc(x) =1 —xforall x € [0, 1], and for different uninorms. Note that /kp is the Kleene—Dienes implication given by

Ixkp(x,y) =max(1 —x,y), x,ye][0,1].

G

~

Let us consider the disjunctive uninorm Uk from the class Upax generated by the triple (7Tpk, SLK, 0.5), where
Ti.x denotes the Lukasiewcz t-norm

Tik(x,y) =max(x +y—1,0), x,yel0,1],
and Stk denotes the fLukasiewcz t-conorm
SLk(x, y) =min(x + y, 1), x,y €][0,1].
Then

max(y —x +0.5,0) if max(1 — x, y)<0.5,
Iy Ne(x, y) = § min(y —x + 0.5, 1) if max(l1 —x,y) > 0.5, x,ye][0,]1].
Ikp(x, y) otherwise,

Fig. 1(a) gives the plot of Iy Nc-
(ii) Let us consider the disjunctive uninorm Up from the class Upax generated by the triple (7p, Sp, 0.5), where Tp
denotes the algebraic product t-norm

Te(x,y) =xy, x,y€l0,1],

and Sp denotes the probabilistic sum t-conorm
Sp(x,y)=x+y—xy, x,ye€l0,1].

Then

2y—2xy if max(l —x, )<05,
Typ Ne(x,y) =1 1 —2x +2xy if max(1 —x,y) > 0.5, x,ye[0,1].
Ikp(x, y) otherwise,

Fig. 1(b) gives the plot of Iy, -
(iii) Let us consider the disjunctive uninorm Uy from the class Unpax generated from the triple (7, Sm, 0.5), where
Ty denotes the minimum t-norm

Tv(x, y) = min(x, y), x,y €[0,1],

and Sy denotes the maximum t-conorm

Sm(x, y) = max(x,y), x,ye][0,]1].

Observe, that Uy is also an idempotent uninorm. Then

min(l — x, y) if max(l — x, y)<0.5,

Ixkp(x,y) otherwise, x,y €0, 1].

IUM,Nc(xv y) = {

Fig. 1(c) gives the plot of Iy, Nc-
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Fig. 1. Plots of (U,N)-implications from Example 5.5. (a) Ty k. Ne» (b) Typ Ne» (c) Ty Ne and (d) IU}‘Z‘] Ne:

(iv) If we consider the additive generator /41(x) = In(x /(1 — x)), then we get the following disjunctive representable
uninorm:

1 if (x, y) € {(0, 1), (1, 0)},
Up (x.y) = Xy
(1—x)(1 —y)+xy

x,y €[0,1].

otherwise,

In this case ¢ = 5. Now, we have

1 if (x, y) € {(0,0), (1, D)},
IU;‘? Nl Y) = 7(1 — )y otherwise x,y €0 1]
! x+y—2xy ’

Fig. 1(d) gives the plot of / Ul Net
.

Lemma 5.6. Let Iy n be a (UN)-implication obtained from a uninorm U with e € (0, 1) as its neutral element and a

continuous negation N. Let o € (0, 1) be an arbitrary but fixed number. Then the following statements are equivalent:
@) N;‘UWN = N.

(i) a =e.
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Proof. Let ¢ € (0, 1) be the neutral element of U and « € (0, 1) be an arbitrary but fixed number.

(i) = (i) If N =~ = N, then since N is continuous there exists ¢’ such that ¢ = N(¢') and hence
N}"UW(e’) = IU,N(e’,oc) = U(N(e), ) = N(¢/) = e. But UN(¢'),a) = U(e,x) = o, because e is the neutral
element of U, thus o = e.

(i) = (i) This implication is just Proposition 5.2(ii). U

Remark 5.7. Itisinteresting to note that, unlike (S,N)-implications, (U,N)-implications do not satisfy the left neutrality
property (NP). To see this, let U be a uninorm with the neutral element e € (0, 1) and N be a fuzzy negation. Then,
Iy n(1,e) =U(N(),e) =U(0,¢) =0 #e.

6. Characterizations of (U,N)-implications and (U,N)-operations
We start our presentation with the following result.

Proposition 6.1. Let I € FI and N be a fuzzy negation. If we define a binary operation Uy n on [0, 1] as follows

Ui nx,y)=I(N(x),y), x,ye€l0,1], )
then

1) Un(x,1)=U;n(1,x) = 1forall x € [0, 1], in particular Uy (0, 1) = 1,
(ii) Uy n is increasing in both the variables,

(iii) U;, y is commutative if and only if I satisfies L-CP(N).

In addition, if I satisfies L-CP(N) with a continuous fuzzy negation N, then

(iv) Uy, n is associative if and only if I satisfies (EP),
(v) an arbitrary o. € (0, 1) is the neutral element of U n if and only ifNI“ o N =idjp,1]-

Proof. (i) Let x € [0, 1]. By the boundary condition (RB) of I we have Uy y(x,1) = I(N(x),1) = 1. Also,
Urn(,x)=I1(N(),x)=1(0,x) =1 again by (LB) of I.

(i1) That Uy y is increasing in both the variables is a direct consequence of the monotonicity of 7 and N.

(iii) If Uy y is commutative, then I(N(x), y) = Ur n(x,y) = Urn(y,x) = I(N(y), x) forall x, y € [0, 1], i.e., ]
satisfies L-CP(N). The reverse implication can be obtained by retracing the above steps.

(iv) Let x, y, z € [0, 1]. If I satisfies (EP), then

Urnx, U n(y, 2)) = I(N(x), I(N(y), 2)) = I(N(x), [(N(2), y))
=1(N(2), [(N(x), y)) = I(N(I(N(x), ¥)), 2)
=I(N(Urn(x,¥)),2) =Ur(Urn(x,y), 2).
Conversely, if Uy y is associative and N is continuous, then there exists x’, y’,z" € [0, 1] such that x = N(x'),
y = N(¥') and z = N(z'). Now we obtain
I1(x, I(y,2)) = I(N(X"), IIN(Y), N@))) = U v, Urn(y', N(@)) = U n(Upn(x'y'), N(2')
=UrnUi NG X)), N@Y) =Urn(y, Uinx', N@')) = 1(y, I(x, 2)).

(v) Let o € (0, 1) be arbitrary but fixed. If o is the neutral element of Uy y, then for all x € [0, 1] we have

x = Uy, 0) = I(N(x),n) = NJ(N(x)). Conversely, if N} o N = idjp,1), then for any x e [0, 1] we get
Urn(,x) =Urn(x,0) = I(N(x), o) = NI“(N(x)) = x, so « is the neutral element of Uy . U

If N} is a continuous fuzzy negation for an arbitrary but fixed o € (0, 1), then by Lemma 2.2 and previous results
we can consider the modified pseudo-inverse 9t} given by

o\ (=1 .
‘Jﬁ(x)z{gNﬂ ) ifx .11 o
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as the potential candidate for the fuzzy negation N in (5). Hence, from Lemma 3.6 with N = ‘ﬁ?‘, we obtain the
following result.

Corollary 6.2. If I € FZI satisfies (EP) and N}, the natural negation of I with respect to an arbitrary but fixed
o € (0, 1), is a continuous fuzzy negation, then I satisfies (L-CP) with N5 from (6).

Hence, if a fuzzy implication / satisfies (EP) and N7 is a continuous fuzzy negation for some a € (0, 1), then we
conclude that formula (5) can be considered with the modified pseudo-inverse of the natural negation of / given by (6).

Corollary 6.3. If I € FI satisfies (EP) and N} is a continuous fuzzy negation with respect to an arbitrary but fixed
o € (0, 1), then the function Uy defined by

Ur(x,y) = I(M5(x),y), x,y€[0,1] (7)

is a disjunctive uninorm with the neutral element o, where N} is as defined in (6).
Now we are ready to formulate the main result of this work.

Theorem 6.4. For a function I : [0, 11> — [0, 1] the following statements are equivalent:

(1) Iis an (U)N)-operation generated from some disjunctive uninorm U with the neutral element e € (0, 1) and some
continuous fuzzy negation N.
@ii) Iis an (U,N)-implication generated from some uninorm U with the neutral element e € (0, 1) and some continuous
fuzzy negation N.
(i) I satisfies (11), (13), (EP) and the function Ny is a continuous negation for some e € (0, 1).

Moreover, the representation (4) of (U,N)-implication is unique in this case.

Proof. That (i) is equivalent to (ii) follows immediately from Theorem 5.3.

(i) = (iii) Assume that / is an (U,N)-implication based on a uninorm U with the neutral element e € (0, 1) and
a continuous negation N. Since every (U,N)-implication is a fuzzy implication, [ satisfies (I1) and (I3). Moreover, by
Proposition 5.2, it satisfies (EP) and N; = N. In particular Ny is continuous.

(iii) = (ii) Firstly, see that from Lemma 3.5(iii) it follows that 7 satisfies (R-CP) with respect to the continuous
negation Ny. Next, Lemma 3.3 implies that I satisfies (I2). Once again from Lemma 3.5(i) and (i) we have that /
satisfies (I3)—(I5), and hence I € FZ. Further, by virtue of Lemmas 2.2 and 3.6, the implication / satisfies L-CP(9t9).
Because of Corollary 6.3 the function U; defined by (7) is a disjunctive uninorm with the neutral element e. We will
show that Iy, ne = 1. Fix arbitrarily x, y € [0, 1]. If x € Ran(9t9), then by (1) we have

IU],N;'(xv )’) = UI(N;(X)v )’) = I(m‘; ONIe(x)v )’) = I(.X, )’)

If x ¢ Ran(919), then from the continuity of Ny there exists xo € Ran(9t}) such that Ny(x) = Nj(xo). Firstly, see that
I(x,y) = I(xg, y) for all y € [0, 1]. Indeed, let us fix arbitrarily y € [0, 1]. From the continuity of Nj there exists
y" € [0, 1] such that N{(y") = y, so

I(x,y) = 1(x, Nj())) = I(y/, N{(x)) = I(y/, N{(x0)) = I(x0, N](y)) = I(x0, ¥).
From the above fact we get

Iy, ne(x, y) = Ur(Nj(x), y) = Ur(Nj(x0), y) = I(x0, y) = I(x, y),

so [ is a (U,N)-implication.

Finally, assume that there exist two continuous fuzzy negations N, N and two uninorms Ui, U with neutral
elements e, e’ € (0, 1), respectively, such that I(x,y) = U;(Ni(x),y) = Ux(Na(x), y) for all x,y € [0, 1]. Fix
arbitrarily xo, yo € [0, 1]. Observe now that from Proposition 5.2 we get Ny = N» = Ny = Nle,. By virtue of
Lemma 5.6 we get that ¢/ = e. Moreover, since Nf is a continuous negation, there exists x; € [0, 1] such that
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Ni(x1) = xo. Thus Uy (xo, yo) = Ui(Ny(x1), yo) = Ua(Nj(x1), yo) = Uz(x0, Yo), i.e., Uy = Us. Hence N and U are
uniquely determined. In fact, U = U; defined by (7). O

From the above proof the following result easily follows.

Theorem 6.5. For a function I : [0, 11> — [0, 1] the following statements are equivalent:

() Iis a (UN)-implication generated from some disjunctive uninorm U with the neutral element e € (0, 1) and some
strict (strong) fuzzy negation N.
(ii) I satisfies (I11), (I3), (EP) and the function N7 is a strict (strong) negation.

Remark 6.6.

(i) In Theorems 6.4 and 6.5 the property (I1) can be substituted by (I2) and the property (I3) can be substituted by
(14).

(i1) In Table 1, we show the mutual independence of the properties from Theorem 6.4. The same examples can be
considered for the mutual independence of axioms in Theorem 6.5. We recognize that the verification of Table 1,
vis-4-vis, the functions and the corresponding properties indicated, may not be obvious. Hence, in the following,
we show that the presented examples in Table 1 are correct. Firstly, observe that if a function F satisfies (NP), then
F(1,0) = aforall @ € (0, 1), i.e., Nj:(1) # 0 and hence N} is not a fuzzy negation for any o € (0, 1).

(a) It is clear that Fj satisfies (I1), but neither does it satisfy (I3) nor is Nfél a continuous fuzzy negation for any
o € (0, 1). Moreover, F; does not satisfy (EP), since

F1(0.4, F1(0.6,0.5)) =0 # 1 = Fi(0.6, F1(0.4, 0.5)).

(b) F> does not satisfy (I1), since F»(0, y) =0 < y = F>(1, y) for any y € (0, 1). From the same equality we see
that N;ﬁz is not a fuzzy negation for any o € (0, 1). Since

(0, F2(0.5,1)) =1 # 0 = F2(0.5, F»2(0, 1)),

F> does not satisfy (EP).

(c) F3 does not satisfy (I1), since F3(0, y) =0 < y = F3(1, y) forany y € (0, 1). From the same equality we see
that N;‘é} is not a fuzzy negation for any « € (0, 1). Further, F3(0, 0) = 0, so F3 does not satisfy (I3). Finally,
the minimum satisfies (EP).

(d) Fy does not satisfy (I1), since F4(0,0.3) =0 < 1 = Fy(1,0.3). Itis easy to see that N)-> = Nc and also that
F4 does not satisfy (I3). F4 does not satisfy (EP), since

F4(0.5, F4(0.6,0.5)) = 1 # 0.4 = F4(0.6, F4(0.5, 0.5)).
(e) It is clear that Fs satisfies both (I1) and (I3). F5 does not satisfy (EP), since
F5(0.5, F5(0.8,0.5)) = 1 # 0 = F5(0.8, F5(0.5,0.5)).

Moreover, N_is not a continuous fuzzy negation for any o € (0, 1).
(f) Function Fy is self-explanatory.
(g) Clearly, the function F7 satisfies (I1), N%S = Nc, but it does not satisfy (I3). Moreover, since

F5(0.5, F5(0.4,0.6)) = 0.5 # 0.6 = F4(0.4, F7(0.5, 0.6)),

F7 does not satisty (EP).

(h) Fg does not satisfy (I1), since Fg(0,0.6) = 0 < 1 = Fg(1,0.6). N‘}ig is not a continuous negation for any
o € (0, 1). However, it can be easily verified that Fg does satisfy both (I3) and (EP).

(1) Fy does not satisfy (I1), since F9(0,0.6) =0 < 1 = Fy(1, 0.6). It is easy to see that N%gs = Nc and also that
Fg does satisfy (I3). Fy does not satisfy (EP), since

Fo(0.5, F(0.6,0.5)) = 0 # 0.4 = Fo(0.6, Fy(0.5, 0.5)).
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Table 1
The mutual independence of the properties in Theorem 6.4

N is continuous

i 3
Function F an 3 (EP) for some o € (0, 1)
)1 ifx <y
A,y = 0 otherwise - x x x
1 ifx=0andy=0
FBx,y)y=4y ifx=1 X I X X
0 otherwise
F3=Tm X X 17 X
0 if (x, y) € [0,0.5)> U (0.5, 12
Fyx,y)=43 1—x ify=05 X X X I
1 otherwise
_ |1 ifx,y€]0,0.5]
Fs(x, ) = 0 otherwise - - x x
Fe=0 17 X 17 X
_f1=x ify=0.5
Filx, ) = min(1 — x, y) otherwise - x x -
|1 if(x,y) €[0,0.5%U(0.5, 11
Fyx, ) = 0 otherwise x v v x
1 if (x, y) € [0,0.5)2 U (0.5, 1]?
Fo(x,y)=43 1—x ify=05 X | X I
0 otherwise
if (x, y) € [0,0.5)2 U (0.5, 1]
l-x ify=05
Fiox,y) = x =05 X X 17 1
1 otherwise
1 if (x, y) € [0,0.5)2 U (0.5, 1]
Fii(x.y) = 1—x ify=0.5 % o o o~
e yr=ay ifx =05
0 otherwise
L) min(I —x,y) ifx<y
Frotx, y) = { max(l —x,y) ifx >y v x v v
Fi3(x,y)=1—x 17 17 X 1
_J1 ifx=0andy=0
FM(x’y)_{y" ifx>0o0ry>0 v v v x

() Although N%f) = Nc and F satisfies (EP), it does not satisfy either (I3) or (I1), since

Fi0(0,0.3) =0 < 1 = Fyo(1,0.3).

(k) F11 does not satisfy (I1), since F11(0,0.6) =0 < 1 = Fy1(1, 0.6). Interestingly, N%l? = Nc and F}; satisfies

both (EP) and (I3).

(1) Clearly, the function F1» does not satisfy (I3), but it satisfies both (EP) and (I1). Moreover, N?,'ISZ = Nc.
(m) F3 satisfies both (I1) and (I3), and once again, Nj‘é13 = Nc for any o € [0, 1). It does not satisfy (EP), since

F13(0, F13(0.5,0)) = 1 # 0.5 = F13(0.5, F13(0, 0)).

(n) Finally, F4 is the Yager implication (see [22]), which is a fuzzy implication that satisfies both (EP) and (NP)

(cf. [2,3]).



M. Baczyniski, B. Jayaram / Fuzzy Sets and Systems 160 (2009) 2049—2062 2061
The following characterization of (U,N)-operations can now be obtained along similar lines as above.

Theorem 6.7. For a function I : [0, 11 — [0, 1] the following statements are equivalent:

(i) 1 is a (U,N)-operation generated from some uninorm U with the neutral element e € (0, 1) and some continuous
fuzzy negation N.
(i) 1 satisfies (11), (EP) and the function Ny is a continuous negation for some e € (0, 1).

Once again, in the above theorem, the property (I1) can be substituted by (I2) and all properties in point (ii) are
mutually independent from each other.

7. Concluding remarks

In this work, we have characterized (U,N)-operations and (U,N)-implications obtained from uninorms and continuous
negations. Toward this end, we have investigated some desirable algebraic properties of fuzzy implications and obtained
some characterization results. Unfortunately, the characterization of (U,N)-implications obtained from non-continuous
negations is still unavailable. It should be noted that (U,N)-implications are closely related to e-implications investigated
by Khaledi et al. [11], whose characterization is also still unknown.

Similar to uninorms, t-operators, usually denoted by F, were proposed by Mas et al. [15]. They are currently known
as nullnorms (see [4]), since like uninorms, these are commutative, associative and increasing binary operations on the
unit interval [0, 1], but unlike uninorms where the neutral element gets the focus, here the emphasis is on the annihilator
k € [0, 1] such that F(1,0) = F(0, 1) = k. It immediately follows that if X = 0, then F is a t-norm, while k = 1
implies that F is a t-conorm. Unfortunately, nullnorms do not exactly turn out to be a fertile field for generating fuzzy
implications the usual way. For example, consider the generalization of (S,N)-implications to the setting of nullnorms,
with any fuzzy negation N, defined as

IF,N(xs)’):F(N(X)»)’)s x»)’e[O, 1]
Then
Ir n(0,0) = F(N(0),0) = F(1,0) =«.

Now, if Ir ny were to satisfy (I3), i.e., Ir n(0,0) = 1, it would fix F to be a t-conorm. Hence Ir y reduces to an
(S,N)-implication.

Recently, there has been a lot of interest on non-commutative fuzzy conjunctions and disjunctions. One of the earliest
studies along these lines was done by Fodor and Keresztfalvi [8]. Such operations again have proven to be a fertile
ground for obtaining fuzzy implications. For example, (S,N)-type implications from copulas/co-copulas were obtained
by Yager [23]. Characterization of this family of fuzzy implications seems worthy of an attempt and will be taken up
in our future endeavors.
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