IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 28, 2020, accepted July 4, 2020, date of publication July 8, 2020, date of current version July 21, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3008064

Fractional Fuzzy Inference System: The New
Generation of Fuzzy Inference Systems

MEHRAN MAZANDARANI", (Member, IEEE), AND XIU LI, (Member, IEEE)

Information Science and Technology, Tsinghua Shenzhen International Graduate School, Shenzhen 518055, China

Corresponding authors: Mehran Mazandarani (me.mazandarani @ gmail.com) and Xiu Li (li.xiu@sz.tsinghua.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 41876098.

ABSTRACT This paper presents a new machinery of compositional rule of inference called fractional
fuzzy inference system (FFIS). An FFIS is a fuzzy inference system (FIS) in which consequent parts
of a rule base consist of a new type of membership functions called fractional membership functions.
Fractional membership functions are characterized using fractional indices. There are two types of fractional
indices. Each type can be either constant or dynamic. An FFIS intelligently considers not only the truth
degrees of information included in membership functions, but also the volume of the information in the
process of making a conclusion. In other words, the volume of information extracted from a membership
function depends on the truth degree of information. Concretely, the higher the truth degree, the larger the
volume of information that is involved in the process of making a conclusion. It is shown that typical FISs,
e.g. Mamdani’s or Larsen’s FISs, are special cases of FFISs. Specifically, as the fractional indices approach
one, the FFIS approaches a typical FIS. In addition, using two theorems proved in this paper, it is
demonstrated that, independent of the problem in question, a typical FIS never leads to results which are
more satisfactory than those obtained by the FFIS corresponding to the typical FIS provided that a particular
set of fractional indices is taken into account. Put another way, it seems sound to expect that applying FFIS
always leads to more satisfactory results than applying its corresponding FIS. It is also shown that FFIS
grants a special dynamic to FIS which can be also customized according to a new concept called reaction
trajectories map (RTM). Particularly, the RTM enables decision makers to select an FFIS more suitable for
their purpose. Some more concepts such as the left and right orders of an FFIS and the fracture index are
also introduced in this paper.

INDEX TERMS Fractional membership functions, fractional horizontal membership functions, fractional
compositional rule of inference, fractional indices, reaction trajectories map, fractional translation rule.

I. INTRODUCTION

Motivated by Zadeh’s paper [1] presenting a methodology to
express a fuzzy algorithm, the basis of fuzzy logic control
techniques was established by Mamdani’s fuzzy inference
system (FIS) applied on the fuzzy control of a steam engine
in 1975. Successful application of Mamdani’s FIS in con-
trol of Sendai subway in 1978 captured global attentions to
fuzzy sets theory and fuzzy control. So far, much effort has
been made to introduce different FISs by taking into account
various translation rules of fuzzy if-then rules. Specifically,
Mamdani’s FIS uses minimum operator for the translation,
whereas the algebraic product operator is applied in Larsen’s
FIS. There are also other types of FISs whose differences
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with other FISs correspond to consequent parts of a rule base.
Concretely, in Takagi-Sugeno’s FIS the consequent parts are
considered as the crisp functions of inputs. One of the main
reasons for introducing different FISs is to achieve more
satisfactory results. In other words, the variety of FISs expand
the space of fuzzy system outputs which, in turn, enable
decision makers to choose an FIS that is more desirable for
their purpose. Based on the compositional rule of inference
proposed by Zadeh [1], FISs can be categorized in: 1. Compo-
sitional FISs, 2. Non-Compositional FISs. The compositional
FISs, e.g. Mamdani’s and Larsen’s FISs, are those which are
in accordance with the suggestion of Zadeh’s. This paper
concentrates on compositional FISs. Then, hereafter, by FISs
we mean compositional FISs.

The motivation of this work comes from introducing a
new machinery of translation rule or compositional rule of

VOLUME 8, 2020


https://orcid.org/0000-0003-3116-3841
https://orcid.org/0000-0003-0403-1923
https://orcid.org/0000-0002-4237-855X

M. Mazandarani, X. Li: Fractional Fuzzy Inference System: The New Generation of Fuzzy Inference Systems

IEEE Access

inference such that the space of fuzzy system outputs is
expanded more than before without changing the structure
of the system in question, e.g. gains, inputs, outputs, or the
structure of fuzzy system, e.g. rule base and general structure
of membership functions. Such a machinery of compositional
rule of inference makes it possible to access parts of fuzzy
systems output space that used to be inaccessible. That,
in turn, leads to the discovery of new desirable outputs that
were not observable or discoverable before. Fuzzy systems
will eventually perform more satisfactory and efficiently.

So far, the consequent parts in FISs have been considered
as typical membership functions whose domain is a universe
of discourse and whose range is the membership degree, i.e.
the interval [0, 1]. Simply put, the mechanism of reasoning
in FISs has been applied on typical membership functions.
As a result, considering typical membership functions, the
FISs have been presented. In 2015 [2], Piegat and Landowski
introduced a new representation of a typical membership
function that they called horizontal membership function.
The domain of a horizontal membership function relies on the
square [0, 1] x [0, 1] coming from the membership degrees
and a new variable called relative-distance-measure (RDM)
variable. The range of horizontal membership function is the
domain of its corresponding membership function, i.e. the
universe of discourse. Piegat er al. primarily elaborated on
their proposed approach called RDM fuzzy interval arith-
metic enjoying horizontal membership functions in solv-
ing some problems of fuzzy mathematics, see [3]-[5]. The
successful applications of RDM fuzzy interval arithmetic in
comparison with other approaches such as standard inter-
val arithmetic have been proved by Piegat and Landowski
in [6]-[9]. Then, Mazandarani et al. by introducing a new
framework of fuzzy calculus proved the effective applica-
bility of horizontal membership functions and RDM fuzzy
interval arithmetic in fuzzy dynamical systems, see [10]-[12]
for more details.

In this paper, a new type of membership functions called
fractional membership functions are introduced. A fractional
membership function is originated from a new type of hori-
zontal membership functions termed as fractional horizontal
membership functions. A fractional horizontal membership
function is characterized by an index called fractional index.
Hence, the fractional indices impact on fractional member-
ship functions. Corresponding to any typical membership
function, a fractional membership function exists such that
the fractional membership function approaches the typical
membership function as the fractional index approaches one.
Based on fractional membership functions considered in the
consequent parts of a rule base, a new generation of fuzzy
inference systems is introduced which is called fractional
fuzzy inference system. It is demonstrated that any typical
FIS, e.g. Mamdani’s or Larsen’s FISs, is a special case of
fractional FISs. By two theorems, it is proved that a typical
FIS never yields to results which are more satisfactory than
those obtained by the FFIS corresponding to the typical FIS
provided that a particular set of fractional indices is taken
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into account. Then, it seems sound to expect always more
satisfactory results by applying fractional FISs for some sets
of fractional indices. The point to be underscored is that
no changes in the general structure of the system equipped
with fuzzy system is made. As a matter of fact, if a fuzzy
system is at disposal, then its corresponding fractional FIS
can be applied without any changes in the rule base, general
structure of membership functions, gains, inputs, outputs, and
the structure of system in question.

The fractional indices play a major role in fractional FISs.
The fractional indices can be constant or dynamic. How
fractional indices should be determined is explained here.
Moreover, some more detailed explanations are provided
to clarify the process of designing the structure of a frac-
tional FIS. It is shown that fractional FISs with dynamical
indices are in fact FISs in which membership functions are
dynamic internally. In addition, some new concepts such as
horizontal translation rule, horizontal FIS, fractional com-
positional rule of inference, reaction trajectories map, the
left and right orders of an FFIS, and the fracture index are
introduced.

Il. PRELIMINARIES

This section presents some necessary definitions and rela-
tions which will be used in this paper. Throughout this paper,
the set of all real numbers is denoted by R, the set of all
type-1 fuzzy numbers (TIENs) on R by E;. By [A]* we show
the well-known p-level sets of a fuzzy set A whose left and
right end-points are indicated by A* and A", respectively.
In addition, the triangular TIFN A is characterized using the
triple (a,b,c),a < b < c, as A = (a, b, c), anzd G(o, m)

—(x—m)

denotes the Gaussian membership function e 202
and m are the standard variation and average of x.

Definition 1 [13]: A type-1 fuzzy setA € Ej, A : R —
[0, 1] is called a type-1 fuzzy number if it is normal, fuzzy
convex, upper semi-continuous and compactly supported
fuzzy subsets of the real numbers.

The TIFN A can be represented in a parametric form by
the ordered pair of functions (A", A"),0 < w < 1, satisfying
the following properties:

where o

1) A* is a bounded, non-decreasing, left continuous
function in (0, 1], and it is right continuous at u = 0,
2) A" is a bounded, non-increasing, left continuous
function in (0, 1], and it is right continuous at u = 0,
3) A < A",

Definition 2 [2], [10]-[12]: Let A : [a,b] € R — E;.
The horizontal membership function Ay : [0, 1] x [0, 1] —
[a, b] is a representation of /:\(x) as Ay (u, aq) = x in which
x € [a,b], n € [0, 1] is the membership degree of x in
A(x), oy € [0, 1] is called relative-distance-measure (RDM)
variable (or the horizontal index), and Ay/(u, oq) = A" +
@" — AMay.

Note 1: The horizontal membership function of A € Ej is
also denoted by H(A) £ Ay (u, aa).
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Note 2: The horizontal membership function of A € E;
can be also represented by H(A) £ Ay (11, Ba) = A —@" -
AM)Ba, Ba €10, 1].

Hereafter, without losing genrality, the o horizontal index
is used in relations. The relations can be also written by the
B horizontal index.

Note 3: The u-level sets of Ac E can be obtained using

H An (1, an))
[A]*

= | inf min Ay(y,o4), sup max Ay(y,aas)|. (1)
Y= aqel0,1] y>pa€l0,1]

Definition 3: Let A :
horizontal membership function Ay : [0, 1] x [0, aj] —
[c,d] < [a,b] is a fractional representation of A(x) as
Ay(pn,q) = x in which x € [c,d], n € [0, 1] is the
membership degree of x in A(x), as € [0, ay] is the hori-
zontal index, and ozj € [0, 1] is called the fractional index.
Moreover, Ay (i1, ag) = A* + (A" — AM)ay.

Definition 4: The membership function A € E; cor-
responding to a fractional horizontal membership function
whose fractional index is a7}, is called the fractional mem-
bership function and denoted by Ay

The w-level sets of the fractional membership function A+
is obtained using

[a,b] € R — Ej. The fractional

H A1, an))
=[Ag+]"

=|:1nf min  Ay(y,a4), sup max AH(y,aA):| 2)

Y= ag€l0, (XA] y>pas€lo, O(A]

Note 4: The arrow “— " in the upper of a linguistic term
means that the fractional index of fractional membership
function of the linguistic term is in the sense of «*. For
example, the linguistic term ‘“‘positive big” (or PB) whose
fractional 1ndex of fractional membershlp function is ™ is
denoted by PB Analogously, the arrow ““<"" in the upper of
a linguistic term means that the fractional index of fractional
membership function associated with the linguistic term is in
the sense of 8%, e.g. PB. Moreover, in the case that fractional
index a* or B* is equal to one, the arrow in the upper of a
linguistic term is omitted. Then, PB means that the fractional
index of membership function of positive big is one.

Fig. 1 shows the horizontal membership function, frac-
tional horizontal membership functions and fractional mem-
bership functions of a triangular fuzzy number associated
with the linguistic term ‘‘positive big” (or PB).

Definition 5: The coordinate plane in which all fuzzy
membership functions of linguistic terms of a linguistic vari-
able exist is called membership functions plane. Moreover,
the right half-plane (RHP) is the set of all points in the
plane whose values are positive. Similarly, the left half-plane
(LHP) is the set of all points in in the plane whose values are
negative.
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FIGURE 1. The fractional membership functions and fractional horizontal
membership functions of the triangular fuzzy number A = (1, 2, 3).
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FIGURE 2. The membership functions plane.

Fig. 2 shows a membership functions plane consisting
of 5 membership functions labeled as negative big (NB),
negative small (NS), near zero (Z), positive small (PS), and
positive big (PB). According to Definition 5, membership
functions PB and PS are in the RHP, however, NB and NS
are in the LHP.

Ill. FRACTIONAL FUZZY INFERENCE SYSTEMS

A fuzzy inference system is the process of obtaining a con-
clusion for a given input that may not have been encountered
before. Thus, it plays a major role in the structure of a fuzzy
system.

Note 5: In this paper we consider fuzzy systems with crisp
inputs. In addition, for the sake of simplicity, fuzzy systems
which are considered are those in which the consequent parts
of the rule base consist of triangular or trapezoidal fuzzy
numbers.

LetR £ (1:\, B, T) denote a fuzzy rule where ;\, Be Eq are
membership functions describing linguistic terms (or values)
of linguistic variables in the antecedent and consequent parts
of the fuzzy rule, respectively. By combining the antecedent
and consequent parts membership functions, the operator Z,
as a translator or an interpreter, translates the fuzzy rule R into
a fuzzy relation. Specifically, the following fuzzy rule

R:1f X is A Then Y is B,

might be interpreted as T(A(x), 1~3(y)) = A(x) A B(y)
where x and y are the generic numerical values of X and Y,
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FIGURE 3. The horizontal translation rule.

respectively; and the base operator “A” denotes the min-
imum operator (in Mamdani’s FIS) or algebraic product
operator (in Larsen’s FIS). In the presence of an additional
premise such as “X is xp”, which is known as a crisp
input in the context of this paper, the compositional rule
of inference asserts that we can infer the consequent part
of the fuzzy rule from combining the truth degree of the
antecedent part, i.e. u*, and the membership function of
consequent part as Z(u*,u) = wu* A pu where u* =
A(xp), n = B(y). Thus, the fuzzy rule R in the presence
of a crisp input translates into Z(u*, u) = u* A w. Here-
after, we denote u* = A(x) where the subscript of x has
been suppressed for the sake of simplicity. The translation
of a fuzzy rule can be also represented using horizontal
membership functions which is called horizontal translation
rule.

Definition 6: Consider the fuzzy rule R as

R:If X is A Then Y is B,

and let u* = A(x) and & = B(y). Then, the operator
Ty translates the fuzzy rule R horizontally as Zy(u') £
H! (BH(/L/,OlB)) where W/ = por u = % provided
that the operator acts as the minimum or algebraic product
operator, respectively, and 0 < u < u*.

Fig. 3 illustrates the horizontal translation rule for the fuzzy
rule R with a crisp input and by taking the minimum operator
as the base operator into account, i.e. W' = 1, 0 < u < u*.

Proposition 1: The horizontal translation of a fuzzy rule is
equivalent to the typical translation of the fuzzy rule, i.e. the
operator T3 () is equivalent to Z(u™*, u) = u* A .

Proof: Suppose that B = (b1, ba, b3) is a triangular
fuzzy number in the consequent part of a rule; and * = A(xg)
is the membership degree of crisp input xg in the antecedent
part. Let the base operator be minimum operator. Then, B
is clipped by u* as shown in Fig. 4. Thus, Z(u*, ) = u,
0 < p < w*. According to Fig. 4, Z(u*, 1) = B* and B* is a
trapezoidal membership function as B* = (b, b3, b3, b3) in
which

by = by + (by — by)u*
b3y = b3 — (b3 — by)u*

VOLUME 8, 2020
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FIGURE 4. A triangular fuzzy number clipped by a truth degree.

Then, the horizontal membership function of B* is obtained
as

H(B*) = by + (by — b)) + (b3 — by)(1 — wap

where 0 < p < p*. Since H(B*) = H T(u*, p) =
By (u, ap), then the proof is complete. For the cases with
the algebraic product operator as the base operator or the
consequent part with a trapezoidal membership function, the

proof is similar to the previous one and hence omitted. [ ]
Assume xp; and xpp are crisp inputs of a fuzzy system
whose ith rule, R;, i = 1, ..., n; has the following form:

R If X is A} and X is Al.z Then Y is Ei.

_ Hence, the fuzzy inference system can be written as
B =\/! u} A piinwhich pf = Al (xo)AA(x02), i = Bi(y)
and ““\/”” denotes a union operator.

Definition 7: Let A, e Ey,i=1,...,n;j = 1...,m, be
the membership function corresponding to a linguistic term
of jth input in the ith rule of a rule base; and Bi € E| be the
membership function corresponding to a linguistic term in the
consequent part. Then, the horizontal fuzzy inference system
corresponding to the rule base with crisp inputs xo; is defined
as

BEN TuGi) =\ H (B an)) O

where u; = p; (or u; = [f—) wi = AJ'Alx), and
0<pi <uj.
Note 6: In relation (3), ap, = op; if and only if the

consequent part linguistic terms in the ith and jth rule are the
same.

Proposition 2: The horizontal fuzzy inference system
introduced in Definition 7 is equivalent to Mamdani’s fuzzy
inference system as long as 4} = w;; and is equivalent to
Larsen’s fuzzy inference system provided that u; = L‘—%

Proof: Based on Proposition 1 the proof is
straightforward. [ ]

So far, the processing of a rule base, in an FIS, has been
based on extracting information from each rule using the
membership function in the consequent part combined with a
degree of truth of the antecedent part. This is also the case
in horizontal FISs. But the horizontal FIS has been estab-
lished based on horizontal membership functions which are
a special case of fractional horizontal membership functions.
Specifically, fractional horizontal membership functions are
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FIGURE 5. a) The typical inference result of a fuzzy rule. b) The fractional
inference result of a fuzzy rule represented by a fractional horizontal
membership function.

reduced to horizontal membership functions if fractional
indices assume the integer number one. Inspired by this fact,
a new generation of FISs can be established in which the
processing of a rule base is not only based on the combination
(or translation) involving the truth degree of the antecedent
part, but also based on engaging fractional indices. As a way
of illustration, let us consider the ith rule of a rule base as

R:IfXisA; ThenYisBii=1,...,n

According to Definition 7, the horizontal FIS is as B &
\/:’ H! (BiH (i, aBi)) which is equivalent to the Mamdani’s
FISB £ V7 (A,-(xo) A B,(y))) where “A” means the mini-
mum operator and x is a crisp input. Similar to Mamdani’s
FIS, in the horizontal FIS, each B;,, is clipped only by the
truth degree of the antecedent part, i.e. ), while the hor-
izontal indices ap, are free, i.e. ap, € [0, 1]. Simply put,
the equivalency holds as long as the horizontal FIS is not
induced by fractional indices agi. Nevertheless, by the aid
of fractional horizontal membership functions, a new fuzzy
inference system can be established enabling us to process
the rule base using fractional indices of the consequent parts
as well as truth degrees of the antecedent parts. Specifically,
horizontal membership functions in the consequent parts can
also be clipped by fractional indices which may be viewed as
the induction of horizontal FIS by fractional indices. Thus,
a two-degree freedom to process the information in the rule
base as the knowledge base is provided. Indeed, in the sequel,
it will be shown that the degree of freedom can increase
based on the placement of fractional indices in a rule base.
Fig. 5 shows the combination of the antecedent and con-
sequent parts of the ith rule in two situations. The former,
Fig. 5 (a), shows the ith rule inference result in which the
consequent part membership function is clipped by u}. The
latter depicted in Fig. 5 (b), presents the consequent part
horizontal membership function that has been clipped not
only by u}, but also by the fractional index. As a result, the
new generation of fuzzy inference systems can be defined as
follows:

126070

Definition 8: Let uf;i=1,...,n, be the truth degree of
the antecedent part of the ith rule of a rule base, and Bi € E;
be the membership function corresponding to a linguistic
term in the consequent part of the ith rule. Then, the fuzzy
inference system induced by fractional indices agi e [0, 1]
is called fractional fuzzy inference system (or Mazandarani’s
FIS) and defined as B £ \/! H~! (B, (i}, aup,)) where i/, =
w; when the base operator is minimum (or p; = % when the
base operator is algebraic product operator), 0 51 mi < uf,
and 0 < ap, < OlB

The fractional FIS (FFIS) can be also defined abstractly as
follows.

Definition 9: A fuzzy inference system in which the con-
sequent parts of the rule base consist of fractional member-
ship functions is called fractional fuzzy inference system.

The point that should be underscored is that the fractional
fuzzy inference system might be regarded as a type of fuzzy
if-then rule translation which may be called fractional transla-
tion rule. The FFIS might be also viewed as a new machinery
of compositional rule of inference called fractional composi-
tional rule of inference.

Proposition 3: The fractional FIS introduced in
Definition 8 with fractional indices O‘;i = 1 is equivalent
to Mamdani’s FIS as long as ,u/ = wu;; and is equivalent to
Larsen’s FIS provided that 1} =

Fig. 6 illustrates a simple FFIS in comparison with Mam-
dani’s FIS. As is seen, the output membership function of the
FFIS is a fraction of that of Mamdani’s FIS. It is also easy to
see that, the FFIS output coincides the output of Mamdani’s
FIS as long as the fractional indices assume the integer num-
ber one, i.e. o} 5, = 1. Therefore, typical FISs, i.e. Mamdani’s
and Larsen’s FISs are special cases of Mazandarani’s FIS.
Although in Definition 8 the FFIS has been presented based
on ozz[ fractional indices, according to Note 2, it can also be
presented based on either ,B;l_ fractional indices or both form
of fractional indices. Simply put, consequent parts of a rule
base can be a set of fractional membership functions Eiaﬁi

and B’jﬂ; where i, j are rule numbers and i # j. In spite of

this fact, for the sake of simplicity, the relations are presented
only based on aéi fractional indices.

One of the important concepts which is originated from
FFISs is what might be called the fracture index. The fracture
index gives us a relative impression of the marginal behavior
of an FFIS with respect to its corresponding FIS. In other
words, as the fracture index approaches zero, the behavior of
an FFIS approaches its corresponding FIS. The fracture index
is defined based on the concepts of the left and right orders of
an FFIS. In the sequel the mentioned concepts are presented.

Definition 10: The left and right orders of a fractional

fuzzy inference system are defined respectively as r =
P a¥ Zq_ ﬂ*
— J

=5 and s = % where p and ¢ are the number of
consequent part fractional membership functions that are in
the form of a* and B*; o, ,Bj* are the values of fractional
indices; and N = p + ¢ is the number of consequent part
membership functions.
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FIGURE 6. Mamdani’s and fractional fuzzy inference systems.

Definition 11: The order of a fractional fuzzy inference
system is defined by the pair (7, s) where r and s are the left
and right orders of the fractional FIS.

Note 7: The order of an FFIS in which there are only
fractional membership functions of the form «* is defined
N *

solely based on the left order as r = # Analogously,
the order of an FFIS in which there are not any fractional

membership functions of the form «* is defined only based

N *
. . i1 B;
on right order, i.e. s = %

Definition 12: The fracture index of a fractional fuzzy
inference system of order (r, s) denoted by y is defined as
y=1—(r+y).

It should be noted that according to Definition 10; r, s €
[0, 1] and also, 0 < y < 1. When value one is assigned
to each fractional index of an FFIS, the fractional FIS is
reduced to a typical FIS. Hence, an FIS may be viewed as
an FFIS whose fractional indices value is each equal to one,
ie af = l,ﬂj?k =1,i=1,...,p;j = 1,...,q. Since
a fractional membership function with the fractional index
a* = 1 is the same as the one with the fractional index
B* = 1, then a typical FIS is equivalent with an FFIS in which
there are only fractional membership functions of the form o*
with a;k = 1. Thus, according to Definition 10 and Note 7, the
order of a typical FIS is equal to one, i.e. r = 1. Therefore,
typical FISs may be called first order fuzzy inference systems.
Furthermore, based on Definition 12, the fracture index of a
first order FIS (or a typical FIS, e.g. Mamdani’s FIS) is equal
to zero, i.e. y = 0. It should be underscored that, as a whole,
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the relation r + s = 1 holds for the first order FISs. As it
was mentioned before, the fracture index makes a sense of the
similarity of the behavior of an FFIS with its corresponding
FIS for small values of y. Specifically, for small values of y,
as the fracture index approaches zero, the behavior of an FFIS
gradually approaches its corresponding first order FIS. As a
way of illustration, see Fig. 23 in Example 1.

Note 8: An FFIS is said to be corresponding to an FIS if
and only if 1. The output of the FFIS partly approaches the
FIS provided that y approaches zero. 2. The output of the
FFIS coincides the output of FIS for y = 0.

Now, some questions arise: How fractional indices should
be determined? What is the difference between the effect
of the two forms of fractional indices, i.e. otgl_ and ﬁ;i,
on an FFIS output? How an FFIS should be designed by
the placement of fractional indices forms? In other words,
which combination of fractional membership functions in the
plane of consequent part membership functions should be
considered? In the sequel, the questions are answered.

How fractional indices should be determined? An imme-
diate answer is the use of an optimization algorithm - or a
learning method - for characterizing the fractional indices.
More concretely, assume y(r; o*), a* = (af, 03, ..., ap),
t € [t, tr] € R, is the output of a system which is controlled
(or modelled) by an FFIS whose fractional indices are o'; i =
1,...,n, and y(¢) is a desired (or taget) output. Then, with a
cost function defined, e.g. J(a*) = tg |y(t) — 3(t; a*)| dt,
the fractional indices are the solution of the optimization
problem minimize J(a*) such that 0 < o* < 1.

o
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Theorem 1: Let J £ D (y(r), (1)) be a cost function
where D denotes a metric defined on the space of real val-
ued functions; y(¢) and y(r) are the target and approximated
outputs of a system. Suppose that 3(¢) has been obtained by
applying a typical FIS. In addition, let the approximated
output obtained by applying an FFIS - corresponding to the
typical FIS - be §(t; o*), * £ (af, o, ..., o), such that

the fractional indices (xlfk; i=1,...,n, are the solution of the
optimization problem minimize J(a*) = D (y(t), y(t; a*)).
0<a*<l

Then, Jgs < Js where Jg, = D (y(t), ¥(t; a*)) and Jgg; =
D (y(1), 3(1)).

Proof: Suppose the contrary, i.e. Ji; < Jgs. Let
of & (I, 1,...,Lef1,...,D)and 0 < af < 1 be
the fractional indices for which Jg; = D (y(1), 3(t; «*)).
Since a* satisfies the optimization problem, then Va* €
[0, 1], D (y®),3(t; ) < D (y(@), 3(t; @*). Let a* =
(1,1, ..., 1), then according to Proposition 3 we have Jg =
D(y(), 3(t; &*) meaning Jgs < Jss. If Jgg = Jpis, then
the theorem is not contradicted. But, if Jgs < Jyy, then
the primary assumption is contradicted. Thus, the proof is
complete. [ |

In plain words, Theorem 1 states that applying a typical FIS
(e.g. Mamadani’s FIS) never leads to results which are more
satisfactory than those obtained by applying a fractional FIS
(or Mazandarani’s FIS) corresponding to the typical FIS with
a particular set of fractional indices.

Another answer to the question comes from the effect of
fractional indices on the shape of membership functions and
defuzzified output. Let us consider a triangular fuzzy num-
ber B clipped by a truth degree in the level of ;*. The output
membership function - or the inference result - expands as
the fractional index «; approaches one; and contracts as the
fractional index approaches zero. Accordingly, there is a large
number of candidates for the crisp output, as a}; approaches
one. The diversity of the candidates also decreases as aj
approaches zero. In simple terms, the exploration of a can-
didate for the crisp output becomes local. As a result, the
smaller fractional index becomes, the more exploitation of a
membership function becomes, and the more consistent crisp
(or defuzzified) output with a membership function becomes
as well. However, the more fractional index increases, the
more exploration in a membership function increases. Fur-
thermore, in a specific truth degree, u*, a small fractional
index leads to the loss of a high fraction of information
whose truth degree is up to u*. Clearly, in the case that the
truth degree is high, a small fractional index causes a portion
of high value information to be ignored in the exploitation.
Hence, determining constant fractional indices by which a
balance between exploration and exploitation is provided
may not be an easy task, if an optimization algorithm is not
applied. Nevertheless, it might be possible to characterize
fractional indices dynamically. Concretely, a fractional index
can be determined as a function of truth degree, i.e. aj =
fu*),f [0, 1] — [0, 1]. Based on the aforementioned facts,
the function f(u«*) should be considered as a monotonically
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FIGURE 7. Dynamical fractional indices.

increasing function of u*. Specifically, by considering such a
monotonically increasing function, an FFIS intelligently con-
siders not only the truth degrees of information included in
membership functions, but also the volume of the information
in the process of making a conclusion. In other words, the
volume of information extracted from a membership func-
tion depends on the truth degree of information. Concretely,
a small truth degree results in a small fractional index which
means the membership function contracts. Therefore, a small
volume of information is engaged in the process of making a
conclusion. Reciprocally, a high value of truth degree leads to
the expansion of the membership function which accordingly
results in engaging a high volume of information in the pro-
cess of making a conclusion. In fact, the membership function
has been given a dynamic whose behavior is expansive for
high-value information and contractive for low-value infor-
mation. Concretely, the higher the truth degree, the more valu-
able the information, and the larger the volume of information
that is involved in the process of making a conclusion. Fig. 7
shows some of fractional indices as functions of ©* and their
effects on the shape of inference results for some amounts
of u*. What should be underscored is that considering the
function f (u*) as a monotonically increasing function would
not be a general rule for every applications. One of the
important criteria by which we can determine the function
f(u*) is the reaction trajectories map (RTM) which will be
explained later.

The next question then arises: What is the difference
between the effect of two forms of fractional indices,
i.e. o® and B*, on an FFIS output? Since o™ fractional index
clips the membership function from the lower bound, defuzzi-
fication of fractional membership function leads to an output
that decreases as the level of u* does. However, since frac-
tional membership function is clipped by * from the upper
bound, the crisp output increases as the level of u* decreases.
As a way of illustration, let us consider the triangular fuzzy
number B = (1, 2, 3) whose corresponding fractional mem-
bership functions B+ and Eﬂ* have been clipped by a truth
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FIGURE 8. The comparison of defuzzified output obtained from the two
forms of fractional indices. The red line indicates the defuzzified output.

r e(t) —_—
Aﬁ—_\ Fuzzy Logic u(t) Plant y(t)
i System
dt —

FIGURE 9. The fuzzy closed loop control system.

degree in the level of u*. Suppose that the fractional indices
are constant, e.g. «* = B* = 0.6 and the crisp output is
obtained using the centroid of the area method in each u*
level. As is seen in Fig. 8, the defuzzified output of By
decreases as u* does, however, that of B,g* increases. As a
result, the defuzzified output coming from a fractional mem-
bership function with 8* fractional index is greater than or
equal to that coming from a fractional membership function
with o* fractional index.

We are now in the position to address the last question:
Which combination of fractional membership functions in
the plane of consequent part membership functions should
be considered? In an FFIS the consequent parts membership
functions are taken into account as fractional membership
functions. In addition, there are two forms of fractional mem-
bership functions, i.e. the form that deals with o* index and
the form that deals with 8* index. Hence, in a fuzzy system
whose membership functions plane corresponding to the con-
sequent part consists of “m’ membership functions, there
are ‘2™ combinations of fractional membership functions
forms. For each combination, an FFIS might be considered.
As a way of illustration, let us consider a fuzzy closed loop
control system shown in Fig. 9.

The inputs of the fuzzy system are error and derivative
of error denoted by e(t) and e(t), respectively; and the
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FIGURE 10. The rule base of fuzzy system.
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FIGURE 11. Four different combinations of fractional membership
functions in the consequent part.

defuzzified output - or control signal - is u(#). The output of
the plant and the set-point have been denoted by y(¢) and r,
respectively, and K is a gain. Suppose that each inputs and
output are described by 5 linguistic terms, negative big (NB),
negative small (NS), near zero (Z), positive small (PS), and
positive big (PB). The rule base of fuzzy system has been
given in Fig. 10. Since in the consequent part, u(f) consists
of 5 linguistic terms, or equivalently 5 membership functions,
there are 32 different combinations of consequent part frac-
tional membership functions forms. Fig. 11 shows 4 out of
32 combinations in the membership functions plane of u(t)
where the forms of fractional membership functions of NB,
NS, and Z are the same but those of PS and PB are different.
Let us now compare the outputs of these FFISs with this
assumption that only the rules correspondmito the fractional
membership functions PB PB, PS, and PS are involved.
These rules have been also highlighted in the rule base shown
in Fig. 10.
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FIGURE 12. Comparison of the output of Mamdani’s FIS and that of four different combinations of fractional membership
functions in FFIS - (a) to (e). The RTM in which fractional indices are linear functions of truth degree - (f).

Suppose that u;‘b is the truth degree of antecedent part
corresponding to the consequent part whose membership
function has been interpreted as positive big. Additionally, let
us assume that u;b decreases from one to zero. Correspond-
ingly, ,u;S 21— /L;b is supposed to be the truth degree of
antecedent part corresponding to the consequent part whose
membership function has been interpreted as positive small;
and thus it increases from zero to one. In other words, the
motion direction of linguistic variable u(¢) can be viewed as
if it is from the positive big to positive small. Simply put,
the positive control signal is moving towards near zero which
might happen when e(¢) and/or e(¢) is moving towards near
zero, i.e. from RHP to LHP. The defuzzified output, u(¢),
of the FFISs and Mamdani’s FIS have been illustrated in
Fig. 12 - (a) to (e). The outputs have been obtained using the
centroid of the area method. Moreover, the fractional indices
have been considered as linear functions of the truth degree,
Le. app = Iy, Apg = Ko Bpg = My and Bpg = 1.
The RTM which is the trajectories of output with respect to
the truth degree have been presented in Fig. 12- (f). As a
matter of fact, an RTM includes information corresponding
to the reaction of different forms of fractional membership
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functions when they interact with each other by varying the
truth degree. In other words, the RTM carries a concept of
fuzzy system reaction intensity in the face of e(¢) and e(¢)
variations. For more illustration let us consider the different
reactions of fuzzy systems for the four combinations men-
tioned before. As is seen, the FFIS output decreases with
maximum graﬂient when the consequent part linguistic terms
are PS and PB, i.e. both of them are in the form of o™
fractional membership functions. This is while the FFIS out-
put decreases with minimum gradiglt when the consequent
part linguistic terms are PS and PB, i.e. both of them are
in the form of B* fractional membership functions. FFIS
outputs corresponding to t}(E c%seqlglt Erts consisting .of
the membership functions PS, PB or PS, PB and Mamdani’s
FIS output take place between the outputs that decrease with
the maximum and minimum gradients. Additionally, with
— — — . >
PS, PB or PS, PB considered in the consequent parts, the
outputs decrease with a gradient which may be either more or
less than the gradient of output obtained by Mamdani’s FIS.
Specifically, the use of «* fractional membership functions
leads to an increase in the gradient of the output that is
decreasing. In fact, they push the output downward. However,
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the use of B* fractional membership functions leads to a
decrease in the gradient of the output that is decreasing, i.e.
they pull the output upward. Analogously, the use of g*
fractional membership functions leads to an increase in the
gradient of the output that is increasing, i.e. they push the
output up. However, the use of o* fractional membership
functions results in a decrease in the gradient of the output
that is increasing, i.e. they pull the output down. In the case
that RHP membership functions of control signal are active
and the control signal is increasing, then e(¢) and/or e(¢) is
in the RHP and is getting far from the desired point. Thus,
by taking B* fractional membership functions into account
in the RHP, the control signal is pushed to increase with a
high gradient. Simply put, the FFIS is more sensitive to the
inputs linguistic terms being activated in the RHP towards
PB, and shows a fast reaction. However, in the case that RHP
membership functions of control signal are active and the
control signal is decreasing, then e(¢) and/or é(¢) is in the
RHP and is approaching the desired point. Thus, the presence
of B* fractional membership functions in the RHP leads to
an output which decreases with a low gradient. Specifically,
the control signal decreases gradually and conservatively.
Similarly, considering o* fractional membership functions
in the LHP results in a control signal that conservatively
increases in the case that e(¢) and/or é(¢) is in the LHP and is
approaching the desired point. Moreover, the control signal
decreases with a high gradient when e(¢) and/or é(¢) is in
the LHP and is getting far from the desired point. Even-
tually, for the closed loop control system shown in Fig. 9,
the combination of fractional membership functions forms
should be such that most of RHP membership functions are
of the form that deals with 8* fractional index, and most of
LHP membership functions are of the form that deals with
o™ fractional index. In the case that all fractional membership
functions in the LHP and RHP are of the forms of o™ and 8*
fractional indices, respectively, the combination is called the
aggressive combination. It should be noted that for control
structures that are different from what has been shown in
Fig. 9, other combinations of fractional membership function
forms in the RHP and LHP might be taken into account based
on the features of the two forms of fractional membership
functions mentioned above. One remaining point is about
fractional membership functions of linguistic terms that are
neither in the RHP nor LHP, e.g. near zero. In this case, there
is no significant difference between two forms of fractional
membership functions on condition that membership func-
tion of the linguistic term is symmetric with respect to the
origin. Otherwise, o™ fractional membership function might
be assigned to the linguistic term providing that the member-
ship function of the term leans towards the LHP. Analogously,
B* fractional membership function might be assigned to the
term providing that the membership function of the term leans
towards the RHP.

The point that should be underscored is that any combi-
nation of fractional membership functions forms is a design
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FIGURE 13. The rule base of the closed loop control system equipped
with FFIS, the aggressive combination.

FIGURE 14. The plane of consequent part fractional membership
functions of the closed loop control system that is an aggressive
combination.

of fuzzy system. In this regard, the RTM plays a major role.
In fact, the RTM sheds light on the intensity of reactions of
any combination of fractional membership functions. Thus,
the RTM enables us to make a decision on the design of fuzzy
system based on our desirable intensity of reaction of any
system counterpart (or consequent part).

Note 9: It is noteworthy to pinpoint that the fractional
index for the fractional membership function of near zero
should be determined such that the defuzzified output coin-
cides the core of membership function if the truth degree
combined with the fractional membership function is unity.

As mentioned above, the rule base and consequent part
membership functions plane corresponding to FFIS applied
in the closed loop system can be considered as shown in
figures. 13 and 14. It should be noted that Fig. 14 shows an
aggressive combination.

Consequently, in the sequel a theorem which is more gen-
eral than Theorem 1 is given.

Theorem 2: Let J £ D (y(r), 5(t)) be a cost function
where D denotes a metric defined on the space of real val-
ued functions; y(r) and y(¢) are the target and approximated
outputs of a system. Suppose that J(¢) has been obtained by
applying a typical FIS. In addition, let the approximated
output obtained by applying a fractional FIS - corresponding
to the typical FIS - be $(¢; «*) where «* = (fi,fo, ..., f0),

such that f; : [0, 1] — [0, 1], «* = arg (minimize J(a*))
C(*

and J(a*) = D (y(),3(t; «*)). Then, Jgs < Jgs where
Jgis = D (y(t), $(t; «*)) and Jss = D (y(1), H(1)).
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Proof: The proof is similar to that of Theorem 1 and
hence omitted. u
The importance of Theorem 2 comes from the fact that,
independent of the problem in question, one can always be
sure that, by applying FFIS, they can obtain a more satisfac-
tory result than the result that would be obtained by applying a
typical FIS on condition that the exceptional situation Jg;s =
Jjis does not happen. As a matter of fact, it is very unlikely
that the optimal solution is a vector of functions which are all
constant and equal to one. Simply put, it is almost impossible
for the solution of the optimization problem to correspond to
the typical FIS. As a result, by ignoring the exceptional case,
there is always at least an FFIS which leads to results that are
more satisfactory than those a typical FIS leads to. In other
words, a typical FIS never yields to results which are more
satisfactory than those obtained by the FFIS corresponding
to the typical FIS provided that a particular set of fractional
indices is taken into account.

In the sequel, we are going to show the superiority of the
proposed FIS in comparison with other typical FISs by some
examples. Although complex examples could have been pre-
sented, our aim, in this preliminary step, is to clarify the
performance of FFIS without involving readers in the com-
plexities of examples. Thus, the main goal in the following
examples is to compare the performance of FFIS with the
typical FISs under same settings, rather than to achieve a
perfect control or fuzzy model. In the following, a particle
swarm optimization (PSO) algorithm is employed where the
following conditions are considered: 1. The maximum num-
ber of iterations is 100, 2. The population size is 50, 3. The
constriction coefficients [14] are applied. 4. The cost function
is integral of the absolute value of the error, i.e. féf le(t)|dt,
where the error is as e(f) = y — y in which y(¢) and y(¢) are
the target (or desired) and approximated (or real) outputs of
the system under study in the time interval [0, #].

Example 1: Consider the closed loop control system
shown in Fig. 9. The plant is an inverted pendulum whose
mathematical model is presented by the following nonlinear
differential equations

gsin(0(t)) — 0.5aml6(1)sin(26(t)) — a cos(6(1))i(r)
% — aml cos2(6(t))

6(t) =
“

where 6 is the pendulum angle (in radian) from the vertical
axis, g = 9.8(%) is the gravity constant, m = 2(Kg) is the
mass of pendulum, a = IH;M’ M = 8(Kg) is the mass of
the cart, 2/ = 4 is the length of pendulum, and  is the force
applied to the cart which is equal to Ku(z) based on Fig. 9.
The objective of the control system is to keep the pendulum
upright. The rule base is the same as that has been shown in
Fig. 13. The membership functions of inputs and output of
the fuzzy system have been presented in Fig. 15.

Using the PSO algorithm and by considering Mamdani’s
FIS in the fuzzy system, the optimal value of the gain K €
[0,220] is obtained which is K = 219.7. The centroid
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FIGURE 15. Membership functions of inputs and the output associated
with Example 1.

(S}

of the area has been used as the defuzzification method.
The FFIS is applied in two different cases: 1. With constant
fractional indices, 2. With dynamical fractional indices. The
constant fractional indices - which have been considered as
arbitrary values - have been presented in Fig. 16. According
to Definitions 10 and 12, the first, second and third set of
fractional indices determine, respectively, the FFIS of orders
(%, O%), (%, 0) and (%, %) with respected fracture index
y =049,y = 0.8 and y = 0.4. The dynamical fractional
indices of the LHP and RHP membership functions have been
considered as quadratic functions of antecedent part truth
degree. Concretely, they are in the form of o* = f(u*) = u*?
and g* = f(u*) = w2, see Fig. 16. Moreover, the base
operator in the FFIS is the same as Mamdani’s FIS. The result
of applying Mamdani’s, Larsen’s and FFISs have been shown
in figures 17, 18 and 19.

As is seen, applying the FFIS is obviously more effective
than Mamdani’s and Larsen’s FISs. In addition, Fig. 18 shows
that the settling time of the system equipped with the FFIS
is less than that of the system equipped with Mamdani’s or
Larsen’s FIS. The other point that should be noted is that
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FIGURE 16. Fractional indices associated with Example 1.
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FIGURE 17. The angle trajectory of inverted pendulum controlled by
different FISs.
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FIGURE 18. The angle trajectories of inverted pendulum in the time
interval [0.46, 0.55].

the fractional fuzzy inference system whose fracture index
is y = 0.4 results in an output which is more similar to
that of its corresponding typical FIS, i.e. Mamdani’s FIS.
The previous results have been obtained in the time interval
[0, 6] with the sampling time “% = 0.001. Now, let
us consider the result of applying three different FISs in
the time interval [0, 10] with the sampling time %
0.0067”” which is more than that considered on time interval
[0, 6]. Figures 20 and 21 illustrate the results. Therefore, all
the obtained results are in accordance with Theorems 1 and 2.

It should be noted that the structure of rule base and the
system in question have been considered the same for the
typical FISs and the FFIS. Additionally, it is noteworthy that
in the real world applications achieving a small sampling time
not only may not be always possible, but also may increase
the costs involved. As is seen, by increasing the sampling
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FIGURE 19. The control signal generated by different FISs.
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FIGURE 20. The control signal generated by different FISs with the
increased sampling time.

time from “0.001” to “0.0067’, Mamdani’s and Larsen’s
FISs output control signals with high chattering. However,
the FFIS is capable of sustain this situation. Simply put,
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FIGURE 21. The angle trajectory of inverted pendulum controlled by
different FISs with the increased sampling time.
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FIGURE 22. The fractional FIS corresponding to Example 1 with different
fracture indices.
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FIGURE 23. The effect of fracture index on the behavior of a fractional
FIS.

there are sets of fractional indices by which the FFIS outputs
the control signal without chattering or with a chattering
alleviated to a great extent, in comparison with Mamdani’s
and Larsen’s FISs outputs. It should be pinpointed that the
results have been obtained based on the arbitrary fractional
indices and that they are not optimal. Additionally, in order
to show the effect of fracture index, an FFIS with different
fracture indices shown in Fig. 22 have been considered and
applied in the closed loop system. As was stated previously
and illustrated in Fig. 23, the output of the system equipped
with the FFIS comes close to that equipped with Mamdani’s
FIS as the fracture index approaches zero, for small values
of y. As a matter of fact, one of the advantages of fracture
index is that it helps us to fine tune the output.

Example 2: The purpose of this example is to make a com-
parison between FFIS, Mamdani’s and Larsen’s FISs using
the well-known Mackey-Glass chaotic time-series prediction
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FIGURE 24. The membership functions of the output x(t) corresponding
to Example 2.
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FIGURE 25. The rule base corresponding to Example 2.

benchmark dataset. The chaotic time-series considered in
this example comes from the following delay differential
equation:

0.2x(t — 1)
1+ x19¢ — 1)

where x(0) = 1.2, t = 17 and x(¢r) = 0 for t+ < 0. Using
the fourth-order Runge-Kutta method, 1000 input-output
data pairs of the format: [x(¢ — 24), x(r — 18), x(t — 12),
x(t — 6), x(¢)] have been extracted where 24 < r < 1023,
x(t) is the output and the former four variables are inputs.
Specifically, the FISs make an approximation of the function
f :R — Rsuchthatx(t) = f(x(t —24), x(t — 18), x(t — 12),
x(¢—6)). In the 1000 input-output data pairs, the first 500 pairs
are considered as the training dataset to build the fuzzy model
of the time series, while the remaining 500 pairs have been
used to test the validity of the fuzzy model. Here, 3 mem-
bership functions have been considered for each input and
the output. The membership functions corresponding to the
inputs x(t — 24),x(t — 18), and x(¢r — 12) are the same
and have been taken into account as Gaussian membership
functions A; = G(0.274,0.219),A» = G(0.274,0.766),
and A3 = G(0.274, 1.314). The membership functions of
x(t — 6) are as B; = G(0.267, 0.246), B, = G(0.267, 0.780),
and Bg = G(0.267, 1.314). Fig. 24 shows the membership
function of the output x(¢). By the use of the simplest fuzzy
look-up table method, the fuzzy rules have been obtained. The
number of fuzzy rules used for this case is 81 that have been
presented in Fig. 25. In the figure, a rule like: if x(r — 24) is
A; and x(¢ — 18) is Aj and x(t — 12) is Ax and x(t — 6) is By,
then x(¢) is Cp has been expressed in the format (i, j, k, m, p).

The performance criterion by which the comparison
between FISs has been made is the 2-norm of the error

i) = —0.1x(1)
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FIGURE 26. The results obtained from applying FISs on the training data.

e =x(O) =0, fo < t <ty ie.J £ |l =

;n=to e2(t), where X(¢) is the estimated value of x(¢)
coming from the fuzzy model. The “AND” operator in the
antecedent parts has been taken into account as the algebraic
product operator. Moreover, the base operator in FFIS is the
same as Mamdani’s FIS. Additionally, the fractional indices
of the membership functions corresponding to the consequent
parts have been considered, arbitrary, as ocj] =0.5, ag‘z =0,
and of, = 0.6 which means the fractional fuzzy inference
system is of the order % with the fracture index y =
0.63. Figures 26, 27, and 28 show the results obtained by
applying FISs on the training data, test data and all the data,
respectively. As is seen, in the prediction of Mackey-Glass
chaotic time-series, FFIS with the performance J = 4.68
outperforms Mamdani’s and Larsen’s FISs with the respected
performances J = 5.96 and J = 5.28.

Example 3: To draw another comparison between the per-
formance of typical FISs (Mamdani’s and Larsen’s FISs)
and the fractional FIS, they are employed to predict the
number of people who have been infected with Coronavirus
Disease 2019 (COVID-19) in Europe. The dataset used in
this example has been drawn from European Centre for
Disease Prevention and Control (ECDC) [15], [16] and con-
tains the data of the confirmed cases between 01-03-2020
and 22-06-2020. It is assumed that the data could be con-
sidered as time series data with 102 input-output data pairs
of the format: [x(r — 12), x(t — 8),x(t — 4), x(t — 1), x(1)]
where x(¢) is the output and the former four variables are
inputs.

Based on health experts recommendation and reports,
about 14 days provides enough time to know whether
a person has been infected by COVID-19 or not. Here,
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FIGURE 27. The results obtained from applying FISs on the test data.
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FIGURE 28. The results obtained from applying FISs on all the data.
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FIGURE 29. The membership functions of the inputs corresponding to
Example 3.

the maximum delay has been assumed to be 12 days.
Analogous to what has been carried out in the previous
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FIGURE 30. The rule base corresponding to Example 3.
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FIGURE 31. The results obtained from applying FISs on the training data.

example, in the 102 input-output data pairs, the first 51 pairs
are considered as the training dataset to build the fuzzy
model, while the remaining 51 pairs have been used to test
the validity of the fuzzy model. Three membership func-
tions have been considered for each input and the output.
Fig. 29 shows the membership functions corresponding to
the inputs. The membership functions that correspond to
the output are triangular membership functions as By =
(7111, 7111,22180), B, = (7111,22180,22180) and B3 =
(22180, 37260, 37260). The number of fuzzy rules for this
case is 81 illustrated in Fig. 30. The presentation of the
rules follows the format that was explained in the previous
example.
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FIGURE 32. The results obtained from applying FISs on the test data.

The performance criteria by which the comparisons
between FISs have been made are as J; £ ”e(t)llz and J»

||)%||2 where e(t) = x(¢t) — x(¢), and X(¢) is the estimated
value of x(f) coming from the fuzzy model. The “AND”
operator in the antecedent parts has been taken into account as
the algebraic product operator. In addition, the base operator
in FFIS is the same as Mamdani’s FIS. Furthermore, the
fractional indices of the membership functions corresponding
to the consequent parts have been considered arbitrary; as
0‘7;1 =1, azz = 0, and aZ3 = 1. It should be noted that
since a = a;‘3 = 1, then, according to Proposition 3
and Note 4, the function of fuzzy rules of fractional FIS
and Mamdani’s FIS in which the consequent part member-
ship functions are B; or B3 is the same. Figures 31, 32,
and 33 show the results obtained by applying FISs on the
training data, test data and all the data, respectively. As is
seen, in the prediction of the number of people who have
been infected with COVID-19, FFIS with the performance
criteria J1 = 3.57,J» = 1.87 outperforms Mamdani’s
and Larsen’s FISs whose respected performance criteria are
J1 = 4.66,J, = 225 and J1 = 4.02,/, = 194
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Consequently, the obtained results are in accordance with
Theorems 1 and 2.

IV. CONCLUSIONS
Fractional fuzzy inference system as the new generation
of FISs was introduced in this paper. It was shown that
an FFIS extracts the information included in a rule base
in a way different from what a typical FIS does. With
dynamical fractional indices considered, the information is
extracted intelligently. In other words, the higher the truth
degree of information, i.e. the more valuable the information,
the more significant the volume of the information that is
involved in the process of making a conclusion (or a deci-
sion). Moreover, by determining optimal fractional indices,
the intelligent process tends towards the optimal use of infor-
mation. Theorems 1 and 2 showed that there is always at
least an FFIS whose application leads to results that are by
far more desirable than those obtained by the typical FIS
corresponding to the FFIS.

This is while, by replacing a typical FIS with an FFIS in a
system, no changes are made in the general structure of the
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system. In this paper, the concept of the RTM was explained
and illustrated with some figures as well. In fact, an RTM
includes information about the different outputs of a fuzzy
system where fractional membership functions assume differ-
ent dynamical fractional indices. The information shows how
fast or slow the output of the fuzzy system reacts to the error
and its derivative while they are approaching or becoming
far from the desired point. Thus, the RTM helps decision
makers to design and choose their desired FFIS. It was also
demonstrated that by the use of the concepts of the left and
right orders of an FFIS, typical FISs may be viewed as the
FISs of first order, i.e. integer order FISs. The concept of
the fracture index defined based on the left and right orders
enabled us to have an impression of the behavior of an FFIS
with respect to its corresponding first order FIS. As a matter
of fact, if the output of a first order FIS is at disposal, the
fracture index of an FFIS, for small y values, might serve as
ameans to place in evidence a similarity indicator of the FFIS
output with the integer order FIS output. The other advantage
of fracture index is that it might be applicable for making a
fine tune of outputs as was illustrated in Fig. 23.

Eventually, FFISs open an uncharted territory to design
fuzzy systems and revisit almost all the applications of fuzzy
systems. Simply put, in the light of FFISs, so many appli-
cations can be considered in which applying FFIS yields
to more satisfactory results than ever before. The fields in
which FFIS can prove applicable include fault detection [17],
control systems [18], [19], handoff decision algorithms [20],
internet of thing [21], risk assessment [22], [23], evaluating
the quality of experience [24], decision support systems [25],
fuzzy clustering and classification [26], [27], fuzzy image
processing [28], fuel cell stack problem [29], educational
systems [30], fuzzy modelling [31], psychology [32], emo-
tion categories [33], packet scheduling algorithms [34], mul-
tiobjective optimization problem [35], decision-making [36],
heuristic algorithms [37], etc.

REFERENCES

[1] L. A. Zadeh, “Outline of a new approach to the analysis of com-
plex systems and decision processes,” IEEE Trans. Syst., Man, Cybern.,
vol. SMC-3, no. 1, pp. 28-44, Jan. 1973.

[2] A.Piegat and M. Landowski, ‘““Horizontal membership function and exam-
ples of its applications,” Int. J. Fuzzy Syst., vol. 17, no. 1, pp. 22-30,
Mar. 2015.

[3] A. Piegat and M. Landowski, “On fuzzy RDM-arithmetic, hard and
soft computing for artificial intelligence,” Multimedia Secur., vol. 534,
pp. 3-16, Oct. 2016, doi: 10.1007/978-3-319-48429-7_1.

[4] K.Tomaszewskaand A. Piegat, “Application of the horizontal membership
function to the uncertain displacement calculation of a composite massless
rod under a tensile load,” in Soft Computing in Computer and Information
Science, vol. 342. Cham, Switzerland: Springer, 2015, pp. 63-72, doi:
10.1007/978-3-319-15147-2_6.

[5] A. Piegat and M. Landowski, “Fuzzy arithmetic type 1 with horizon-
tal membership functions,” in Uncertainty Modeling (Studies in Com-
putational Intelligence), vol. 683. Cham, Switzerland: Springer, 2017,
pp. 233-250, doi: 10.1007/978-3-319-51052-1_14.

[6] A. Piegat and M. Landowski, “Is fuzzy number the right result of arith-
metic operations on fuzzy numbers?” in Proc. Conf. Eur. Soc. Fuzzy Logic
Technol., in Advances in Intelligent Systems and Computing, vol. 643,
2018, pp. 181-194.

126081


http://dx.doi.org/10.1007/978-3-319-48429-7_1
http://dx.doi.org/10.1007/978-3-319-15147-2_6
http://dx.doi.org/10.1007/978-3-319-51052-1_14

IEEE Access

M. Mazandarani, X. Li: Fractional Fuzzy Inference System: The New Generation of Fuzzy Inference Systems

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

A. Piegat and M. Landowski, “Why multidimensional fuzzy arithmetic?”
in Proc. Int. Conf. Theory Appl. Fuzzy Syst. Soft Comput., in Advances in
Intelligent Systems and Computing, vol. 896, 2019, pp. 16-23.

M. Landowski, ‘“Horizontal fuzzy numbers for solving quadratic fuzzy
equation,” in Proc. Int. Multi-Conf. Adv. Comput. Syst., in Advances in
Intelligent Systems and Computing, vol. 889, 2019, pp. 45-55.

M. Landowski, “Method with horizontal fuzzy numbers for solving real
fuzzy linear systems,” Soft Comput., vol. 23, no. 12, pp. 3921-3933,
Jun. 2019.

M. Mazandarani, N. Pariz, and A. V. Kamyad, ““Granular differentiability
of fuzzy-number-valued functions,” IEEE Trans. Fuzzy Syst., vol. 26, no. 1,
pp. 310-323, Feb. 2018.

M. Mazandarani and Y. Zhao, “Fuzzy bang-bang control problem
under granular differentiability,” J. Franklin Inst., vol. 355, no. 12,
pp. 49314951, Aug. 2018.

M. Mazandarani and N. Pariz, “Sub-optimal control of fuzzy linear dynam-
ical systems under granular differentiability concept,” ISA Trans., vol. 76,
pp. 1-17, May 2018.

H.-J. Zimmermann, Fuzzy Set Theory and its Applications. Dordrecht,
The Netherlands: Springer, 2001, doi: 10.1007/978-94-015-7949-0.

M. Clerc and J. Kennedy, ‘“The particle swarm—Explosion, stability, and
convergence in a multidimensional complex space,” IEEE Trans. Evol.
Comput., vol. 6, no. 1, pp. 58-73, Feb. 2002.

European Centre for Disease Prevention and Control, An Agency of
the European Union. Accessed: Jul. 26, 2020. [Online]. Available:
https://www.ecdc.europa.eu/en/covid-19-pandemic

(Jul. 2020). The European Union Open Data Portal (EU ODP). [Online].
Available:  http://data.europa.eu/88u/dataset/covid-19-coronavirus-data,
doi: 10.2906/101099100099/1.

F. Li, P. Shi, C.-C. Lim, and L. Wu, “Fault detection filtering for nonho-
mogeneous Markovian jump systems via a fuzzy approach,” IEEE Trans.
Fuzzy Syst., vol. 26, no. 1, pp. 131-141, Feb. 2018.

X. Liu, F. Li, Y. Xie, C. Yang, and W. Gui, “Guaranteed cost control for
descriptor type-2 fuzzy systems with stochastic delay distribution,” /IEEE
Access, vol. 5, pp. 23637-23646, 2017.

M. Pashna, R. Yusof, Z. H. Ismail, T. Namerikawa, and S. Yazdani,
“Autonomous multi-robot tracking system for oil spills on sea sur-
face based on hybrid fuzzy distribution and potential field approach,”
Ocean Eng., vol. 207, Jul. 2020, Art.no. 107238, doi: 10.1016/j.
oceaneng.2020.107238.

S. Kunarak and R. Suleesathira, ‘““Multi-criteria vertical handoff decision
algorithm for overlaid heterogeneous mobile IP networks,” J. Franklin
Inst., vol. 357, no. 10, pp. 6321-6351, Jul. 2020.

A. K. Das, S. Kalam, N. Sahar, and D. Sinha, “UCFL: User categorization
using fuzzy logic towards PUF based two-phase authentication of fog
assisted [oT devices,” Comput. Secur., Jun. 2020, Art. no. 101938, doi:
10.1016/j.cose.2020.101938.

D. P. Fonseca, P. F. Wanke, and H. L. Correa, “A two-stage fuzzy
neural approach for credit risk assessment in a Brazilian credit card
company,” Appl. Soft Comput., vol. 92, Jul. 2020, Art. no. 106329, doi:
10.1016/j.a50¢.2020.106329.

G. Casalino, R. Grassi, M. Iannotta, V. Pasquadibisceglie, and G. Zazam,
“A hierarchical fuzzy system for risk assessment of cardiovascular dis-
ease,” in Proc. IEEE Conf. Evol. Adapt. Intell. Syst. (EAIS), May 2020,
pp. 1-7, doi: 10.1109/EAIS48028.2020.9122750.

A. Hamam and N. D. Georganas, “A comparison of Mamdani and
Sugeno fuzzy inference systems for evaluating the quality of expe-
rience of Hapto-audio-visual applications,” in Proc. IEEE Int. Work-
shop Haptic Audio Vis. Environ. Games, Oct. 2008, pp. 87-92, doi:
10.1109/HAVE.2008.4685304.

A. Selvaraj, S. Saravanan, and J. J. Jennifer, “‘Mamdani fuzzy based deci-
sion support system for prediction of groundwater quality: An application
of soft computing in water resources,” Environ. Sci. Pollut. Res., vol. 27,
no. 20, pp. 25535-25552, Jul. 2020, doi: 10.1007/s11356-020-08803-3.
Z. Fan, R. Chiong, Z. Hu, and Y. Lin, “A multi-layer fuzzy model based
on fuzzy-rule clustering for prediction tasks,” Neurocomputing, vol. 410,
no. 14, pp. 114-124, Oct. 2020.

S. R. Palani, K. Balasubramaniyan, and D. Durairaj, “Fuzzy classi-
fier model to know the sustainability of aquatic organisms and to fore-
cast the Aqua farmers,” Environ. Sci. Pollut. Res., vol. 27, no. 21,
pp. 2646326472, Jul. 2020, doi: 10.1007/s11356-020-08489-7.

126082

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(371

M. Megahed and A. Mohammed, “Modeling adaptive E-learning environ-
ment using facial expressions and fuzzy logic,” Expert Syst. Appl., vol. 157,
Nov. 2020, Art. no. 113460.

D. Luta and A. Raji, “Fuzzy rule-based and particle swarm optimisation
MPPT techniques for a fuel cell stack,” Energies, vol. 12, no. 5, p. 936,
Mar. 2019.

U. Subbiah and G. Jeyakumar, ““Soft computing approach to determine
students’ level of comprehension using a Mamdani fuzzy system,” in Intel-
ligent Systems, Technologies and Applications (Advances in Intelligent
Systems and Computing), vol. 1148, S. Thampi, L. Trajkovic, S. Mitra,
P. Nagabhushan, E.-S. M. El-Alfy, Z. Bojkovic, and D. Mishra, Eds.
Singapore: Springer, 2020, doi: 10.1007/978-981-15-3914-5_9.

A. Bagis and M. Konar, “Comparison of sugeno and mamdani fuzzy
models optimized by artificial bee colony algorithm for nonlinear sys-
tem modelling,” Trans. Inst. Meas. Control, vol. 38, no. 5, pp. 579-592,
May 2016, doi: 10.1177/0142331215591239.

D. C. Pandey, G. S. Kushwaha, and S. Kumar, ‘““Mamdani fuzzy rule-based
models for psychological research,” Social Netw. Appl. Sci., vol. 2, no. 5,
May 2020, Art. no. 913, doi: 10.1007/s42452-020-2726-z.

M. Saraswat and S. Chakraverty, “Leveraging movie recommendation
using fuzzy emotion features,” in Data Science and Analytics (Com-
munications in Computer and Information Science), vol. 799, B. Panda,
S. Sharma, and N. Roy, Eds. Singapore: Springer, 2018.

O. A. Egaji, A. Griffiths, M. S. Hasan, and H.-N. Yu, “A comparison
of mamdani and sugeno fuzzy based packet scheduler for MANET with
a realistic wireless propagation model,” Int. J. Autom. Comput., vol. 12,
no. 1, pp. 1-13, Feb. 2015.

N. T. Tran, N. Le Chau, and T.-P. Dao, “A hybrid computational method of
desirability, fuzzy logic, ANFIS, and LAPO algorithm for multiobjective
optimization design of Scott Russell compliant mechanism,” Math. Prob-
lems Eng., vol. 2020, pp. 1-28, Apr. 2020, doi: 10.1155/2020/3418904.
Y. A. Suh and J. Kim, “Estimation of the likelihood of severe accident man-
agement decision-making using a fuzzy logic model,” Ann. Nucl. Energy,
vol. 144, Sep. 2020, Art. no. 107581, doi: 10.1016/j.anucene.2020.107581.
M. A. Kacimi, O. Guenounou, L. Brikh, F. Yahiaoui, and N. Hadid, “New
mixed-coding PSO algorithm for a self-adaptive and automatic learning
of mamdani fuzzy rules,” Eng. Appl. Artif. Intell., vol. 89, Mar. 2020,
Art. no. 103417, doi: 10.1016/j.engappai.2019.103417.

MEHRAN MAZANDARANI (Member, IEEE)
received the B.Sc. degree in electrical engineer-
ing (control field) from the Sahand University
of Technology, Sahand, Iran, and the M.Sc. and
Ph.D. degrees in electrical engineering (control
field) from the Ferdowsi University of Mashhad,
Mashhad, Iran. Subsequently, as a Postdoctoral
Researcher, he joined the Department of Informa-
tion Science and Technology, Tsinghua University,
International Graduate School at Shenzhen. His

current research is focused on fractional fuzzy inference systems, fuzzy
logic, soft computing, and intelligent systems.

XIU LI (Member, IEEE) received the Ph.D.
degree in computer-integrated manufacturing,
in 2000. Since then, she has been working at the
Department of Information Science and Technol-
ogy, Tsinghua University, International Graduate
School at Shenzhen. Her research interests include
data mining, business intelligence systems, knowl-
edge management systems, and decision support
systems.

VOLUME 8, 2020


http://dx.doi.org/10.1007/978-94-015-7949-0
http://dx.doi.org/10.2906/101099100099/1
http://dx.doi.org/10.1016/j.oceaneng.2020.107238
http://dx.doi.org/10.1016/j.oceaneng.2020.107238
http://dx.doi.org/10.1016/j.cose.2020.101938
http://dx.doi.org/10.1016/j.asoc.2020.106329
http://dx.doi.org/10.1109/EAIS48028.2020.9122750
http://dx.doi.org/10.1109/HAVE.2008.4685304
http://dx.doi.org/10.1007/s11356-020-08803-3
http://dx.doi.org/10.1007/s11356-020-08489-7
http://dx.doi.org/10.1007/978-981-15-3914-5_9
http://dx.doi.org/10.1177/0142331215591239
http://dx.doi.org/10.1007/s42452-020-2726-z
http://dx.doi.org/10.1155/2020/3418904
http://dx.doi.org/10.1016/j.anucene.2020.107581
http://dx.doi.org/10.1016/j.engappai.2019.103417

