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1 Introduction

Fuzzy logic was established by [17], defining what is a fuzzy set and establishing most of the operations and properties.
Later on, [4] extended the concept of a classical entropy to present what is known as the fuzzy entropy (FE).
In the following, we will define a fuzzy set and the fuzzy entropy:

Definition 1 A fuzzy set A defined on a universe of discourse X is given by [17] as:

A= {{x,pa(x)lx € X}, (1)

where, Us(x) € [0, 1] is the membership function of A, it describes the degree of belongingness of an element x to the set
A.

Its quite important to note that, considering the elements x1,x2,...,x, € X, the Y.} | ta(x;) is not necessary equals to 1.
Hence, p4(x) is not a probability.

The measure which quantify fuzzy information gained from a fuzzy set or is referred to as fuzzy entropy. In other words,
a fuzzy entropy measures the average amount of knowledge or information from fuzzy data.Its different than the classical
entropy which depend of a probabilistic concept, where FE is define on the basis of membership function.

[4] defined a fuzzy entropy ( denoted by HPT (x) ) on the basis of shannon’s entropy ([14]),

HDT i [UA xi)log .UA(XI))Jr(l*HA(xi))log(lqu(xi))]_ )

They presented a set of axioms needed to be satisfied by any measure to be considered as an entropy; say H(x) of a fuzzy
set A. The axioms are

1.H(x) =0iff A is a non-fuzzy set (crisp set), i.e. 14 (x;) =0 or 1 Vx; € A.
2.H (x) is maximum iff s (x;) = 0.5,Vx; € A.
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3.H(x) > H*(x), where H*(x) is the entropy of A* a sharpened version of A.
4.H(x) = H°(x), where H(x) is the entropy of A; the complement set of A. A° = {(x,1 — pa(x))|x € X}.

Many researchers and many articles studied fuzzy entropies and proposing modified and generalized versions of
such entropies. [11], defined what is known now as a Hybrid entropy, where the fuzzy entropy is considered to be a
generalization of the classical entropy (see, [2],[7]). This kind of entropy dealt with efficiencies of the total entropy which
was proposed by [4].

In the same article, [11] introduced a higher order fuzzy entropy which measures the uncertainty associated with any
subset with r combination. The entropy of order r of a fuzzy set A is

H() =~ L RSP lox((5D) + (1 - (S5 log(1 ~ K(S7),

where, S denotes the Shannon function, and p(S7) is the degree of membership through the function S.
[3] introduced a generalization of fuzzy entropy of order & based on Renyi’s entropy of a fuzzy set A as

HPP(0) =~ log () + (1~ a(w)) ) @7 L >0, 3

[9], [10] Introduced a fuzzy entropy based on the exponential behavior of information gain, of a fuzzy set A as

H (x) D Z [“A “HACE) 4 (1 — iy (x, ))eﬂA(x,) '} , 4)
1:1

Later on, [16] generalized the exponential fuzzy entropy of order—, of a fuzzy set A is given as

HYS(x) = Z[ )eI=Hi (D) (1_“A(xl.))eu7<1—uA<x,->>“>fl}; a>0. (5)

( (1-0.5%) l:I

[1] proposed a fuzzy entropy of order & with a promising application in decision making. The measure of a fuzzy set
A is given by

n a/2 a/2 l/a
NT oy e () (1= pa () ,
=g LA(xi)e ail- B (1= pa())e e |7 %7 > ©

The reader may refer to [5], [6], [8] for more details.

2 Transmuted Fuzzy entropy

2.1 Quadratic Transmuted Fuzzy entropy

As noted earlier, generalizing fuzzy entropies is a common custom in fuzzy theory. Adding extra parameter(s) to an
existing fuzzy entropy make it more flexible and hence secure all information from losing due fuzziness.

In a similar fashion, [15] introduced the quadratic transmuted family of distributions, where it enhances an existing
distribution by adding additional variable, for solving drawbacks in financial mathematics field. The cd f for a distribution
in the quadratic transmuted family is

F(x)=(14+1)G(x)—AG*(x), x€eR,

where A € [—1,1], and G(x) is the c¢df of baseline distribution.
Motivated by this family of distributions, we propose the Quadratic Transmuted Fuzzy Entropy (QTFE) defined below,
also we study and prove that QTFE satisfies the axiomatic properties of [4].

Definition 2 For a fuzzy entropy H(x) of the Fuzzy set A, the transmuted fuzzy entropy of A is given by
Hjy(x)=(14+A)H(x)— AH*(x), x€A,A€[-1,1]. (7

Theorem 1. The Quadratic Transmuted Fuzzy Entropy Hé (x) is a fuzzy measure and satisfies The axiomatic properties

[4].
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Proof. The set of four axiomatic properties are checked as follows

e Hj(x) = 0iff Ais anon-fuzzy set (crisp set), i.e. ia(x;) = 0 or 1 Vx; € A.
When, p4(x;) =0 or 1 ,¥x; € A then it straight forward that H(x) = 0. Hence, Hg (x) = 0. on the other hand, when
Hj(x) =0, then (14+A)H (x) — AH?(x) =0, i.e.,
H(x)x [(1+24)—AH(x)] =0,
hence at least one of the factors is zero
H(x)=0or (1+1)—AH(x)=0,Vx € A.

If H(x) =0, then 4 (x;) =0 or 1 Vx; € A, as H(x) is a fuzzy entropy and satisfies this axiomatic property.

Now, when (1 +1) —AH(x) =0, so, H(x) = % This conclusion is false, as it means that the fuzzy entropy is always
constant and ranges between [0, 2].

e H(x) is maximum iff pa (x;) = 0.5,Vx; € A.
by differentiating Hé (x) with respect to 4 (x;), we get

dH/, (x) 9H (x) 9H (x)
0
=(14+A —2AH(x) —~=
amae T ame) Y G )
_ JdH(x)
= 350) [(1 +A)— zw(x)}
_ 9H()
= Sl [1 +a-(1- 2H(x))}
Let, 0 < pa(x;) <0.5.
Notice that ;LZ EQ) is always greater than 0 as H (x) satisfies this particular axiomatic property, since its a fuzzy measure.

IH} (x)

i.e., the statement 1 + 24 - (1 —2H (x)) should be positive in order to have 5 TRED)

Case 1: A > 0,H(x) <0.5. The statement is valid.
Case 2: A <0,H(x) > 0.5. The statement is valid.
Case 3: A > 0,H(x) >0.5.

Now, we have

> 0.

0>(1-2H(x)) > -1
0>A-(1-2H(x)) > —A > —1, (multipling by 1)
1>1+A-(1-2H(x))>1—-A>0, (addingl)
hence, 1 + A - (1 —2H(x)) > 0, The statement is valid.
Case 4: A <0,H(x) <0.5.
1>(1-2H(x))>0
—1<A<A-(1-2H(x)) <0, (multiplingby A)
0<14+A<1+A-(1-2H(x))<1, (adding1)
hence, 1 + A4 - (1 —2H(x)) > 0, The statement is valid.

] T
Hence, aﬁf(g > 0 when 0 < s (x;) <0.5.

Now, let, 0.5 < [JA(X,') <1.0,
IH(x)
I (x;)
hand and as explained earlier, the statement 1+ A - (1 —2H (x)) is positive. i.e.,

IH ()
Jua(x;)

is always less than 0 as H(x) satisfies this particular axiomatic property, since its a fuzzy measure. On the other

142 (1-2H@)]

OHY (x)

0

» Ity <0

Thus, Hg (x) is a concave function which has a global maximum at 4 (x;) = 0.5.

Hence
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. Hé (x) > H*(x), where H*(x) is the entropy of A* a sharpened version of A.

As shown in the last point, Hé (x) is increasing on the interval [0,0.5) and decreasing on the interval (0.5,1]. It
follows that 1 (x;); the membership function entropy of A, is less the 4 (x;) in the interval [0,0.5) and its greater than
Ua (x;) in the interval (0.5, 1]. Hence, Hg (x) > H*(x)

o H}(x) = H}' (x), where H})*(x) is the entropy of A°; the complement set of A.
H)(x) = (1+A)H(x) — AH*(x) = (1 + A)H (x) — AH (),

as H(x) is a fuzzy entropy. So,
(1+A)H (x) — AH (x) = H)  (x).

Hence the theorem is proved, the QTFE satisfies the axiomatic properties, i.e., Hg (x) is indeed a fuzzy entropy.

2.2 Cubic Transmuted Fuzzy Entropy

[12] and [13] introduced the idea of the cubic transmuted distribution function, The cd f for a distribution in the cubic
transmuted family is

F(x) = (1+M)G(x) + (A2 — A4)G*(x) - G (x), x€R,

where 1 € [~1,1], A € [-1,1] and —2 < ¥'7 A; < 1. G(x) is the cdf of baseline distribution.
On the basis of the defined family of distribution, we define the Cubic Transmuted Fuzzy Entropy (CTFE).

Definition 3 For a fuzzy entropy H(x) of the Fuzzy set A, the Cubic Transmuted Fuzzy Entropy of A is given by

HE () = (14+A0)H () + (A — A H? (x) — L H (x), ®)
where, 11,22 € [~1,1], and =2 < ¥?2; < 1, x € A.
Theorem 2. The Cubic Transmuted Fuzzy Entropy Hg (x) is a fuzzy measure and satisfies The axiomatic properties [4].

Proof. The axiomatic properties are checked as follows,

e H.(x) =0iff Ais a non-fuzzy set (crisp set), i.e. a(x;) =0 or 1 Vx; € A.
When, p4(x;) =0 or 1 Vx; € A then H(x) = 0. and hence HZ (x) = 0. on the other hand, when HZ (x) = 0, then
(14 A0)H () + (A — A)H2(x) — LH3(x) = 0, ivc.,
H(x) x [(14+ A1) + (M — A1) H(x) — H?(x)] =0,
hence at least one of the factors is zero

H(x)=0o0r (14+2A))+ (Aa— A1) H(x) — L,H?(x) = 0,Vx € A.

If H(x) = 0, then ua (x;) =0 or 1 Vx; € A, as H(x) satisfies this axiomatic property.
Now when (1 + A1) + (A — A1)H (x) — A,H?(x) = 0, this will give a specific value of the entropy dependent on the
choice of A; and A,. And hence this factor is not zero.

o H[ (x) is maximum iff p14 (x;) = 0.5,Vx; € A.
by differentiating HZ (x) with respect to 4 (x;), we get

9HL (x) HO) oo e, HE) oo OH)
Jua (x;) =+ )3 A (i) T2h = A)HE) A (x;) 3AH" () J s (x;)
;}Zg) {1+Al )+2(A — A1) H (x) —3;LZH2(x)-}
aH(x
) [1+;Ll (1—2H(x ))+),2H(x)-(2—3H(x))]
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Let, 0 < g (x,') <0.5,

Notice that aa“f: (&)) is always greater than 0 as H(x) a fuzzy measure and hence it satisfies this axiomatic property, i.e., the
oH}
statement 1 +A; - (1 —2H (x)) + A,H (x) - (2 — 3H(x)) should be positive in order to have a“%(ix; >0

Case 1: 1,4, > 0,H(x) <0.5. The statement is valid.

Case 2: 11,4, > 0,0.5 < H(x) < 2/3. The statement is valid.
Case 3: 41,42 < 0,H(x) <2/3. The statement is valid.

Case 4: A1,A, > 0,H(x) > 2/3.

we have 0>(1-2H(x))>—-1 , O0>Hx)(2-3H(x))>-1
0>A4-(1-2H(x)) > -4 >-1 , 02X -Hx)(2-3H(x)>-1>0
hence,
0>A41-(1-2H(x))+A-H(x)(2—-3H(x)) > —1,
then,

1>14+A-(1-2H(x))+A-Hx)(2—3H(x))>0

hence, The statement is valid.
Case 5: 41,42 < 0,H(x) <0.5.

we have 1>(1—2H(x) >0 , 1>H®(2=3H(x)>0
<M A-(1=2H(0)) >0, 130> h-HEx)(2—3H(x) <0
hence,
13 A (1= 2H()) + Ao H(x) (2 — 3H(x)) < 0,
then,

0<14A-(1—2H(x)+A-H(x)(2—3H(x))

hence, The statement is valid.
Case 6: 41,4, <0,0.5< H(x) <2/3.

we have
1<(1-2H(x)<0 , H®(2-3H(x))>0
I>A>A4-(1-2Hx))>0 —1<HL<A-Hx)(2-3H(x))<0
1> >A4-(1-2Hx)>0 , 0<14+44 <14+ -Hx)(2-3H(x))<1
then,

0< 1441 (1—2H(x)) + A H(x)(2 — 3H(x))

. . JHL (x)
hence, The statement is valid, and hence EITRED) >0
Now, let, 0.5 < pa(x;) < 1.0,

aa;: g)) is always less than 0 as H(x) satisfies this particular axiomatic property, since its a fuzzy measure. On the other
T
hand and as shown above, the statement 1+ A, - (1 —2H (x)) + A»- H(x)(2 — 3H(x)) is positive. Hence, g%éj; <0

Thus, HCT (x) is a concave function which has a global maximum at 4 (x;) = 0.5.

e H. (x) > H*(x), where H*(x) is the entropy of A* a sharpened version of A.

As shown in the last point, H. (x) is increasing on the interval [0,0.5) and decreasing on the interval (0.5,1]. It
follows that (3 (x;); the membership function of A*, is less the i (x;) in the interval [0,0.5) and its greater than pi4 (x;) in
the interval (0.5,1]. Hence, HX (x) > H*(x).

o HX (x) = HL(x), where HL®(x) is the entropy of A°; the complement set of A.
HE(x) = (14+A)H (x) + (A — M) H? (x) — LH? (x),
as H(x) is a fuzzy entropy; i.e., H(x) = H°(x). So,
(14 A)H () + (A2 — 2)H? (x) = I H " (x) = HL" (v).

Hence the theorem is proved, the Cubic Transmuted Fuzzy entropy satisfies the axiomatic properties, i.e., Hg (x) is a fuzzy
measure.
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2.3 k-Transmuted Fuzzy Entropy

[12] have introduced the k-Transmuted families of distributions, a generalization of transmuted families, defined as
k .
F(x) =G(x)+[1—-G(x)] Z LG (x),
i=1

where, A; € [—1,1] and —k < Y¥A; < 1. G(x) is the cdf of baseline distribution.
Based on this family of distribution we define the kTransmuted Fuzzy Entropy.

Definition 4 For a fuzzy entropy H(x) of the Fuzzy set A, the k-Transmuted Fuzzy Entropy of A is given by
k .
Hl (x) =H(x)+[1-H(x)] Y LH'(x), x€A. )
i=1

Where, A; € [—1,1] and —k < Y¥ A < 1, k=2,3,....

It follows that we have another version of cubic Transmuted Fuzzy Entropy, given as
3 .
HI (x) =H(x) +[1 — H(x)] ZliH’(x),
i=1

which after simplifying turned out to be equivalent to CTFE.
Lets define a Quartic Transmuted Fuzzy Entropy; a k-TFE at k = 4, denoted by H4T (x) given by

4
HY (x)=H(x)+ [l — H(x)] ;Mli(x). (10)

Theorem 3. The k—Transmuted Fuzzy Entropy H kT (x) is a fuzzy measure and satisfies The axiomatic properties [4].

The proof is straight forward as done in the previous theorems.

3 Transmuted entropies of well known fuzzy measures

Fuzzy entropy literature is rich in many versions and generalizations of FE, among many of these measures, we
presented the most known and applied measures in equations (2) - (6). The Quadratic, Cubic and K-Transmuted Fuzzy
entropies of fourth order are generalizations of the fuzzy measures mentioned above are found by applying equation (7),
(8) and (10), respectively.

Table 1 presents the values of Deluca and Terminin 1972 performance at different values of p4(x;) (refereed to as
Normalized Values) alongside its Transmuted Fuzzy entropies.

tia (x;) HPT HY" HAT HPT
0 1.71x107% | 3.08x10°° | 8.56x10~7 | 8.56x10~”
0.1 0.325 0.501 0.279 0.284
0.2 0.501 0.700 0.488 0.501
0.3 0.611 0.801 0.622 0.640
0.4 0.673 0.849 0.696 0.716
0.5 0.693 0.863 0.719 0.740
0.6 0.673 0.849 0.696 0.716
0.7 0.611 0.801 0.622 0.640
0.8 0.501 0.700 0.488 0.501
0.9 0.325 0.501 0.279 0.284
1.0 1.71x107% | 3.08x107¢ | 8.56x10~7 | 8.56x10~

Table 1: Normalized Values of HP7 (A) and its respected transmuted generalizations
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All transmuted fuzzy entropies are performing better than the original entropy, as we expected. There is a significant
increase in the values of the generalized entropies in comparison with De-Luca and Termini measure. QTFE enhances the
performance of the entropy measure more than the others.

The difference in performance between QTFE and CTFE, k-TFE is noticeable. But does this remark going against what
we believe in?, introducing more parameters will end up in a better performance of a measure?

In fact, parameter A in QTFE is acting as an additional parameter to the measure, but in the cases of CTFE and k-TFE,
more A’s is not considered more parameters, it is just a division of one parameter.

As shown below in Table 2, TFE is performing better than the original measure, with best performance for QTFE.

Ua (xi) HPP ng HgP HfP
0 419%x10~7 | 7.54 x10~7 | 2.09x10~7 | 2.09x10~
0.1 0.370 0.558 0.332 0.338
0.2 0.651 0.833 0.670 0.689
0.3 0.846 0.950 0.880 0.899
0.4 0.962 0.991 0.975 0.982
0.5 1.000 1.000 1.000 1.00
0.6 0.962 0.991 0.975 0.982
0.7 0.846 0.950 0.880 0.899
0.8 0.651 0.833 0.670 0.689
0.9 0.370 0.558 0.332 0.338
1.0 | 419x1077 | 7.54 x10~7 | 2.09x10~7 | 2.09%x10~7

Table 2: Normalized Values of H"?(A) and its respected transmuted generalizations

Ua (-xi) HBP HSP HgP H43P
0 2.00x10~7 | 3.60x10~7 | 1.00x10=7 | 1.00x10~7
0.1 0.198 0.325 0.147 0.149
0.2 0.385 0.575 0.349 0.356
0.3 0.545 0.743 0.542 0.557
0.4 0.654 0.835 0.674 0.693
0.5 0.693 0.863 0.719 0.740
0.6 0.654 0.835 0.674 0.693
0.7 0.545 0.743 0.542 0.557
0.8 0.385 0.575 0.349 0.356
0.9 0.198 0.325 0.147 0.149
1.0 2.00x1077 | 3.60x10~7 | 1.00x10~7 | 1.00x10~7

Table 3: Normalized Values of H2”(A) and its respected transmuted generalizations
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Ua (xi) HVS H\Q/S HXS HXS
0 1.26x1077 | 5.99x10~7 | 1.66x10~7 | 1.66x10~7
0.1 0.837 0.494 0.274 0.278
0.2 0.985 0.791 0.608 0.626
0.3 0.999 0.936 0.851 0.871
0.4 0.999 0.989 0.969 0.977
0.5 1.000 1.000 1.000 1.000
0.6 0.999 0.989 0.969 0.977
0.7 0.999 0.936 0.851 0.871
0.8 0.985 0.791 0.608 0.626
0.9 0.837 0.494 0.274 0.278
1.0 1.26x1077 | 5.99x107 | 1.66x10~7 | 1.66x10~7

Table 4: Normalized Values of H"S(A) and its respected transmuted generalizations

.uA(xi) HNT HgT HéVT Hﬁ\’T
0 3.16x107% | 5.69x10~% | 1.58x10~% | 1.58x10~*
0.1 0.346 0.527 0.303 0.308
0.2 0.527 0.726 0.520 0.534
0.3 0.677 0.852 0.701 0.721
0.4 0.784 0.919 0.819 0.840
0.5 0.824 0.940 0.859 0.879
0.6 0.784 0.919 0.819 0.840
0.7 0.677 0.852 0.701 0.721
0.8 0.527 0.726 0.520 0.534
0.9 0.346 0.527 0.303 0.308
1.0 3.16x107% | 5.69x10~4 | 1.58x10~% | 1.58x10~4

Table 5: Normalized Values of HV7 (A) and its respected transmuted generalizations

We state the following based on Table 1 and Table2;

HPT < HET < HPT < H)T,

PP PP PP PP
H™ <H{" <H; <Hp .

In the later tables we studied three generalized fuzzy entropies of order &, and we a reached similar conclusion, In Table
3
BP BP BP BP
H™ <H: <H, <Hj,.

Also, in Table 4
HYS < HZS <HYS <Hp®.

And in Table 5
AT < BT <H)T <HJT

4 Conclusion

The proposed generalized entropy named Transmuted Fuzzy entropy is another form of generalized entropies. we
presented 3 different measures; QTFE, CTFE and k—TFE with performance much better than the original FE, where
QTEFE presented the best enhancement.

As TPD was first introduced in financial mathematics and later applied in modeling lifetime and survival data, we are
intrigued to apply TFE, and specially QTFE in these fields in future research.
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