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Abstract

On account of the idea of maximum fuzzy entropy and symmetric implicational mechanism under the environment
of intuitionistic fuzzy sets, we come up with the intuitionistic fuzzy entropy derived symmetric implicational (IFEST)
algorithm. Above all, novel symmetric implicational principles are presented, and the unified solutions of the IFESI
algorithm are acquired for IFMP (intuitionistic fuzzy modus ponens) and IFMT (intuitionistic fuzzy modus ponens),
which build upon in view of residual intuitionistic implications. Thereafter, the reductive properties and continuity of
the TFESI algorithm are validated for IFMP and IFMT. In addition, the IFESI algorithm is extended to the a-IFESI
algorithm, and the unified solutions of the a-IFESI algorithm are obtained for IFMP and IFMT. Finally, two examples
of fuzzy classification for the a-IFESI algorithm are presented to demonstrate the detailed computing process of the
IFESI algorithm.

Keywords: Fuzzy reasoning, intuitionistic fuzzy entropy, compositional rule of inference, symmetric implicational al-
gorithm, reductive property, continuity.

1 Introduction

The research of fuzzy set [23, P8, B3] has been carried out by scholars all over the world, and has made rapid development
in just a few decades. Fuzzy set theory has many important directions, it is worth mentioning that fuzzy reasoning
[@, 25], as an indispensable part of the theory, is a top priority of research. There are two kinds of reasoning processes
in fuzzy sets, namely fuzzy modus ponens (FMP) and fuzzy modus tollens (FMT):

FMP: from given rule A — B,and input A*, calculate B*(output), (1)
FMP: from given rule A — B, and input B*, calculate A*(output), (2)

Here A and A* are fuzzy sets on domain X, while B and B* are fuzzy sets on domain Y.

To deal with the FMP and FMT problems, the compositional rule of inference (CRI) was proposed by Zadeh in
1973 [, B4]. Fuzzy reasoning by using CRI method has been applied in many fields. Enlightened by the idea of the
CRI method, Wang proposed a new algorithm called the full implication method in 1999 [29].
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The core idea of the full implication method is to find the smallest B* € F(Y') for FMP (or largest A* € F(X) for
FMT) so that the following equation

(A(z) = B(y)) = (A™(x) = B*(y)), 3)

is maximized for all z € X, y € Y, where F(X) and F(Y') represent the sets of all fuzzy sets on X and Y, respectively.

Since then, many scholars have carried out studies on the properties and improvements of the full implication method,
and they have made many valuable contributions to the important improvements of the full implication method. Wang
solved the formalization problem of the full implication method for general fuzzy reasoning [30]. Wang and Fu presented
the unified form of the solution of the full implication method based on regular implication [82]. Pei [P0] systematically
discussed the full implication method with unified forms. Zhang and Yang [35] provided the concept of generalized
roots of theories, and then investigated the full implication method in four kinds of propositional logic systems. Pei
discussed the same problem based on the first-order logic system, and proposed a perfect unified full implication method
in logic reasoning system [Z1]. Wang and Duan came up with a finer measure for appraising robustness, and researched
the robustness of the full implication method related to the finer measurements [B1]. Luo and Liu [[H] put forward
the sensitivity interval-valued fuzzy connectives, and then discussed the robustness of interval-valued full implication
method. Luo and Wang [I6] proposed general reasoning algorithms on the basis of interval-valued fuzzy sets, that
was the interval-valued full implication method based on the left-continuous t-representable t-norm. Based on such
researches, it is found that the full implication method has a strict logical basis, reducibility, continuity, robustness and
many other advantages.

From a quite different viewpoint, the first and third fuzzy implications in (3) of the full implication method can be
deemed as the implication connective in a logic system; and the second fuzzy implication in (3) reflects “if-then” relation
of fuzzy inference model “if A implies B, then A* implies B*”. In consideration of such idea, in [27], we generalized (3)
into the following structure:

(A(w) =1 B(v)) = (A*(u) =1 B*(v)). (4)

Here —1, —9 are two fuzzy implications. The corresponding fuzzy reasoning method is referred to as the symmetric
implicational method. It was validated in [27] that the symmetric implicational method has achieved remarkable results.
In [24], we further researched the a(u, v)-symmetric implicational method, in which the R- and (S, N)-implications were
used. Dai [R] established the predicate formal representation of the symmetric implication method in the formal logic
system, which provided a solid logical foundation for the symmetric implication method.

However, there are many phenomena in the real world that cannot be expressed formally by fuzzy sets [28]. As a
generalization of fuzzy sets, intuitionistic fuzzy sets introduce the concepts of membership and non-membership, which
have a better ability to express the fuzziness of everyday things. Here we show an example. Let us analyze a traveling
salesman who has a limit on how far he can travel and cannot arrive at all cities, but he has some information about
the cities where the biggest sales can occur. As a result, the goal here is to maximize entire sales within a limited travel
distance. Suppose that A is a collection of all the cities that the salesman can reach, and that x € A denotes a city
reached by the salesman, then the membership degree of the cities reached by the salesman can be characterized by
wa(z). On this occasion, an ordinary fuzzy set is able to be utilized, however it cannot represent the case where we need
to appraise the quantity of cities that a salesman cannot reach. Aiming at such situation, we demand the intuitionistic
fuzzy set, in which the degree of non-membership can be computed as 74 (z). In addition, it can occur that the salesman
reaches a city but is unable to sell his product because the customers are unavailable or the store is closed, which can
be indicated by the hesitancy degree (as 1 — 74 (x) — 7a(x)) of the intuitionistic fuzzy set. Furthermore, some operators,
such as the modal operators, can be designed for intuitionistic fuzzy sets, but not for fuzzy sets. These operators exhibit
a detailed evaluation for the existing information. Intuitionistic fuzzy set theory proposed by Atanassov has been widely
used in cluster analysis, pattern recognition and group decision making [7], [14]. When the objects involved by fuzzy
reasoning needs to be characterized by the intuitionistic fuzzy sets, fuzzy reasoning evolves into intuitionistic fuzzy
reasoning, which is similar to ordinary fuzzy reasoning in its research methods. The core problem of intuitionistic fuzzy
reasoning is to solve the IFMP (intuitionistic FMP) and IFMT (intuitionistic FMT) problem. Therefore, it is reasonable
to include fuzzy reasoning into intuitionistic fuzzy reasoning. In recent years, some scholars have tried to construct the
logical basis of intuitionistic fuzzy reasoning. Deschrijver [9, I0] completed a preliminary study of the relevant theories
of intuitionistic fuzzy implication, and put forward the intuitionistic fuzzy triangle norm and triangle conorm. In [I7],
the interval-valued fuzzy reasoning method based on similarity measure for FMP and FMT was proposed, and the
solutions of interval-valued fuzzy reasoning method based on similarity measure were given. Zheng et al. put forward
residual intuitionistic implication, then established the full implication method based on intuitionistic fuzzy sets [38].

In addition, there are usually more than a single fuzzy set that satisfies the maximum of (3), but only the minimum
is taken as the inference result for FMP. Similarly, there are usually more than one fuzzy set that satisfies the maximum
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(3), but only the maximum is taken as the inference result for FMT. Are they the most reasonable solutions? Aiming at
such kinds of problems, Jaynes proposed the maximum entropy principle in 1975 to deal with uncertainty information
problems. The central idea is that “in the process of reasoning with incomplete information, we must use the maximum
distribution of entropy under the constraints of known conditions, which is the only unbiased dispatch we can do, and
any other dispatch is equivalent to any assumption of our unknown information”. Burillo and Bustince [B] presented
the intuitionistic fuzzy entropy and gave the axiomatic definition and the calculation formula of intuitionistic fuzzy
entropy. Szmidt and Kacprzyk [22] proposed an entropy measure with a geometric interpretation of intuitionistic fuzzy
sets. To solve the problem of group decision making in which the criteria weight and the weight of decision makers
were completely unknown in the intuitionistic fuzzy environment, Melo-Pinto et al. [[9] proposed a multi-criteria group
decision method based on improved intuitionistic fuzzy entropy and information integration operator. From the point
of view of this maximum entropy principle, we found that the criterion of maximum entropy can offer an excellent
interpretation for how to select the optimal outcome of the fuzzy reasoning strategy.

As aresult, in this study, we combine the symmetric implicational idea with maximum entropy under the environment
of intuitionistic fuzzy sets, and we propose the intuitionistic fuzzy entropy derived symmetric implicational (IFESI)
algorithm, and then we extend it to the a-version.

The innovation points of the IFESI algorithm are reflected by the following aspects. First of all, the maximum
entropy principle is introduced into the symmetric implicational idea, and new fuzzy reasoning principles are presented.
Second, unified structures of optimal solutions of the IFESI algorithm are established for IFMP, IFMT together with
the case of a-version. Finally, the reductive properties and continuity are validated for both IFMP and IFMT under
the category of the IFESI algorithm.

2 Preliminaries

Definition 2.1. [6] A fuzzy implication on L = [0,1] is a function — from L? to L such that the following conditions
hold:

(P)0—0=1,1-1=1,1-0=0,

(P2)x = z>y—zifx <y,

(P3)z—y>z—zify>z.

According to Definition 2.1, the relationship
(PO —z=a2—1=1(x€][0,1])
holds for any fuzzy implication — (noting 0 — 1 = 1 obviously holds).

Definition 2.2. [I3] Suppose that ®,— are two L?> — L mappings, (®,—) is said to be a residual pair (or @ and —
are residual to each other), if t @y < z < y < x — z holds for any x,y,z € [0,1], which is called the residual
condition.

Definition 2.3. [3] A fuzzy negation is a decreasing function N : [0,1] — [0, 1] which satisfies N(0) =1, N(1) = 0.
For example, N(z) = 1 — x is the classical negation.

Definition 2.4. [I3] A binary operation ® is called the triangular norm (t-norm for short) if ® satisfies the following
four properties (x,y,z € L):

(P5) z@y=y®uz,

(P6) (2Qy)@z=28 (y® 2),

(PT)z@y<z®zif (if and only if) y < z,

(P8) z®1 = a.

A binary operation @ is said to be the triangular conorm (t-conorm for short) if @ satisfies (P5), (P6), (P7) and

(P9) 2 &0 = 0.

For a triangular norm ®, if t ®y = N(N(z) ® N(y)) (z,y € L), then the t-conorm @ is called the dual t-conorm
of ®. Similarly, if t @ y = N(N(x) ® N(y)) (z,y € L), then ® is called the dual t-conorm of @.

Definition 2.5. [[3] A t-norm ® is left-continuous, if ® satisfies for any z;,y € L (where Q is a set of subscripts),
V z;)Qy= V (r; ®Y). 5
(Y r)@y= v (2 ®y) ()
The t-conorm @ is right-continuous, if & meets for any x;,y € L,

(ié\Q ) Dy = 7é\Q($z DY) (6)
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Proposition 2.6. [[3] A t-conorm is left-continuous iff its dual t-conorm is right-continuous.

Definition 2.7. [I8] A mapping — from L? to L is called an R-implication, if there exists a left-continuous t-norm ®
such that
z—y=sup{z€[0,1] |z®z<y}, z,ye€Ll (7)

Proposition 2.8. [BG] If the t-conorm @ is right-continuous, then there is a binary operation © (the ®-the coresiduum,),
so that (®,0) constructs a co-adjoint pair, that is,

r<y®z iff r0z<y, (8)

where © 1s given by
zoy=N{zeLlz<zdy} (9)

Definition 2.9. [B6] The operations —, @, © are referred to as associative operators of t-norm ®, whenever (®,—)
is an adjoint pair, and (®,0) is a co-adjoint pair, and & is the dual t-conorm of ®.

Proposition 2.10. [B6] If —, ®, © are associative operators of the t-norm ®, thenxSy=1—(1—y) — (1 — x).

Example 2.11. Here are four important t-norms. The first three are continuous, while the last one is left-continuous.
(1) a®c b=aAb (Gidel t-norm),
(#9) a®@ru b= (a+b—1) V0 (Lukasiewicz t-norm),
(#i1) a®, = ab (Product t-norm)
0, a+b<1;

(iv) a®p b= anb, atb>1 (Nilpotent minimum t-norm,).

The associate operators of these four t-norms are in turn as follows:

. 1, a<b; o 0, b<aq,

(i) a =g b= b a>b. a®cb=aVb b@Ga{b7 b a

(1) a =pub=(1—a+b) AL a®r,b=(a+b) AL bor,a=(b—a)VO0.

1, a<b B B 0, b<a

(zm)a—),rb—{s7 0sb a®b=a+0b— ab. b@ﬁa—{ ;1,:27 b a

. . 1, a < b; _ 1, a+b>1; B 0, b < a;

(w)a_mb_{(l—a)\/b, a>b. a®0b_{a\/b, a+b<l1. beoa_{b/\(l—a), b> a.
Lemma 2.12. [I0, B9] Let — be an R-implication obtained from a left-continuous t-norm ®, then — satisfies (P1),

(P2), (P3), (P4) as well as the following conditions:
(PI0) z<y<=z—y=1,
l—sax=u,

Phlz<y—z<—=y<zx— 2z
P16) (sup,ex z) =y = infyex(z = y),
(P17 Yy —r (infmeX l’) = infxEX(y — I)7

in which x,y,z € [0,1] and X C [0,1], X # @.

Definition 2.13. [B] An intuitionistic fuzzy set A over the non-empty domain X is characterized by A = {(x,ma(x),
Ta(x) | z inX)}, in which mg : X —[0,1], 74 : X = [0,1] and 0 < ma(x) + 7a(z) <1, x € X. Here ma(z) and T4(x)
represent a membership function and a non-membership function from X to A in turn. Obviously the intuitionistic
fuzzy set A on X is rewritten as A(x) = (a,b), 0<a+b<1, a,bel0,1], z € X.

As an extension of fuzzy sets, intuitionistic fuzzy sets extend the domain from [0,1] to the triangular domain L* =
{(a,b) € [0,1)2|a +b < 1}.

We denote IF(X) as the set of all of the intuitions fuzzy sets on X. When wa(x) = 1—7a(x) , the intuitional fuzzy
set becomes a fuzzy set.

Definition 2.14. [B6] For a,b € L* where a = (a1, a2) and b = (b1, b2), we define the partial order relation on L* as
a<b < a3 <by,az > be. Obviously, a Ab= (a1 Aby,az Vb2), aVb= (a1 Vby,as A by).
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0* = (0,1) and 1* = (1,0) are the smallest and largest elements on L*, in turn. It is easy to show that (L*, <) is a
complete lattice.

Definition 2.15. [36] For a,b € L* where a = (a1,a2) and b = (b1,b2), the binary operator ®p« and B+ are
characterized as follows:

a®L*b:(a1®b1,a2€Bbz), (10)
a®p-b= (a1 ®by,as ® ba), (11)

in which ® is the dual t-conorm of the t-norm ®. Then ®p« is said to be an intuitionistic t-norm derived from t-norm
®, while ®r~ is known as an intuitionistic t-conorm derived from t-norm @.

Proposition 2.16. [36] (L*,®r~,1%) is a commutative monoid, and Qr~ is isotone; (L*, &r~,0%) is a commutative
monoid, and P~ s isotone.

Proposition 2.17. [B6] If the t-norm ® is left-continuous, then

(i) ®pr- is a left-continuous intuitionistic t-norm on L*, that is (where I is a set of subscripts), (Vicra;) Qp« ¢ =
Vier(a; ®p« ¢), ai,c € L*;

(i) ®r+ is a right-continuous intuitionistic t-conorm on L*, that is (where I is a set of subscripts), (Nicra;) @p+ ¢ =
/\ie[(ai Dr* C), a;,c € L*.

Proposition 2.18. [0] Suppose that @« is an intuitionistic t-norm generated by a left-continuous t-norm ®, then
there is a binary operator —p~ to make

a®+b<c << a<b-—pc (12)

in which —p« is computed by
a—p-b=V{de L*|d®p- a <b}. (13)

Definition 2.19. [B6] If (®r«,—1~) meets (12), then (Rr~,—1~) is called an intuitionistic adjoint pair, and —p~ is
called a residual intuitionistic tmplication.

Proposition 2.20. [B6] Suppose that @p« is an intuitionistic t-norm and (Qr«, —r+) i an intuitionistic adjoint pair,
then (a,b,c,a;,b; € L*)
(P18) a =« b=1" < a <,
( Je<a—pb <= a<c—p-b,
(P20) ¢ =1+ (a =+ b) =a —p« (c =1« b),
(P21) 1* =+ a=a,
(P22) b =~ (Nierai) = Nier(b =~ a;),
(P23) Vierbi =~ a = \/,ej(b —L* a),
(P24) — 1« decreases w.r.t. the first variable and increases w.r.t. the second variable.

Proposition 2.21. [BG] If =1« is a residual intuitionistic implication generated by a left-continuous t-norm &, then
(a,b eL* a= (al,ag), b= (bl,bg),)
a —>px b:((al —>b1)/\(1—(b29a2)), bg@ag). (14)

Proposition 2.22. [B6] If =1« is a residual intuitionistic implication reduced by a left-continuous t-norm ®, then
a < (a—p 0%) =« 0% (a € L*).
Definition 2.23. [22] E is an entropy measure of IF(U) if it meets the following aziomatic requirements:
(1) E(A) =0 4ff Aisa crisp set;
(15) E(A) =1 iff ma(u)=r71a(u) for anyu € U;
(133) E(A) = E(A°), where A° is the complement of A (i.e.,A° = {< u,7a(u),ma(u) >|uecU});
(iv) E(A) < E(B), if for any u € U,
wa(u) > mp(u), 7a(u) > 7A(u) for mp(u) > 75(u),
or
ma(u) < wp(u), T(u) < Ta(u) for mp(u) < 7p(u).

There are many examples of fuzzy entropies. For example, the following is a commonly encountered fuzzy entropy:

Bz (A)=1-— %Z 1ma (ug) — 7a (w;)] . (15)

i=1
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3 The IFESI algorithm for IFMP

The IFMP problem is described as follows:

Assuming A(z) =+ B(y) -+« Major premise
Given A*(x) -+ Minor premise
Calculate B*(y) -+ Conclusion

Here A and A* are two intuitionistic fuzzy sets on X. B and B* are two intuitionistic fuzzy setson Y. —, is a residual
intuitionistic fuzzy implication on L*. Besides, A(z) = (ma(x),7a(x)), B(y) = (75(y),78(v)), A*(z) = (74 (z), 75 (x)).
From the idea of the IFESI algorithm for IFMP, we establish the following principle:
Basic IFESI principle for IFMP: The result B* of the IFMP problem is the intuitionistic fuzzy set with maximum
entropy such that
(A(2) a1 B(y)) —z (A*(@) =1 B (1)), (16)
gets its maximum for any z € X,y € Y, in which —,1, —.2 are two residual intuitionistic fuzzy implications.

Definition 3.1. Let A, A* € IF(X), B IF(Y), if B* (in IF(Y)) makes (16) take its mazimum for anyx € X,y € Y.
Then B* is said to be an IFESI solution for IFMP.

Definition 3.2. Assume that A, A* € IF(X), B € IF(Y), and that nonempty set B is the set of all IFESI solutions
for IFMP, and finally that D* is the intuitionistic fuzzy set with maximum entropy in B. Then D* is said to be a formal
IFESI solution for IFMP.

Theorem 3.3. Assuming that — .1, — .2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms .1, Qsa, then the formal IFESI solution for IFMP is as follows (y € Y ):

B'(y) = v {A"(2) @1 (A(2) =1 B}V (05,05) (17)

Proof. Denote D*(y) = \/X{A*(a:) ®.41 (A(z) =41 B(y))} for y € Y. Let us first prove that D* is the intuitionistic
IS

fuzzy set that maximizes (16). Obviously the maximum of (16) is 1*.
Note that (®.1,—«1) is an intuitionistic adjoint pair. According to the expression of D*, Proposition EI8, and
Proposition 720, it is known that (z € X, y € Y)

A (2) @1 (A(z) =41 B(y)) < D*(y), (Alx) =1 B(y)) ©@a A%(z) < D*(y),
A(z) = Bly) < A%(x) =1 D™(y), (A(x) =41 B(y)) =42 (A7(2) 2 D7 (y)) = 17

So D* is an IFESI solution.

Furthermore, we prove that D* is the minimum of all IFESI solutions for IFMP.

Suppose that C' is any IFESI solution for IFMP. Notice that (®.1, —41) is an intuitionistic adjoint pair. Then from
Proposition T8 and Proposition 2220, one has

(A(@) =41 B(y)) =42 (A%(2) = Cly)) = 17, A(x) =41 Bly) < A™(2) = Cly),
(A(z) =41 B(y)) @ A%(z) < C(y), A™(z) @ (A(x) =4 B(y)) < Cly).

It can be known that C(y) is an upper bound of {A*(z) ®.1 (A(x) =« By)) |z € X}, y €Y.

So D*(y) < C(y) (y € Y) and D* is the minimum of B.

Because D*(y) < B*(y) (y € Y), we have B* € B.

Finally, we further prove that B* is the solution with maximum entropy in B. Suppose that By is any intuitionistic
fuzzy set in B. Obviously D*(y) < Bi(y) (y €Y).

It can be split into the following three scenarios (y € Y).

(i) D*(y) < Bg(y) < (0.5,0.5). Note that B*(y) = D*(y) Vv (0.5,0.5). At this time we have B*(y) = (0.5,0.5). Then
we can view it as mp~ < 7p«. Hence we have mp, < mp«, 73 < Tp,, for mp- < Tp~.

(ii) D*(y) < (0.5,0.5) < By (y). Here we also have B*(y) = (0.5,0.5). Then we can view it as mp« > Tp=. So we get
TBy, = TR+, TB* > TB,, for Tp« > Tp=.

(iii) (0.5,0.5) < D*(y) < Bg(y). Then one has B* = D* | so we can get 0.5 < mp- < mp,, 0.5 > 75« > 7p,, then
Tp+ > Tp=. S0 we have mp, > Tp«, Tg~ > Tp,, for mp- > Tp~.

For these three scenarios, it follows from Definition 2.12 that one has E(By) < E(B*).

To sum up, B* is the solution with maximum entropy in B, i.e., the formal IFESI solution for IFMP.
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Proposition 3.4. Assuming that — .1, —2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®y1, s2, and that ®.1 corresponds to ®1, and that —1, ®1, ©1 are associative operators of ®1,
then the formal IFESI solution B*(y) = (wp«(y), 78~ (y)) for IFMP can be expressed as (y €Y ):

B+ (y) = Vaex{ma-(2) @1 ((ma(x) =1 78(y)) A (1 = (T8(y) ©17a(2))))} V 0.5,
78+ (y) = Neex{Ta~(z) ®1 (TB(y) ©1 7a(2))} A 0.5.

Proof. From Proposition 2220, we have A(z) —.1 B(y) = (ma(z) =1 75(y)) A (1 — (78(y) ©174(2))), T8(Y) ©174(T)).
From Definition 2.9 and Definition 2.10, we know that a Vb = (a1 V by,a2 A bs) and a @+ b = (a1 ® by, as ® bs)
(a,b € L*).
From Theorem B33, the formal IFESI solution for IFMP is B*(y) = 6X{A*( x) Q41 (A(x) =41 Bly))} Vv (0.5,0.5)

(yeY).
Together we get that (18) holds. O

(18)

Definition 3.5. Aiming at an algorithm to deal with IFMP problem, when the condition (C) is met, if A* = A means
B* = B, then the algorithm is said to be C-reductive.

Theorem 3.6. Assuming that — .1, — .2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®.1, Qx2, when the following two conditions are satisfied:

(P25) By ={z € X | (0.5,0.5) < A(z) ®.1 (A(z) =41 B(y))} # @ holds for any y € Y,

(P26) there exists xg € Ey to let A(xg) = 1%,
then the IFESI algorithm for IFMP is C-reductive, in which

C means (P25) 4+ (P26).
Proof. Suppose that A* = A. It follows from Theorem B33 that the formal IFESI solution for IFMP is

B'(y) = V(A" (@) 91 (Al) —a B}V (05,05) = v, {A(@) 01 (Alx) . B} (19)

On the one hand, we prove B(y) < B*(y) (y € Y).
Note that (®41, —1) is an intuitionistic adjoint pair and that there exists z¢ € E, such that A(z¢) = 1*. According
to the expression of (19), Proposition EI8, and Proposition 220, one has (y € Y)

A(z0) @41 (A(z0) =41 B(y)) < B*(y), (A(x0) =41 B(y)) @s1 A(z0) < B*(y),
A(zo) =4 B(y) < A(zo) =41 B*(y), 17 = B(y) < 17— B*(y), B(y) < B*(y).

On the other hand, we validate B*(y) < B( ) (yeY).

From another viewpoint, A(x) —.; B(y) < A(z) —.«1 B(y) obviously holds for any « € X,y € Y. Because
(®41, 1) I8 an intuitionistic adjoint pair, we have (A(z) =41 B(y)) ®a A(z) < B(y) (z € X,y € Y). That is
A(z) ®41 (A(z) =41 B(y)) < B(y). Then we get from (19) that B*(y) < B(y) (y € Y).

Together we have B*(y) = B(y) (y € Y). As a result, the IFESI algorithm for IFMP is C-reductive. O

4 The IFESI algorithm for IFMT

The IFMT problem is described as follows:

Assuming A(z) =« B(y) --- Major premise
Given B*(y)  --- Minor premise
Calculate A*(x) -+ Conclusion

Here A and A* are the intuitionistic fuzzy sets on X. B and B* are the intuitionistic fuzzy sets on Y. —, is
the residual intuitionistic fuzzy implication on L*. Besides, A(z) = (ma(x),7a(z)), B(y) = (75(y),78(y)), B*(y) =
(75 (), 75 (v)).

From the idea of the IFESI algorithm for IFMT, we formulate the following principle:

Basic IFESI principle for IFMT: The result A* of the IFMT problem is the intuitionistic fuzzy set with maximum
entropy such that (16)

gets its maximum for any x € X,y € Y, in which —,1, —.2 are two residual intuitionistic fuzzy implications.
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Definition 4.1. Let A € IF(X), B,B* € IF(Y), if A* (in IF(X)) makes (16) take its mazimum for anyxz € X,y € Y.
Then A* is said to be an IFESI solution for IFMT.

Definition 4.2. Assume that A € IF(X), B,B* € IF(Y), and that nonempty set A is the set of all IFESI solutions
for IFMT, and finally that C* is the intuitionistic fuzzy set with mazimum entropy in A. Then C* is said to be a formal
IFESI solution for IFMT.

Theorem 4.3. Assuming that — .1, —«2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®.1, Qu2, then the formal IFEST solution for IFMT is as follows (x € X ):

A(x) = A A(A@) a1 BO) »a B*(4)} A (05,05). (20)

Proof. Denote C*(x) = yé\y{(A(x) =1 B(y)) = A%(2)} (z € X).

Let us first prove that A* is the intuitionistic fuzzy set that maximizes (16). Note that the maximum of (16) is
1*. Note that (®41,—+1) is an intuitionistic adjoint pair. According to the expression of C*, Proposition 218, and
Proposition E20, one has (r € X, y € Y)

C*(x) < (A(x) =+ B(y)) = B*(y),
A(z) = Bly) < C%(x) =4, B (y),
(A(@) =4 B(y)) =+, (C7(2) =4, B*(y)) = 1"

Furthermore, we validate that C* is the maximum of all IFESI solutions for IFMT.
Suppose that C is any IFESI solution for IFMT. Notice that (®41, —1) is an intuitionistic adjoint pair. Then from
Proposition T8 and Proposition 2220, one has

(A(x) =4y B(y)) =4, (C(2) =4y B (y)) =17,
A(x) =+ Bly) < C(z) =, B*(y),
Clz) < (A(x) =+, B(Y)) =4 B*(y)-

We can find that C(z) is a lower bound of {(A(x) —., B(y)) =+, B*(y) |y €Y}, z € X.

Then C(z) < C*(z) (z € X) and C* is the maximum of A.

Since A*(z) < C*(x) (z € X), then A*(x) € A .

Finally, we further prove that A* is the solution with maximum entropy in A. Suppose that Ay is any intuitionistic
fuzzy set in A. Obviously Ai(z) < C*(z) (z € X).

It can be split into the following three scenarios (z € X).

(i) (0.5,0.5) < Ag(xz) < C*(z). Note that A*(z) = C*(z) A (0.5,0.5). Here we have A*(z) = (0.5,0.5). Then we can
view it as w4« > T4~. Hence we have w4, > Ta«, Ta» > Ta,, for ma- > Ta~.

(if) Ag(x) < (0.5,0.5) < C*(x). Here we also have A*(z) = (0.5,0.5). Then we can view it as w4« < T4+. So we get

A, S Tas, Ta» STa, for ma- < Ta-.

(iii) Ag(z) < C*(x) < (0.5,0.5). Then one has A* = C*, so we can get ma, < ma~ < 0.5, 74, > T4~ > 0.5, then
Tax < Tax. So we have ma, < max, Tax < Ta,, for mar < Tax.

For these three scenarios, it follows from Definition 2.12 that one has E(Ay) < E(A*).

To sum up, A* is the solution with maximum entropy in A, i.e., the formal IFESI solution for IFMT. [

Proposition 4.4. Assuming that — .1, —42 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®y1, @2, and that ®.1 corresponds to ®1, and that —1, ®1, ©1 are associative operators of ®1,
then the formal IFESI solution A*(x) = (wa~(x), Tax(x)) for IFMT can be expressed as (x € X ):

Tas () = Ayev {[(ma(x) =1 75(y) A (1 = (7B(y) ©1 7a(2)))) =1 7= (Y)] A [1 = (78 (y) ©1 (TB(Y) ©1 Ta()))]} A 0.5,
7a+(2) = Vyey {75 (y) ©1 (7B(y) ©1 TA(2))} V 0.5.
(21)

Proof. Tt follows from Proposition 2221 that A(z) —.1 B(y) = (ma(z) =1 75(y)) A (1 — (7(y) ©1 TA(2))), TB(Y) &1
Ta()).
From Definition 214, Definition ZZT3, we know a Vb = (a1 V by, as Aba), and a @1 b = (a1 ® by, as ® bs) (a,b € L*).
From Theorem B3, the formal IFESI solution for IFMT is A*(z) = Qy{(A(x) —.1 B(y)) —«1 B*(y)} A (0.5,0.5)
y
(x € X).
Together we get that (21) holds. O
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Definition 4.5. Aiming at an algorithm to deal with IFMT problem, when the condition (C) is met, if B* = B implies
A* = A | then the algorithm is said to be C-reductive.

Theorem 4.6. Assuming that — .1, — 2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®.1, Q«2, when the following two conditions are satisfied:

(P27) E, ={y €Y | (0.50.5) > (A(z) =.1 B(y)) =1 B(y)} # @ holds for any x € X,

(P28) there exists yo € E, to let B(yo) = 0%,

(P29) a =41 0" =1 —a holds for any a € L*,
then the IFESI algorithm for IFMT is C-reductive, in which

C means (P27) + (P28) + (P29).
Proof. Suppose that B* = B. It follows from Theorem E=3 that the formal IFESI solution for IFMT is

AT(z) = A A{(A[@) 2 By) 24 B W)} A (05,05) = A {(A(x) =i By)) —a By)}- (22)

From one point of view, we prove A(z) > A*(z) (x € X).
Note that (®41, —«1) is an intuitionistic adjoint pair and that there exists yo € E, such that B(yo) = 0*.
Then we get from the expression of (22), Proposition I8 and Proposition that (z € X)

(A
(A
Az) > A ().

() =41 B(yo)) =1 Blyo) = A" (),
() =41 07) =41 07 > A%(2),
)
From another point of view, we validate A(z) < A*(z) (x € X).
Notice that A(x) —>*1 B(y) < A(x) =41 B(y) obviously holds for any z € X,y € Y.
From Proposition P21, we have A(z) < (A ) —.1 B(y)) = Bly) (re X,yeY).

(z
Then we get from (22) that A(z) < A*(x) ( X).
Together we have A*(x) = A(z) (x € X). As a result, the IFEST algorithm for IFMT is C-reductive. O

5 Continuity of the IFESI algorithm

In this section we assume that the universes X, Y are finite sets, i.e., X = {z1, 22, - ,Zm}, Y = {y1,92, " ,Yn}
Based on the distance of fuzzy sets, Atanassov introduced the distance metric NHD [4] of intuitionistic fuzzy set as

follows: .

NHD(AAY) = 503 la(es) = ()] [ra(e) = 7 0]
Definition 5.1. Assuming that X, Y are two nonempty finite fields, A*, A € IF(X), A —. B is the given rule, then
the IFESI algorithm of IFMP problem can be regarded as a mapping h from IF(X) to IF(Y).
(i) For any € > 0, if there exists & > 0 such that d(h(A7}),h(A3)) < € whenever d(A3, A3) < § for any A}, A5 €
ITF(X), then the algorithm is uniformly continuous in metric d.
(i4) For any e > 0, if there exists 6 > 0 such that d(h(A}), h(A*)) < & whenever d(A%, A*) < § for any A} € IF(X),

then the algorithm is continuous in metric d.

Definition 5.2. Assuming that X,Y are two nonempty finite fields, B*,B € IF(Y) , A —. B is the given rule , then
the IFESI algorithm of IFMT problem can be regarded as a mapping h from IF(Y) to IF(X).

(i) For any € > 0, if there exists 6 > 0 such that d(h(B7Y),h(Bj)) < € whenever d(B},Bj;) < ¢ for any BY, B3 €
IF(Y), then the algorithm is uniformly continuous in metric d.

(i4) For any e > 0, if there exists § > 0 such that d(h(B7), h(B*)) < & whenever d(Bj, B*) < § for any By € IF(Y),
then the algorithm is uniformly continuous in metric d.

It is easy to prove Lemma B33 and Lemma B4
Lemma 5.3. [aAc—bAc| <|a—b|, |laVec—bVc| <|a—Db|, wherea,b,ce€ [0,1].

Lemma 5.4. [a Ac—bAd| <|a—b|+ |c—d|, wherea,b,c,d e [0,1].
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Lemma 5.5. [[2] If the functions f,g: U — R are bounded, U is a non-empty set, and R is a set of real numbers,
then for any w € U, one has (i) | v f(u)= v g@) < v 1f()=g@ls ()| A fw)= A gl < V. |f(u)=g(w)].

Theorem 5.6. For the same condition of Theorem B3, (®41,—>+1) 18 the intuitionistic adjoint pair generated by an
t-norm ®1. If the t-norm ®1 is continuous, then the IFESI algorithm of IFMP is uniformly continuous in NHD.

Proof. Note that the t-norm ®; is continuous, it follows that ®; is uniformly continuous w.r.t. its first variable in [0,1].
As a result, for any € > 0, there exists d; > 0, such that |(ma:(z) ®1 ((7a(z) =1 7B(y:)) A (1 = 7B(y:) ©1 74(2)))) —
(maz (%) @1 ((ma(z) =1 7B(y:)) A (1= 78(yi) ©1 7a(2))))| < € holds if |7as (2) — 7az(z)| <61 (z € X,i=1,2,--- ,n).

Since the t-norm ®; is continuous, it is easy to find that the corresponding t-conorm @, is also continuous (noting
that @1y =1— (1 —2) ®; (1 —y) holds for any z,y € L), and then @, is uniformly continuous w.r.t. its first variable
in [0,1]. For & > 0, there exists d2 > 0, such that |(7a;(v) ®1 (78(y:) ©1 Ta(2))) — (743 () ©1 (7B(Y:) ©1 TA(2)))| < €
holds if |7a: () —TA*( )| < b (xeX,i=1,2,---,n).

We take § = min{ 2L T 2 2},

Suppose that NHD(A7, A7) < 6. Then we know from the formula of NHD that |74x(2) — 7a; ()| < 61 and that
‘TA’{(QC) — TAI(£)| < 0o (iﬂ € X)

By virtue of Proposition B4, Lemma B=3, Lemma b4, Lemma b3, we obtain

n

NHD(BY, B;) :% ZHWB; (vi) — mB; (ya)| + |7B: (yi) — B (44)]]
:% ZH Ié/x(ﬂAI(Q?) ®1 ((mra(z) =1 78Wi)) A (1 —718(yi) ©1 7a(x)))) V0.5

— V_(maz(x) @1 ((ma(x) =1 73 (yi) A (L —7B(ys) ©1 7a(2)))) V 0.5]]

vex
+ % _Zn:[ A (T (@) @1 (T5(0) 61 7a(2) A 05— A (1az(2) B1 (75(51) ©1 7a(2))) A 05|
S% ,n [V, (ma; (@) @1 ((ma(@) =1 75(u:) A (1= 75(5:) ©1 7a(2))))
- :Z(”AS (@) @1 ((ma() =1 75(y:) A (1= 75(y:) ©1 7 ())))]]
21 zn: (T4 (@) @1 (78(5i) ©17a(2))) = A (T (2) @1 (75(y:) €174 ()]
S% i:[xevx (a5 (2) ®1 (ma(x) =1 75(y:)) A (1= 75(y:) ©1 7a(2))))

— (ma3 @) @1 ((ra(@) =1 7)) A (1= 75() €1 7 ()]
5 DLy [745(0) @1 (mn(0) €1 74(00) = (o) @1 7o) &1 mae )]
=1

n n

1 1 €
<— V —_ V = _
2n;zex Jr2nzlaceXE 2Jr
i=

To sum up, there exists 6 > 0 such that NHD(B{,B3) < ¢ it NHD(A7, A5) < §. Then the IFESI algorithm of
IFMP is uniformly continuous in NHD. O

=E£.

| ™

It is easy to find that if f is uniformly continuous then it is continuous, thus we obtain Theorem 574 from Theorem
bd.

Theorem 5.7. For the same condition of Theorem E3, (®s1,—>+1) s the intuitionistic adjoint pair generated by a
t-norm ®1. If the t-norm ®1 is continuous, then the IFESI algorithm of IFMP is continuous in NHD.

Theorem 5.8. For the same condition of Theorem F-3, (®41,—>«1) 18 the intuitionistic adjoint pair generated by a
t-norm ®1, and —1, B1, ©1 are associative operators of ®1. If —1 is continuous w.r.t. the second variable, then the
IFESI algorithm of IFMT is uniformly continuous in NHD.
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Proof. Note that —1 is continuous w.r.t. the second variable, then it follows that —7 is uniformly continuous w.r.t. its
second variable in [0,1]. As a result, for any £ > 0, there exists §; > 0, such that |(((7a(z;) =1 75(y)) A (1 —75(y) ©1
(TA(J%)))) =1 73; (y)) — (malzi) =1 7(y)) A (1= 78(y) ©1 7a(7:))) =1 75 ()| < § holds if [mp; (y) — 7p; (y)| < 0
yey).

Since —7 is continuous w.r.t. the second variable, it is easy to find that the corresponding ©; is also continuous
w.r.t. the first variable (noting that t ©; y =1 — (1 —y) —1 (1 — x) holds for any =,y € L), and then ©&; is uniformly
continuous w.r.t. its first variable in [0,1]. For e > 0, there exists d> > 0 such that |(75:(y) ©1 (7B(y) ©1 Ta(z:))) —
(785 (y) ©1 (T8(Y) &1 TA(J«“z)))l < 5 holds if |7p; (y) — 75; (y)| < 62 (y € Y).

We take § = min{ L 5L, 2n}

Suppose that NHD(Bf, B3) < . Then we know from the formula of NHD that |75 (y) — 7; (y)| < 01 and that
787 () — 7B; (y)| <02 (y €Y).

By virtue of Proposition B4, Lemma B3, Lemma B2, Lemma BEH, we obtain

m

NHD(A7, A5) = ﬁ ZHM; (zi) — mag (@) + |7az (25) — Taz (2)]]
% ; er (ma(z;) =1 75(Yy)) A (1 —78(y) ©1 7a(®i))) =1 7Br (¥)) A (1 = 7B: (y) ©1 (7B(Y) ©1 Ta(2i))))) A 0.5

= A((mal@i) =1 7B(y) A = 75(y) ©17a(2:))) =1 785 (y) A (1 = 75 (y) ©1 (TB(y) ©17a(2:))))) A 0.5]]

< ZH A ((((ma(@i) =1 m(y)) A (1= 78(y) ©17a(2:))) =1 785 () A (1= 785 (y) ©1 (TB(Y) ©1 Ta(2:)))))

2m - yey
- yé\y( (ra(xi) =1 75(W) A (1= 78(Yy) ©17a(2:))) =1 73 () A (1 = 7835 (y) ©1 (TB(Y) ©1 TA(4)))))]]
+ ﬁ ' | yEVY(TB; (y) ©1 (18(Y) ©1 Ta(24))) — yGVY(TB; (y) ©1 (tB(y) ©1 Ta(7)))]]

< L Z[ VO ((mal@s) =1 me(y) A (L= 78(Y) ©1 Ta(2:))) =1 75; () A (1 = 78; (v) ©1 (TB(Y) ©1 TA(24)))))
= (((ra(zi) =1 7m8(Y) A (L= 78(Yy) ©1 Ta(®:))) =1 783 (¥)) A (1 = 783 (y) ©1 (7B(Y) ©1 TA(24)))))]]

+— Z[yv (785 (y) ©1 (78(y) ©1 7a(2:))) — (783 (y) ©1 (TB(Y) ©1 Ta(:)))]]

< oSV ((raw) =1 7)) A (= 75(5) &1 7a(1))) 1 755 ()

= (((ma(xi) =1 75(y) A (1= 15(y) ©1 7a(24))) =1 783 (y))]]

1 & 1 & €

+ m ;[yé/y |(1—7B:(y) ©1 (TB(Y) ©1 Ta(74))) — (1 — 783 (y) ©1 (TB(Y) ©1 Ta(T4)) % ;yé/y 3
< LSy S LS () 01 (o) 01 7a(e)) — 75 0) S () 1 mal ) +
_QmizlerS o €YTB;ZJ 1\TB\Y) ©O1 TA(Z; ™Bx\Y) ©1\TB\Y) ©O1 TA(L; 6

cyiyi-Zce
-6 6 6 2

Summarizing above, there exists 6 > 0 such that NHD(A}, A5) < ¢ if NHD(B},B;) < 6. Then the IFESI
algorithm of IFMT is uniformly continuous in NHD. O

We similarly obtain Theorem b9 from Theorem B3.

Theorem 5.9. For the same condition of Theorem F-3, (®u1,—>«1) 18 the intuitionistic adjoint pair generated by a
t-norm ®1, and —1, B1, ©1 are associative operators of ®1. If —1 is continuous w.r.t. the second variable, then the
IFESI algorithm of IFMT is continuous in NHD.
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6 The o-IFESI algorithm of IFMP

a-IFESI principle for IFMP: The result B* of the IFMP problem is the intuitionistic fuzzy set with maximum
entropy such that
(A(z) =41 B(y)) =42 (A"(x) =41 B*(y)) = o, (23)

for any z € X,y € Y, in which —,1, —.2 are two residual intuitionistic fuzzy implications and o = (a1, a3) € L*.

Definition 6.1. Let A, A* € IF(X), Be IF(Y), if B* (in IF(Y)) makes (23) hold for any x € X,y € Y. Then B*
1s said to be an a-IFESI solution for IFMP.

Definition 6.2. Assume that A, A* € IF(X), B € IF(Y), and that nonempty set B, is the set of all a-IFESI solutions
for IFMP, and finally that D* is the intuitionistic fuzzy set with mazimum entropy in B,. Then D* is said to be a
formal a-IFESI solution for IFMP.

Theorem 6.3. Assuming that — .1, —«2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®.1, ®«2, then the formal a-IFESI solution for IFMP is as follows (y € Y ):

B*(y) = Vv AA(2) @ (A(z) = B(y)) @42 @)} V (0.5,0.5). (24)

Proof. Denote D*(y) = ng{A* () @41 ((A(z) =41 B(y)) @2 )} (y €Y).

Let us first validate that D* is the intuitionistic fuzzy set that lets (23) hold.
Note that (®41, —«1), (®4«2, —«2) are two intuitionistic adjoint pairs. According to the expression of D*, Proposition
21X, and Proposition 2720, it can be known that (z € X, y € Y)

A (2) @41 ((A(z) =41 B(y)) ®i2 a) < D*(
((A(x) =41 B(y)) ®s2 @) @i A™(2) < D*(
(A(x) =1 B(y)) ®s2 a < A% () =1 D*(y),
a Ry (A(z) =41 B(y)) < A% (z) =1 D*(y),
a < (A(@) =1 B(y)) =2 (A%(x) = D*(y)).

Y),
)

Y)

So D* is an a-IFESI solution.

Furthermore, we prove that D* is the minimum of all a-IFESI solutions for IFMP.

Suppose that C' is any a-IFESI solution for IFMP. Notice that (®41,—+1), (®«2, —x2) are two intuitionistic adjoint
pairs. Then from Proposition ZT8 and Proposition 2220, one has

a < (A(x) = B(y)) = (A%(2) =4 C(y)),
a®. (A(z) = B(y)) < A™(2) = C(y),
(@ @sz (A(z) =41 B(y))) @ A%(z) < C(y),
A (z) @4 (A(x) =41 B(y)) @s2 ) < C(y).

It can be known that C(y) is an upper bound of {A*(z) ®.1 ((A(z) =1 B(y)) @2 ) |z € X}, y €Y.

So D*(y) < C(y) (y € Y) and D* is the minimum of B,.

Because D*(y) < B*(y) (y € Y), we have B* € B,,.

Finally, we further prove that B* is the solution with maximum entropy in B,. Suppose that By is any intuitionistic
fuzzy set in B,,. Obviously D*(y) < Br(y) (y € Y).

It can be split into the following three scenarios (y € Y).

(i) D*(y) < Bi(y) < (0.5,0.5). Note that B*(y) = D*(y) Vv (0.5,0.5). Then we have B*(y) = (0.5,0.5). Then we
can view it as mp« < 7p«. Hence one has g, < mp«, 7+ < 7p,, for mp« < Tp-.

(if) D*(y) < (0.5,0.5) < By(y). Here we also have B*(y) = (0.5,0.5). Then we can view it as mg~ > 7p~. So we get

By 2 TB*, TB* 2 Ty, for mp« > Tp~.

(iii) (0.5,0.5) < D*(y) < By(y). Then one has B* = D*, so we can get 0.5 < mp« < 7p,, 0.5 > 75« > 7p,, then
TR+ > Tp+. S0 we have mp, > Tp«, T~ > Tp,, for mp- > Tp«.

For these three scenarios, it follows from Definition 2.12 that we get F(By) < E(B*).

Summarizing above, B* is the solution with maximum entropy in B, i.e., the formal a-IFESI solution for IFMP. [
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Proposition 6.4. Assuming that — .1, —2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®y1, s2, and that ®.1 corresponds to ®1, and that —1, ®1, ©1 are associative operators of ®1,
then the formal a-IFESI solution B*(y) = (wp=(y), 75+ (y)) for IFMP can be expressed as (y €Y ):

B+ (y) = Vaex{ma- (2) @1 ((ma(z) =1 78(y)) A (1 = (78(y) ©17a()))) @u2 1)} V 0.5,
(

75+ (y) = Apex {7a- () @1 (15(y) ©1 74(x)) B2 2)} A 0.5. (25)

Proof. From Proposition 221, we have A(z) —.1 B(y) = (ma(z) =1 75(y)) AN(1— (78(y) ©174(2))), TB(Yy) ©1 Ta(T)).

From Definition 2.9 and Definition 2.10, we know that a Vb = (a1 Vb1,a2 Ab2), a®41 b = (a1 ®1 b1,a2 D1 b2), a®.2b=

(a1 ®3 b1, a9 B2 ba) (a,b € L*). From Theorem B3, the formal o-IFESI solution for IFMP is B*(y) = ;/X{A*(ac) ®a1
x

((A(z) =41 B(y)) @2 (a1,22))} V (0.5,0.5) (y € Y). Together we achieve that (25) holds. O

7 The o-IFESI algorithm of IFMT

a-IFESI principle for IFMT: The result A* of the IFMT problem is the intuitionistic fuzzy set with maximum
entropy such that (23) holds for any « € X,y € Y, in which —.1, —.2 are two residual intuitionistic fuzzy implications
and o = (o, a0) € L*.

Definition 7.1. Let A € IF(X), B,B* € IF(Y), if A* (in IF(X)) makes (23) hold for any x € X,y € Y. Then A*
is said to be an a-IFESI solution for IFMT.

Definition 7.2. Assume that A € IF(X), B,B* € IF(Y), and that nonempty set A, is the set of all a-IFESI solutions
for IFMT, and finally that C* is the intuitionistic fuzzy set with mazimum entropy in A,. Then C* is referred to as a
formal a-IFESI solution for IFMT.

Theorem 7.3. Assuming that — .1, — .2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®.1, Rx«2, then the formal a-IFEST solution for IFMT is as follows (v € X ):

A@) = A A((A2) = B(y)) @x2 @) =41 BT (y)} A (0.5,0.5). (26)

Proof. Denote C*(z) = yé\y{((A(ac) =41 B(y)) ®u2 @) =41 B*(y)} (z € X).

Let us first validate that A* is the intuitionistic fuzzy set that lets (23) hold. Note that (®.1, —41), (®.2, —42) are
two intuitionistic adjoint pairs. In the light of the expression of C*, Proposition EI8, and Proposition B2, it can be
known that (z€ X, y€Y)

C*(x) < ((A(z) =1 B(y)) @w2 @) =41 B*(y),
) @41 ((A(x) =41 B(y)) @s2 ) < B*(y),
((A(@) =41 B(y)) ®x2 @) @1 C7(2) < B*(y),
a ®sz (A(r) =41 Bly)) < C7(x) = B (y),
a < (A(z) = B(y)) =2 (CF(z) = B (y))-

Furthermore, we validate that C* is the maximum of all a-IFESI solutions for IFMT.
Suppose that C is any a-IFESI solution for IFMT. Notice that (®.1, —41), (®42, —42) are two intuitionistic adjoint
pairs. Then from Proposition ZT8 and Proposition 2220, one has

a < (A(z) =4 B(y)) =42 (C(x) = B*(y)),
a @2 (A(x) =4 B(y)) < C(x) = B*(y),
(A(x) =1 B(y)) ®s2 a < C(z) = B (y),
((A(@) =41 B(y)) ®x2 @) @41 C(x) < B*(y),
C(z) @ ((Alx) =41 B(y)) @s2 @) < B*(y),
Clz) < ((A(x) =1 B(y)) sz @) =41 B*(y).

We can find that C'(z) is a lower bound of {((A(z) —.1 B(y)) @2 @) =« B*(y) |y €Y}, z € X.
Then C(z) < C*(z) (z € X) and C* is the maximum of A,,.

Since A*(z) < C*(x) (z € X), then A* € A,
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Finally, we further prove that A* is the solution with maximum entropy in A,. Suppose that Ay is any intuitionistic
fuzzy set in A,. Obviously A (z) < C*(z) (z € X).

It can be split into the following three scenarios (z € X).

(i) (0.5,0.5) < Ag(x) < C*(x). Note that A*(z) = C*(z) A (0.5,0.5). Here we have A*(x) = (0.5,0.5). Then we can
view it as w4« > 74+. Hence we have 74, > max, Ta > Ta,, for ma > Ta-.

(ii) Ag(x) < (0.5,0.5) < C*(x). Here we also have A*(z) = (0.5,0.5). Then we can view it as w4+ < T4+. So we get

Ta, <Tav, Ta» < Ta,, for ma- < Tax.

(i) Ag(z) < C*(x) < (0.5,0.5). Then one has A* = C*, so we can get w4, < max < 0.5, 74, > T4~ > 0.5, then
Ta+ < Tax. So we have my, < mgx, Tax < 7Ta,, for ma- < Ty~

For these three scenarios, it follows from Definition 2.12 that one has F(Ay) < E(A4*).

In brief, A* is the solution with maximum entropy in A, i.e., the formal a-IFESI solution for IFMT. O

Similar to Proposition B4, we get the following Proposition [ from Theorem [3.

Proposition 7.4. Assuming that —,1, —2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms i1, 42, and that ®,1 corresponds to ®1, and that —1, ®1, ©1 are associative operators of ®1,
then the formal a-IFESI solution A*(x) = (wa=(x), Tax(x)) for IFMT can be expressed as (x € X ):

Ta(2) = Ayey {[(((ma(z) =1 m8(Y)) A (1 — (7B(y) ©1 Ta(2)))) @u2 1) =1 75 (y)]
AN = (< (y) ©1 ((B(y) ©1 Ta(T)) B2 A2))]} A 0.5, (27)
7a+(2) = Vyey {75 (y) ©1 ((T5(y) ©1 Ta(¥)) B2 A2)} V 0.5.

8 Examples

Here we provide two illustrative examples to demonstrate the process of the proposed algorithm.
When we face up with » rules, (1) and (2) become:

FMP: from n rules A; —, B; and A*, compute B*, (28)
FMT: from n rules A; —, B; and B*, compute A%, (29)

We utilize the strategy of FITA (First-Inference-Then-Aggregation). That is, we use each A; —, B; and A* to get
BZ; then we employ these B to get the final IFMP solution B*. For IFMT, we employ each A; —, B; and B* to get
AY; then we employ these A} to get the final IFMT solution A*.

From the idea of the a-IFESI algorithm for IFMP and IFMT with multiple rules, we establish the following principles:

a-IFESI principle for IFMP with multiple rules: The result B* of the IFMP problem is the intuitionistic
fuzzy set with maximum entropy such that

(Ai(x) =41 Bi(y)) =2 (A%(2) = B*(y)) = a, (30)

holds for any r € X, y €Y, i =1,--- ,n, in which —,1, =2 are two residual intuitionistic fuzzy implications.
a-IFESI principle for IFMT with multiple rules: The result A* of the IFMT problem is the intuitionistic
fuzzy set with maximum entropy such that

(Ai(z) =41 Bi(y)) =42 (A"(2) =1 B*(y)) = o, (31)
holds forany z € X, y €Y, i=1,--- ,n, in which —,1, =2 are two residual intuitionistic fuzzy implications.

Theorem 8.1. Assuming that — .1, —.o are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®.1, Qx2, then the formal a-IFESI solution for IFMP with FITA is as follows (y € Y ):

B*(y)=_ V V {A(z) @41 ((Ai(z) =41 Bi(y)) @42 @)} Vv (0.5,0.5). (32)

i=1, nxeX

Proof. For each A; —, B; and A*, we get the solution B} (y) = z;/X{A*(gz:) ®s1 ((Ai(z) =41 Bi(y)) @x2 @)}V (0.5,0.5).

Then we need that (A;(z) =1 Bi(y)) =2 (A*(z) =41 B*(y)) > « holds for any x € X, y €Y, i =1,--- ,n. From
Proposition 220, we know that —,; is increasing w.r.t. the second variable. So we should take B* = Vi’ B;. As a
result, the formal a-IFESI solution for IFMP with FITA is expressed as (32). O
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Theorem 8.2. Assuming that — .1, —«2 are residual intuitionistic implications respectively generated by left-continuous
intuitionistic t-norms ®.1, Rx2, then the formal a-IFESI solution for IFMT with FITA is as follows (x € X ):

A*(z)= A A {((Ai(z) =41 Bi(y)) @42 &) =41 B*(y)} A (0.5,0.5). (33)

i=1,--- ny€ey

Proof. For each A; —,. B; and B*, we get the solution Af(z) = Ay{((Al'(J}) —41 Bi(y)) ®u2 ) =41 B*(y)} A (0.5,0.5).
ye

Then we need that (A;(z) =1 Bi(y)) =2 (A*(z) =41 B*(y)) > « holds for any x € X, y €Y, i =1,--- ,n. From
Proposition 220, we know that —,; is decreasing w.r.t. the first variable. So we should take A* = A7_; A%. As a result,
the formal a-IFEST solution for IFMT with FITA is expressed as (33). O

Example 8.3. Let X = {x1,29,23,24,25},Y = {y1}, @ = (0.6,0.2). Suppose that —.1 corresponds to —o and —>.o
corresponds to =y, in the a-IFESI algorithm for IFMP. The rules and input are as follows:

A; ={(0.8,0.0),(0.1,0.7), (0.2,0.8), (0.2,0.7), (0.4,0.4)}, By ={(0.1,0.7)},

As ={(0.6,0.2), (0.4,0.4), (0.2,0.7), (0.3,0.5),(0.9,0.0)}, By ={(0.1,0.7)},

As = {(0.5,0.3), (0.6,0.2), (0.8,0.0), (0.7,0.1), (0.2,0.6)}, Bs = {(0.4,0.4)},

Ay ={(0.4,0.4),(0.5,0.3),(0.5,0.5),(0.5,0.3),(0.4,0.4)}, Bs={(0.4,0.4)},

A5 = {(0.0,0.8),(0.7.0.1), (0.9,0.1), (0.9,0.0), (0.5,0.3)}, Bs = {(0.7,0.1)},

= {(0.2,0.6), (0.9,0.0), (1.0,0.0), (0.8,0.2), (0.7,0.1)}, Bg = {(0.7,0.1)},

A* = {(0.6,0.3), (0.4,0.4), (0.6,0.2), (0.7,0.1), (0.3,0.5) }.

This exhibits an example for fuzzy classification based upon fuzzy expert system, where three classes respectively
correspond to (0.1,0.7),(0.4,0.4), (0.7,0.1).

From Theorem B3, we can get B*(y) = V. nTé/X{A*( Z) Q41 ((Ai(x) =41 Bi(y)) @2 )}V (0.5,0.5) (yeY). We

denote G;(xj,yx) = A*(x;) @1 ((Ai(z5) =4 Bi(yr)) @s2 a).

So we can calculate that ¢ (x1,y1) = (0.6,0.3) @41 (((0.8,0.0) —41 (0.1,0.7)) ®.2 (0.6,0.2)) = (0.5,0.3) ®.1
((0.2,0.7) @42 (0.6,0.2)) = (0.6,0.3) @41 (0.0,0.9) = (0.0, 1.0).

Similarly we get (a2(x1,y1) = (0.0,1.0), (3(x1,y1) = (0.0,0.6), {4(z1,y1) = (0.6,0.3), (5(x1,y1) = (0.6,0.3),
Go(21,y1) = (0.6,0.3).

Then we have v _G(w1,31) = (0.0,1.0) V (0.0,1.0) V (0.0,0.6) V (0.6,0.3) V (0.6,0.3) v (0.6,0.3) = (0.6,0.3).

In a similar way, we obtain VY 6@‘(@»%) = (0.0,0.4), WV 6(,;(x3,y1) = (0.0,0.2), VY 6Q(x4,y1) = (0.4,0.2),
V. o Gi(@s,91) = (0.0,0.5).

Fmally we achieve the formal a-IFESI solution for IFMP with FITA is B*(y1) = (0.6,0.3) v (0.0,0.4) Vv (0.0,0.2) v
(0.4,0.2) V (0.0,0.5) V (0.5,0.5) = (0.6,0.2).
Because (0.6,0.2) is nearest to (0.7,0.1), the third class is what is required. O

Example 8.4. Let X = {z1}, Y = {y1,92,¥3,94,95}, @« = (0.6,0.2). Suppose that — .1 corresponds to —¢ and — .o
corresponds to —> . in the a-IFESI algorithm for IFMT. The rules and input are as follows:
Ay ={(0.1,0.7)}, By = {(0.8,0.0),(0.1,0.7), (0.2,0.8), (0.2,0.7), (0.4,0.4) },
As; ={(0.1,0.7)}, B2 = {(0.6,0.2), (0.4,0.4), (0.2,0.7), (0.3,0.5), (0.9,0.0) },
As ={(0.4,0.4)}, B3 = {(0.5,0.3),(0.6,0.2), (0.8,0.0), (0.7,0.1), (0.2,0.6) },
Ay ={(04,04)}, By = {(0.4,0.4),(0.5,0.3), (0.5,0.5), (0.5,0.3), (0.4,0.4) },
( ) ( ) ( ( (
( ) ( (
( );

O — —

As ={(0.7,0.1)}, Bs = {(0.0,0.8),(0.7.0.1), (0.9,0.1), (0.9, 0.0), (0.5,0.3) },

Ag ={(0.7,0.1)}, Bs = {(0.2,0.6), (0.9,0.0), (1.0,0.0), (0.8,0.2), (0.7,0.1)},

B* ={(0.3,0.5), (0.4,0.4), (0.2,0.6), (0.8,0.0), (0.5,0.3) }.

This is also an example for fuzzy classification, in which three classes respectively correspond to (0.1,0.7), (0.4,0.4),
(0.7,0.1).

From Theorem B3, we can get A*(x) = 471/\ yé\y{(( () =41 Bi(y)) ®u2 @) =41 B*(y)} A (0.5,0.5) (z € X ).

We denote <i(z;,yr) = ((Ai(x;) —a1 Bi(yi)) @2 0) =1 B*(ys).

So we can calculate that ¢1(x1,y1) = ((((0.1,0.7) —.1 (0.8,0.0)) ®42 (0.6,0.2)) —,1 (0.3,0.5))
(0.6,0.2)) .1 (0.3,0.5)) = ((0.6,0.2)) 1 (0.3,
(04505)7 €4($17y1) = (04705); §5($17y1) ( .0

Then we get VY 6§i(x1,y1) = (0.4,0.5) A (0

Y2) =

= (((1.0,0.0) ®42
0.5)) = (0.4,0.5), Similarly we get ¢(x1,y1) = (0.4,0.5), ¢3(x1,y1) =
,O 0) gg(xl,yl) = (1.0,0.0).
0.4,0.5) A (0.4,0.5) A (0.4,0.5) A (1.0,0.0) A (1.0,0.0) = (0.4,0.5).
(O 4 0. 4) 1\/ Ggi(xlay?)) = (04706)a ,_1\(” 6§i(‘r17y4) = (10’00),

IR ) ) =1, )

RETIN

In a similar mode, we obtain 1\/ 6 S (21,

_1\/. 6§i(x17y5) = (04,05)

=1,--,
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Together we achieve the formal a-IFESI solution for IFMT with FITA is as follows: A*(x1) = (0.4,0.5) A(0.4,0.4) A
(0.4,0.6) A (1.0,0.0) A (0.4,0.5) A (0.5,0.5) = (0.4,0.6). Because (0.4,0.6) is nearest to (0.4,0.4), the second class is what
is required. O

9 Discussions

The special properties of the proposed IFESI algorithms are mainly reflected in three ways.

First of all, the idea of the proposed IFESI algorithms is special. Fuzzy reasoning should consider the factors of both
the logic system and the inference model. In (16), — . reflects the implication connective in a logic system, while — .o
characterizes the “if-then” relation of fuzzy inference model “if A implies B, then A* implies B*”. Moreover, aiming
at the environment of intuitionistic fuzzy sets, we synthetically take the maximum fuzzy entropy, the logic system and
the reasoning model into consideration, and then the IFESI algorithms are derived.

Moreover, the IFESI algorithm is C-reductive for IFMP, in which

C means (P25) 4+ (P26).
Meanwhile, the IFESI algorithm is C-reductive for IFMT, where
C means (P27) 4+ (P28) + (P29).

Lastly, if the t-norm ®; is continuous, then the IFESI algorithm of IFMP is continuous and uniformly continuous
in NHD. In the meantime, if —; is continuous w.r.t. the second variable, then the IFESI algorithm of IFMT is
continuous and uniformly continuous in NHD.

Here we show some practical applications of the proposed IFESI algorithms.

To begin with, the proposed IFESI algorithms can be applied to fuzzy classification based on fuzzy expert systems.
Actually, Examples B3 and B4 are the examples of fuzzy classification. Many classification problems in reality can be
solved in this way.

Furthermore, as an important branch of affective computing, emotion deduction (which discovers how to generate
proper values of other emotions from some basic emotions) is also an important application point for the IFESI
algorithms. The values of basic emotions are regarded as A; and the values of other emotions are modeled by B;
in (28) under the environment of intuitionistic fuzzy sets. Then we can realize the emotion deduction process via the
IFESI algorithms.

Finally, the IFESI algorithms can also be used to build fuzzy controllers, which incorporate fuzzifier, fuzzy reasoning
method, and defuzzifier. In detail, we employ the IFESI algorithms to carry on fuzzy reasoning, and select appropriate
fuzzifier and defuzzifier. Then we can establish corresponding fuzzy controllers. Through these fuzzy controllers, there
can be a wider range of practical applications.

In fact, there are many other practical applications however they are not listed here.

10 Conclusions and Prospect

In this study, we come up with the IFESI algorithm, and then extend it to the a-version. The main contributions and
conclusions are outlined as follows.

(i) New symmetric implicational principles are presented. Then the unified solutions of the IFESI algorithm are
obtained for IFMP and IFMT, which are based on residual intuitionistic implications.

(ii) The reductive properties of the IFEST algorithm are validated for IFMP and IFMT.

(iii) The continuity of the IFESI algorithm is analyzed for IFMP and IFMT.

(iv) The IFESI algorithm is extended into the a-IFEST algorithm, and the unified solutions of the a-IFEST algorithm
are obtained for IFMP and IFMT.

(v) Two examples of fuzzy classification for the a-IFESI algorithm are provided to reveal the detailed computing
process of the IFEST algorithm.

In the future, it would be of interest to investigate the fuzzy controllers based on the proposed fuzzy reasoning
algorithm, and analyze corresponding performance.



Symmetric implicational algorithm derived from intuitionistic fuzzy entropy 43

Acknowledgement

This work is supported by the National Key Research and Development Program of China under Grant 2020YFC1523100,
and by the National Natural Science Foundation of China (Nos. 62176083, 61673156, 62176084, 61877016, 61976078),
and the Fundamental Research Funds for the Central Universities of China (No. PA2021GDSK0092). The authors
wish to express their appreciation for several excellent suggestions for improvements in this paper made by the referees.

References

[1] J. Andreu-Perez, F. Cao, H. Hagras, G. Z. Yang, A self-adaptive online brain-machine interface of a humanoid robot
through a general type-2 fuzzy inference system, IEEE Transactions on Fuzzy Systems, 26 (2018), 101-116.

[2] K. K. Ang, Q. Chai, M. Pasquier, POPFNN-CRI(S): Pseudo outer product based fuzzy neural network using the
compositional rule of inference and singleton fuzzifier, IEEE Transactions on Systems, Man, and Cybernetics Part
B: Cybernetics, 33 (2003), 838-849.

[3] K. Atanassov, Intuitionistic fuzzy sets, Fuzzy Sets and Systems, 20 (1986), 87-96.
[4] K. Atanassov, Intuitionistic fuzzy sets: Theory and applications, Physica-Verlag, Heidelberg, Springer, 1999.

[5] M. Baczyniski, B. Jayaram, On the characterizations of (S,N)-implications, Fuzzy Sets and Systems, 158 (2007),
1713-1727.

[6] P.Burillo, H. Bustince, Entropy on intuitionistic fuzzy sets and on interval-valued fuzzy sets, Fuzzy Sets and Systems,
78 (1996), 305-316.

[7] C. Cornelis, G. Deschrijver, E. E. Kerre, Implication in intuitionistic fuzzy and interval-valued fuzzy set theory:
Construction, classification, application, International Journal of Approximate Reasoning, 35 (2004), 55-95.

[8] S. S. Dai, Logical foundation of symmetric implicational methods for fuzzy reasoning, Journal of Intelligent and
Fuzzy Systems, 39 (2020), 1089-1095.

[9] G. Deschrijver, C. Cornelis, E. E. Kerre, Class of intuitionistic fuzzy t-norms satisfying the residuation principle,
International Journal of Uncertainty, Fuzziness and Knowledge-Based Systems, 11 (2003), 691-709.

[10] G. Deschrijver, C. Cornelis, E. E. Kerre, On the representation of intuitionistic fuzzy t-norms and t-conorms, IEEE
Transactions on Fuzzy Systems, 12 (2004), 45-61.

[11] J. Fodor, M. Roubens, Fuzzy preference modeling and multicriteria decision support, Kluwer Academic Publishers,
Dordrecht, 1994.

[12] D. H. Hong, S. Y. Hwang, A note on the value similarity of fuzzy systems variable, Fuzzy Set and Systems, 66
(1994), 383-386.

[13] E. P. Klement, R. Mesiar, E. Pap, Triangular norms, Kluwer Academic Publishers, Dordrecht, 2000.

[14] H. W. Liu, New similarity measures between intuitionistic fuzzy sets and between elements, Mathematical and
Computer Modelling, 42 (2005), 61-70.

[15] M. X. Luo, B. Liu, Robustness of interval-valued fuzzy inference triple I algorithms based on normalized Minkowski
distance, Journal of Logical and Algebraic Methods, 86 (2017), 298-307.

[16] M. X. Luo, Y. J. Wang, Interval-valued fuzzy reasoning full implication algorithms based on the t-representable
t-norm, International Journal of Approximate Reasoning, 122 (2020), 1-8.

[17] M. X. Luo, Y. J. Wang, R. R. Zhao, Interval-valued fuzzy reasoning method based on similarity measure, Journal
of Logical and Algebraic Methods, 113 (2020), 100541.

[18] M. Mas, M. Monserrat, J. Torrens, E. Trillas, A survey on fuzzy implication functions, IEEE Transactions on Fuzzy
Systems, 15 (2007), 1107-1121.



44 Y. M. Tang, L. Zhang, G. Q. Bao, F. J. Ren, W. Pedrycz

[19] P. Melo-Pinto, P. Couto, H. Bustince, et al., Image segmentation using Atanassov’s intuitionistic fuzzy sets, Expert
Systems and Applications, 40 (2013), 15-26.

[20] D. W. Pei, Unified full implication algorithms of fuzzy reasoning, Information Sciences, 178 (2008), 520-530.

[21] D. W. Pei, Formalization of implication based fuzzy reasoning method, International Journal of Approximate Rea-
soning, 53 (2012), 837-846.

[22] E. Szmidt, J. Kacprzyk, Entropy for intuitionistic fuzzy sets, Fuzzy Sets and Systems, 118 (2001), 467-477.

[23] Y. M. Tang, X. H. Hu, W. Pedrycz, X. C. Song, Possibilistic fuzzy clustering with high-density viewpoint, Neuro-
computing, 329 (2019), 407-423.

[24] Y. M. Tang, W. Pedrycz, On the a(u,v)-symmetric implicational method for R- and (S, N)-implications, Interna-
tional Journal of Approximate Reasoning, 92 (2018), 212-231.

[25] Y. M. Tang, W. Pedrycz, Oscillation bound estimation of perturbations under Bandler-Kohout subproduct, IEEE
Transactions on Cybernetics, (2021). DOI: 10.1109/TCYB.2020.3025793.

[26] Y. M. Tang, F. J. Ren, W. Pedrycz, Fuzzy c-means clustering through SSIM and patch for image segmentation,
Applied Soft Computing, 87 (2020), 1-16.

[27) Y. M. Tang, X. Z. Yang, Symmetric implicational method of fuzzy reasoning, International Journal of Approximate
Reasoning, 54 (2013), 1034-1048.

[28] M. Verma, K. K. Shukla, Fuzzy metric space induced by intuitionistic fuzzy points and its application to the
orienteering problem, IEEE Transactions on Fuzzy Systems, 24 (2016), 483-488.

[29] G. J. Wang, On the logic foundation of fuzzy reasoning, Information Sciences, 117 (1999), 47-88.
[30] G. J. Wang, Formalized theory of general fuzzy reasoning, Information Sciences, 160 (2004), 251-266.

[31] G. J. Wang, J. Y. Duan, On robustness of the full implication triple I inference method with respect to finer
measurements, International Journal of Approximate Reasoning, 55 (2014), 787-796.

[32] G. J. Wang, L. Fu, Unified forms of triple I method, Computers and Mathematics with Applications, 49 (2005),
923-932.

[33] X.Y. Yang, F. S. Yu, W. Pedrycz, Long-term forecasting of time series based on linear fuzzy information granules
and fuzzy inference system, International Journal of Approximate Reasoning, 81 (2017), 1-27.

[34] L. A. Zadeh, Outline of a new approach to the analysis of complex systems and decision processes, IEEE Transac-
tions on Systems, Man, and Cybernetics, 3 (1973), 28-44.

[35] J. C. Zhang, X. Y. Yang, Some properties of fuzzy reasoning in propositional fuzzy logic systems, Information
Sciences, 180 (2010), 4661-4671.

[36] M. C. Zheng, Z. K. Shi, Y. Liu, Triple I methods of approxzimate reasoning on Atanassov’s intuitionistic fuzzy sets,
International Journal of Approximate Reasoning, 55 (2014), 1369-1382.



	Introduction
	Preliminaries
	The IFESI algorithm for IFMP
	The IFESI algorithm for IFMT
	Continuity of the IFESI algorithm
	The -IFESI algorithm of IFMP
	The -IFESI algorithm of IFMT
	Examples
	Discussions
	Conclusions and Prospect

