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Abstract: In the presented article, we define the R-norm entropy and the conditional R-norm entropy
of partitions of a given fuzzy probability space and study the properties of the suggested entropy
measures. In addition, we introduce the concept of R-norm divergence of fuzzy P-measures and we
derive fundamental properties of this quantity. Specifically, it is shown that the Shannon entropy and
the conditional Shannon entropy of fuzzy partitions can be derived from the R-norm entropy and
conditional R-norm entropy of fuzzy partitions, respectively, as the limiting cases for R going to 1;
the Kullback-Leibler divergence of fuzzy P-measures may be inferred from the R-norm divergence
of fuzzy P-measures as the limiting case for R going to 1. We also provide numerical examples that
illustrate the results.

Keywords: fuzzy measurable space; fuzzy P-measure; fuzzy probability space; fuzzy partition;
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1. Introduction

The concept of information entropy was introduced by Claude Shannon in 1948 in his article [1].
It is used in information theory [2] to quantify the amount of information or uncertainty inherent in a
system. We remind that Shannon’s entropy is defined in the context of a probabilistic model. Consider
a measurable partition A = {Eq, E, ..., E,} of a probability space (X, S, P) (that is a finite collection
of measurable subsets E; C X,k =1,2,...,n,such that U} _;E; = X, and E; N Ei=92 whenever i # j)
with probabilities py = P(Ey), k = 1,2, ...,n. Then the Shannon entropy of A is defined as the number
h(A) = =Y/_; pk - log, pr with the convention that 0 - log, 0 = 0 (which is justified by the fact that
;erb p - log, % = 0). The base of the logarithm can be any positive real number; depending on the

selected base of the logarithm, the entropy is expressed in bits (b = 2), nats (b = e), or dits (b = 10).

The extensions of Shannon’s entropy have led to several alternatives of entropy measure, of which
the Rényi entropy [3] is one of the most important. The classical logical entropy (cf. [4,5]) and the entropy
measure called the R-norm entropy (cf. [6,7]) are other alternative entropy measures. In this article,
we will deal with the study of the R-norm entropy. If P = {p1, p2, ..., pn} is a probability distribution,
then the R-norm entropy is defined, for every real number R € (0,1) U (1, c0), by the formula:

R 1 R r
HR(P):ﬁ 1— |} P
k=1
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Some results regarding the R-norm entropy measure and its generalizations can be found in [8-12].
The above entropy measures have found many important applications, for example, in statistics,
pattern recognition, and coding theory.

In classical probability theory, partitions are defined in the context of the Cantor set theory.
In solving many real-life problems, however, the partitions defined in terms of fuzzy set theory [13]
are more appropriate. Therefore, many proposals have been made to generalize the classical partitions
into fuzzy partitions [14-20]. Fuzzy partitions represent a mathematical tool for modeling random
experiments that lead to unclear, vague events. Naturally, there are also many results concerning the
Shannon entropy of fuzzy partitions; see e.g., [21-31]. We note that in [32] the results regarding the
entropy of fuzzy partitions provided in [25] have been employed to introduce the notions of mutual
information and Kullback-Leibler divergence for the fuzzy case. The notion of Kullback-Leibler
divergence was introduced in [33] as the distance measure between two probability distributions.
It plays significant roles in information theory and various disciplines such as statistics, machine
learning, physics, neuroscience, computer science, linguistics, etc.

Since its inception in 1965, the theory of fuzzy sets has advanced in many mathematical disciplines
and has found important applications in practice. Currently, the subjects of intense study are algebraic
systems based on the theory of fuzzy sets, for example, D-posets [34-36], MV-algebras [37-41],
and effect algebras [42]. Some results regarding the above entropy measures and divergence on
these structures can be found e.g., in [43-58].

The aim of this article is to study the R-norm entropy of fuzzy partitions and the R-norm
divergence in fuzzy probability spaces [59]. The organization of the paper is as follows. In Section 2 we
provide basic definitions, terminology and some known results used in the paper. The results of the
article are presented in Sections 3 and 4. In Section 3, we define the R-norm entropy and conditional
R-norm entropy of fuzzy partitions and examine their properties. In Section 4, the concept of the
R-norm divergence for the case of fuzzy probability spaces is proposed and the properties of this
distance measure are studied. The results presented in Sections 3 and 4 are illustrated with numerical
examples. The paper concludes in Section 5 with a brief summary.

2. Preliminaries

We begin by recalling the basic concepts and the known results used in the paper.

It is known that the concept of fuzzy set, introduced by Zadeh in 1965 [13], extends the classical set
theory. In classical set theory, the membership of elements in a set is assessed in binary terms according
to the condition—an element either belongs or does not belong to the considered set. By contrast,
the fuzzy set is characterized by a membership function which assigns to every element a grade of
membership ranging between zero and one. The mathematical model of the fuzzy set is as follows. Let
X be a non-empty set. By a fuzzy subset of X we mean a mapping a : X — [0,1] (where the considered
fuzzy set is identified with its membership function). The value a(x) is interpreted as a grade of
membership of the element x € X to the considered fuzzy set a.

Definition 1. Let X be a non-empty set, and M C [O,l]X be a family of fuzzy subsets of X. The pair
(X, M) is called a fuzzy measurable space, if the following conditions are satisfied: (i) 1x € M, (1/2)x & M;
(ii) a € M = at € M; (iii) if ap € M,n=1,2,...,then U’ ja, € M. The family M C [0,1]X with the
properties (i)—(iii) is said to be a fuzzy o-algebra.

Throughout the paper, the symbols US> ;a, and N7’ ;a, denote the fuzzy union and the fuzzy
intersection of a sequence {a,}, ; C M, respectively, by Zadeh [13], i.e., Uy jap = sup,dn,
and N7 ,a, = inf,a,. The symbol at denotes the complement of fuzzy seta € M, ie., alt =1x —a.

Here, 1x denotes the constant function with the value 1; analogously, the symbols (1/2) and 0x denote
the constant functions with the value 1/2, and 0, respectively. Additionally, the relation < denotes
the usual order relation of fuzzy subsets of X, i.e., a < b if and only if a(x) < b(x), for every x € X.
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The complementation L : a — at, a € M, satisfies, for every a,b € M, the conditions: (i) (al) =a,

and (ii) a < b implies bt <at.

Fuzzy subsets a,b € M with the property a Nb = Ox are said to be separated, fuzzy subsets
a,b € M with the property a < b are said to be W-separated fuzzy sets. Any fuzzy subset a € M with
the property a > a* is said to be a W-universum, any fuzzy subset a € M with the property a < a*
is said to be a W-empty fuzzy set. A fuzzy set from the fuzzy o-algebra M is interpreted as a fuzzy
event. W-separated fuzzy events are considered to be mutually exclusive events. A W-universum is
interpreted as a certain event, a W-empty set as an impossible event. It can be shown that a fuzzy
subset a € M is a W-universum if and only if there exists a fuzzy subset b € M such thata = b U b~.

Naturally, the notion of a fuzzy measurable space generalizes the concept of a measurable
space (X, S) from the classical measure theory; it suffices to put M = {x : E € S}, where xf is the
characteristic function of the set E € S. With this procedure, the classical model can be inserted into
the fuzzy one.

Definition 2 ([59]). Let (X, M) be a fuzzy measurable space. A map y: M — [0,1] is said to be a fuzzy
P-measure, the following conditions being satisfied: (i) u(aUa') = 1, for every a € M; (ii) if {a,}; ; isa
sequence of pairwise W-separated fuzzy sets from M, then ju(US_ya,) = Yorq (an). The triplet (X, M, u) is
called a fuzzy probability space.

The fuzzy P-measure u : M — [0, 1] has the properties that correspond to properties of a classical
probability measure; the proofs can be found in [59].

(P1) u(at) =1-pu(a),foreverya € M.

(P2) u is non-decreasing, i.e., ifa,b € M witha <, then u(a) < u(b).
(P3) u(aub)+u(anb) = wu(a)+ u(b), for every a,b € M.

(P4) Letb € M. Then u(anb) = pu(a) for alla € M if and only if u(b) = 1.
(P5) Ifa,b € M such thata < b, then u(anb) = 0.

(P6) Ifa,b € M such thata < b, then u(b) = pu(a) + u(at Nb).

Definition 3 ([14]). A fuzzy partition of a fuzzy probability space (X, M, u) is a collection A = {ay,ap,...,an}
of W-separated fuzzy sets from M with the property u(U_ja;) = 1.

In the system of all fuzzy partitions of (X, M, u), we define the refinement partial order in the
following way. If A and B are two fuzzy partitions of (X, M, 1), then we say that B is a refinement
of A (and write A < B), if for every b € B there exists 1 € A such that b < a. Furthermore,
for every two fuzzy partitions A = {ay,ay,...,a,}, and B = {by,by,..., by} of (X, M, ), we put
AVB = {a;Nb;i=1,2,...,n,j=1,2,...,m}. One can easily to verify that the family AV B is
a family of pairwise W-separated fuzzy sets from M; moreover, by the property (P4), we have
y(uleu;?;l(a,» N b]-)) =u ((U?Zla,-) N (U;":1bj>) = pu(U",a;) = 1. Thus, AV B is a fuzzy partition
of (X, M, u). It represents a combined experiment consisting of a realization of the experiments A
and B. Evidently, it holds A < AV B, and B < AV B, i.e., the fuzzy partition A V B is a common
refinement of fuzzy partitions A and B. If Ay, Ay, ..., A, are fuzzy partitions of (X, M, u), then we put
VI A=A VA V...V A,

Definition 4. Two fuzzy partitions A = {ay,ay,...,a,}, and B = {by,by, ..., by} of a fuzzy probability
space (X, M, u) are said to be statistically independent, if p(a; Nb;) = u(a;) - u(bj), fori = 1,2,...,n,
j=12,...,m

Example 1. Let us consider a classical probability space (X, S, P), and put M = {xg : E € S}. It can be
verified that the map y : M — [0,1] defined by u(xg) = P(E), for every xg € M, is a fuzzy P-measure and
the triplet (X, M, ) is a fuzzy probability space. A classical measurable partition A = {E1,Ey,...,E,} ofa
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probability space (X, S, P) can be eventually regarded as a fuzzy partition of (X, M, i), considering xg, instead
Of Ei-

The Shannon entropy of fuzzy partition of a fuzzy probability space (X, M, ) has been introduced
and examined in [23], see also [25].

Definition 5 ([23]). We define the entropy of a fuzzy partition A = {ay,ay,...,a,} of (X, M, ) by

Shannon’s formula:
n

H'(A) = =) p(a;) -logp(a). ey
i=1
If A={ay,ay,...,an}, and B = {by,by,..., by} are two fuzzy partitions of (X, M, jt), then we define
the conditional entropy of A given B by the formula:

H*(A/B) = —i iy(uiﬂb ) - logy(al ny)

—_— 2
i=1j=1 w(bj) @

with the convention that 0 - log% =0ifx>0.

The symbol log denotes the base 2 logarithm, so the Shannon entropy of fuzzy partition is
expressed in bits. The entropy and the conditional entropy of fuzzy partitions have properties that
correspond to properties of Shannon’s entropy of classical measurable partitions: for every fuzzy
partitions A, B, C of a fuzzy probability space (X, M, u), it holds:

(S1) A < Bimplies H*(A) < H¥(B);

(52) H*(AVB/C)=H"(A/C)+H!(B/CV A);

(S3) A < Bimplies H*(A/C) < H*(B/C);

(S4) A < Bimplies H*(C/A) > H*(C/B);

(S5) HM(A/B) < H*(A) with the equality if and only if A, B are statistically independent;
(S6) H*(BVC/A) < HM(B/A)+H!'(C/A);

(S7) H*(AV B) = H'(A)+ H"(B/A).

The proofs can be found in [23,25]. We remark that in [15-22,26-31], other conceptions of fuzzy
partitions and their entropy measures have been introduced. Whereas our approach is based on
Zadeh’s connectives, in the referenced papers Zadeh’s connectives have been replaced by other fuzzy
set operations.

We note that in [32], the concept of Kullback-Leibler divergence in the fuzzy probability
space was introduced. Let j, v be two fuzzy P-measures on a fuzzy measurable space (X, M),
and A = {ay,4ay,...,a,} be a fuzzy partition of fuzzy probability spaces (X, M, ), (X, M, v). Then the
Kullback-Leibler divergence of fuzzy P-measures y, v with respect to A is defined as the number:

A 0) = - pu(as) - log L) &)

i=1 v(ai)

with the convention that x log % =ocoifx > 0,and 0-log % =0ifx > 0.
In the following sections, we will use the following known Minkowski inequality: for non-negative
real numbers x1, X2, ..., Xn, Y1,Y2,- .., Yn, it holds:

R

,forR > 1,

n

Y (i + )R

i=1

>

n
£
i=1

R n
+ Z]/i
i=1

and
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R

+ ,for0 < R < 1.

n
ZyiR

i=1 =

1
n R R R n
E Xi 2 X+ y i
i=1
Furthermore, we will use the Jensen inequality which states that for a real convex function ¢, real
numbers x1, x, . .., Xy in its domain and non-negative real numbers a7y, ay, . .., a,; with Z}”Zl aj = 1,
it holds:

¢ (Z “fx;) < ) o)),
=1 =1

and the inequality is reversed if ¢ is a real concave function. The equality holds if and only if
X] =Xy =...= Xy, or @ is linear.

In addition, we will use L'Hopital’s rule: for functions f and g that are differentiable on an open
interval U except possibly at a pointa € U, if lim f(x) =lim g(x) =0, ¢ (x) #0, for every x in U with

X # a,and 11m£ E ; exists, then:

lim@ = limf/(x)
Pag(x)  wng(x)’

3. The R-Norm Entropy of Fuzzy Partitions

In this part we define the R-norm entropy of a fuzzy partition and its conditional version and
study the properties of these entropy measures. It is shown that as the limiting cases of the R-norm
entropy and the conditional R-norm entropy of fuzzy partitions for R going to 1, we obtain the Shannon
entropy H"(A), and the conditional Shannon entropy H#(A/B), respectively, expressed in nats.

Definition 6. Let A = {ay,ay,...,a,} be a fuzzy partition of a fuzzy probability space (X, M, ). The R-norm
entropy of A with respect to y is defined, for a positive real number R not equal to 1, by the formula:

HA(A) = o (1 - [iu(m)’ﬂ ) @

Remark 1. For simplicity, we write u(a;)X instead of (p(a;))®. In the following, we will write log Y, u(a;)®
instead of log( . y(ai)R).

Theorem 1. For arbitrary fuzzy partition A of a fuzzy probability space (X, M, p), the R-norm entropy Hy (A)
is non-negative.

Proof. Assume that A = {aq,4a,...,a,}. We will consider two cases: the case of R > 1, and the
case of 0 < R < 1.If R > 1, then y(ai)R < u(a;), fori = 1,2,...,n, hence Zl’-;ly(ai)R <

1
Y4 p(a;) = 1. This implies that [ " y(al-)R} ¥ < 1. Since 25 > 0for R > 1, it follows that

1
HR(A) = & (1 — { " y(ai)R} R) > 0. On the other hand, for 0 < R < 1, it holds that y(ai)R >

u(a;), fori = 1,2,...,n, hence E?:ly(ai)R > Y, u(a;) = 1. It follows that { " y(a,»)R} B>
1

Since z&; < 0for 0 < R < 1, we obtain H(A) = RR_l(l — [ )] R) >0.0

Example 2. Let X = [0,1], and a:X —[0,1] be defined by a(x) = xx € X

Consider a fuzzy measurable space (X, M), where M = {1X, Ox, a, at, aUat, aﬂal}. Then it

can be easily verified that the mappings p: M — [0,1], and v: M — [0,1] defined by the equalities
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n(lx) = paUat) =1, u(0x) = p(anat) =0, u(a) = pat) = 3 v(lx) = v@uat) = 1,
v(0x) = v(anat) =0,v(a) = %, v(at) = %, are fuzzy P-measures and the systems (X, M, u), (X, M, v)
are fuzzy probability spaces. The sets A = {a,at}, B = {aUal}, C = {1x} are fuzzy partitions
of (X,M,u), and (X, M, v) such that C < B < A. We can calculate their R-norm entropy. Evidently,
Hf(B) = H(C) = H4(B) = HY(C) = 0; in accordance with the natural requirement, experiments resulting

in a certain event have zero R-norm entropy. Furthermore, we have:

HI’é(A):RR_l(l_[(;>R+(-}Z>R]}{):RR—l(l_21RR>’
HI‘Q(A)_RR_l(l_[Qi)R_'_(;)R ;)

If we put R = 1, then Hy(A) = 1, H3(A) = 0.9428; for R = 1, we have HR(A) = 1.5,
Hp(A) = 1.4236; for R = 2, we have Hﬁ(A) 0.58579, and Hy (A) = 0.50928.

Definition 7. Let A = {ay,as,...,a,},and B = {by, by, ..., by} be two fuzzy partitions of a fuzzy probability
space (X, M, pt). Then the conditional R-norm entropy of A given B with respect to y is defined, for a positive
real number R not equal to 1, by the formula:

e

Remark 2. Let A be a fuzzy partition of a given fuzzy probability space (X, M, u). Evidently, if we put B = {b},
where b € M is a W-universum, then Hﬁ(A/B) = Hﬁ(A).

==

- [i iﬂ(“i ﬁbj)R] R)~ 5)

j=1i=1

The following theorem shows the consistency of the conditional R-norm entropy H ﬁ (A/B),in the
case of the limit of R going to 1, with the conditional Shannon entropy H*(A/B) defined by the
formula (2), up to a positive multiplicative constant.

Theorem 2. Let A = {ay,ay,...,a,}, and B = {by, by, ..., by} be two fuzzy partitions of a
given fuzzy probability space (X, M, u). Then Il{imlHﬁ(A/B) = c- H'(A/B), where ¢ = @,
—

b.
and HF(A/B) = =i, Y%y u(ai N b)) - log (:(2)]).

Proof. In the proof, we use L'Hopital’s rule Il{im (Jg% = Il{im £ :Egg , where in this case a = 1. For every
—a —a

€ (0,1) U (1,0), we can write:

HR(A/B) = (LZP‘ - [i iﬂ(”i ﬂbj)R] ): g(g,

j=1i=1

where f, ¢ are continuous functions defined for R € (0, o) in the following way:

= ji=1i=1

iﬂ(bj)R] - Li Y. pla ﬂbj)R] ,8(R) =1~ %

By continuity of the function g, we get Ilalml g(R) = g(1) = 0. Furthermore, by continuity of the
—
function f, and by the property (P4) of fuzzy P-measure y, we get 1121311 f(R) = f(1) = &% u(bj) —
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Y L p(ainby) =1— Y u((Ua) Nb;) = 1=, u(b;) = 1-1 = 0. Using L'Hopital’s rule,
this implies:
lim f'(R)
lim Hh(A/B) = 220
lim¢’(R)
R—1
under the assumption that the right-hand side exists. To find the derivative of the function f(R) we

use the identity b* = e*!n?. Let us calculate:

llngﬂ(b')R m
R K ]
o = A (i )+ kgt £ )" lnu(b]))
llni 5 p(a;Nb;) nom
R g ]
—e =lEL _1%2 Iny Zy(a,ﬂb])R—Q—% S— ) Zy(n,ﬂb)R Inp(a; N b;)
i=1j= Y ¥ w(ainby)i=1j=1

. . / 1 i —_ .
Since Ilzlgll ¢ (R) = 11{1311 R2 1, we obtain:
”l m n m
hmH R(A/B) = hmf (R) = Zly(b]-) ‘Inp(b;) — ¥ ¥ p(aiNbj) - Inp(a; Nby)

- ﬁ £ ety inp(ey) — £ £ plainty) inpla 0y

i
log ji(aiNb;)  log u(b;) nom w(a;Nb;)
= _.Z Z p(a ( loge logej ) = _lolge,z X u(a; ﬂb) gP‘T}')]' O

Il
—_
-.
Il
—_

Theorem 3. Let A = {ay,ay,...,a,} be a fuzzy partition of a fuzzy probability space (X, M, ).
Then Il{lmlHIV{(A) = c- H*(A), where H*(A) = =Y/"; u(a;) - logu(a;), and ¢ = @
—

Proof. The claim is a direct consequence of the previous theorem; it suffices to put B = {1x}. O
In the following, the properties of the R-norm entropy of fuzzy partitions are discussed.

Theorem 4. For arbitrary fuzzy partitions A, B and C of a fuzzy probability space (X, M, ), it holds that:

HR(AV B/C) = HR(A/C) + H(B/AV C). (6)

Proof. Suppose that A = {ay,a;,...,a,}, B={b1,by,..., b}, C={c1,c2,...,¢r}. Let us calculate:

)

1
- [o o T N 6] R): HY(A/C)+HE(B/AVC). O

1

==

Hy(AV B/C) = %([Zk 1i(e)® " = [T T T wain b )|

- ([ w0 = [ i wna)®] )

= H

e ([T T wtain a0
Theorem 5. For arbitrary fuzzy partitions A, B of a fuzzy probability space (X, M, u), it holds that:
HR(AV B) = Hy(A) + Hy (B/ A). ”

Proof. The claim is a direct consequence of the previous theorem; it suffices to put C = {1x}. O

In the following theorem, using the notion of conditional R-norm entropy of fuzzy partitions,
chain rules for the R-norm entropy of fuzzy partitions are established.
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Theorem 6. Let Ay, Ay, ..., A, and C be fuzzy partitions of a fuzzy probability space (X, M, u). Then,
forn =2,3,..., the following equalities hold:

(i)  HR(AIV A V...V Ay) = Hy(Ar) + X0, H(A/ ViZL Ay);
(i) HR(VI_A;/C) = HR(A1/C) + YL, H(A;/ (VIZL A v Q).

Proof. The proof can be done using mathematical induction and Theorems 4 and 5.

In the following we prove that the R-norm entropy Hf (A) is a concave function on the class of all
fuzzy P-measures on a given fuzzy measurable space (X, M).

Proposition 1. Let y, v be two fuzzy P-measures on a given fuzzy measurable space (X, M). Then, for every
real number A € [0,1], the map Ay + (1 —A)v: X — [0,1] is a fuzzy P-measure on (X, M).

Proof. It is straightforward. [

Theorem 7. Let A be a fuzzy partition of fuzzy probability spaces (X, M, i), (X, M, v). Then, for every real
number A € (0,1, this inequality holds:

AHE(A) + (1= A)HY(A) < HY TN a),

Proof. Let A = {ay,ay,...,a4}, and A € [0,1]. Putting x; = Au(a;), and y; = (1 — A)v(a)),
fori = 1,2,...,n, in the Minkowski inequality, we obtain for R > 1:

A [iu(aiﬁ] (1) [21 v(aﬂ >

andforO < R < 1:
& R
-A) [2 v(a;) ]
i=1

A [iu(aﬂ

This means that the function y — [ " ]/t(ai)R} is convex in u for R > 1, and concave in y for

==
==

=

(Ap(a;) + <1—A>v<ui>>R] ,

Il
—_

==
==
==

n

Y (A (1-A) <ui>>R]

i=1

==

1
0 < R < 1. Therefore, the function y — 1 — [ A ;4( )R} * is concave in ufor R > 1, and convex in y

for0O< R < 1. EV1dently, 71 > 0forR > 1,and g 1 < 0for 0 < R < 1. According to definition of the
R-norm entropy Hj (A), we obtain that for every R € (0,1) U (1, 0), the R-norm entropy p — Hy(A)
is a concave function on the family of all fuzzy P-measures on a given fuzzy measurable space (X, M).
Thus, for every A € [0,1], it holds that:

AHE(A) + (1= M) HY(A) < HYy P24y, O

Proposition 2. Let A, B be fuzzy partitions of a fuzzy probability space (X, M, u) such that A < B. Then there
exists a partition {Iy, I, ..., I} of the set {1,2,...,m} such that y(a;) = Yiel, y(bj),fori =1,2,...,n

Proof. By the assumption, for every b € B there exists 4 € A such that b < a. Let us denote by
I; the subset of the set {1,2,...,m} such that for every j € I, it holds that b]- <ua,i=12,...,n
Then the set {I;,I,..., I, } is a partition of the set {1,2,...,m} and Ujerb; < a, fori =1,2,...,n
By monotonicity of fuzzy P-measure y, p(a;) > p(Ujerbj) = Lier, u(bj), forz =1,2,...,n. Summing
overi =1,2,...,n,weget )} ! u(a;) > YL 12j€1iy(b) Y% u(bj) = 1. Since Zi:l w(a)) =1,
it follows that p(a;) = Yy, p(b;), fori =1,2,...,n. 0
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Theorem 8. Let A, B, C be fuzzy partitions of a fuzzy probability space (X, M, ) such that A < B. Then:
(i) HR(A) < HR(B);
(i) HR(A/C) < HR(B/C).

Proof. (i) Assume that A = {ay,ay,...,a,}, B = {by,bs,..., b}, A < B. According to Proposition
2 there exists a partition {Iy,Ip,..., I} of the set {1,2,...,m} such that u(a;) = Yy pu(b;),
fori = 1,2,...,n.For the case of R > 1, we obtain:

R
V(ﬂz‘)R = (Z H(bj)> > Zy(bj)R, fori=1,2,...,n,

jeli =

and consequently:

Hence .

[ﬁwﬁ]

Since % > 0 for R > 1, we conclude that:

Hi(A) = RR1<1— [ilu(ai)ﬂ ) < RR1<1_ Lﬁy(b;)ﬂ ) — H(B).

For the case of 0 < R < 1, we get:

vV

1

1=

=

—

S

SN—

el
—_
==

N

R
V(ﬂz‘)R = (Z pl(bj)> < Zy(bj)R, fori=1,2,...,n,

JEL

and consequently:

Therefore:

Since % < 0for0 < R < 1, we have:

1

) < e (1— Liy(bj)R] ) — HI(B).

(ii) By the assumption, for every b € B there exists a € A such that b < a. Hence, for arbitrary
element b N c of fuzzy partition B V C there exists aNc € AV C such that bNc < aNc. This means
that AV C < BV C. Therefore, we get:

HAA) = o (1— [imﬁ

HR(A/C) = HR(AV C) — HR(C) < HR(BV C) — HR(C) = HR(B/C). O

Theorem 9. Let A, B be statistically independent fuzzy partitions of a fuzzy probability space (X, M, u). Then:
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HA(A/B) = Hy(A) — =L HA(A) - HA(B).

Proof. Let A = {ay,ay,...,a,},and B = {by, by, ..., by }. By the assumption, p(a; N b]-) = u(a;) - y(bj),
fori=1,2,...,n,j=1,2,...,m. Therefore we can write:

Hp(ar8) = o ([Ep ey - o ot wwn )] )

= & ([gane)  [mo)] [Ea ] )

In view of Theorems 5 and 9, the R-norm entropy does not have the property of additivity, but it
satisfies the property that is called pseudo-additivity, as stated in the following theorem.

Theorem 10. (Pseudo-additivity). Let A, B be statistically independent fuzzy partitions of a fuzzy probability
space (X, M, ). Then:
R-1

H{(AV B) = HY(A) + HY(B) — =~ H}(A) - Hy(B).

Proof. The result follows by combining Theorems 5 and 9. [

4. The R-Norm Divergence of Fuzzy P-Measures

In this part, the concept of the R-norm divergence of fuzzy P-measures is defined. In order to
avoid expressions like 8, we will use in this section the following simplification: for any fuzzy partition
A ={ay,ay,...,a,} of a fuzzy probability space (X, M, ), we assume that y(a;) >0, fori =1,2,...,n.
Note that this is without loss of generality, because Y"1 14(a;) =Yi.;,(a;)>0 #(a;). We will prove basic
properties of this quantity. The results are illustrated with numerical examples.

Definition 8. Let i, v be two fuzzy P-measures on a fuzzy measurable space (X, M), and A = {ay,a,,...,a,}
be a fuzzy partition of fuzzy probability spaces (X, M, u), (X, M, v). The R-norm divergence of fuzzy P-measures
1, U with respect to A is defined, for a positive real number R not equal to 1, as the number:

DA 0) = og ([éu(a»%(a»”} - 1). ®

Remark 3. It is easy to see that, for any fuzzy partition A of a fuzzy probability space (X, M, u), we have
DR (u [l w) =0.

The following theorem states that the R-norm divergence D4 (u || v) is consistent, in the case of
the limit of R going to 1, with the Kullback-Leibler divergence D 4 (y || v) defined by formula (3), up to
a positive multiplicative constant.

Theorem 11. Let A = {ay,ay,...,a,} be a fuzzy partition of fuzzy probability spaces (X, M, u), (X, M, v).

1(a;) _ 1
v(a;)” and ¢ = loge*

Then lim Dy (4 || v) = ¢+ Da(p || v), where D (p || v) = iy p(a;) log
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Proof. For every R € (0,1) U (1,00), we can write:

DA || v) = (L,_Sy R] —1):?1’3,

R

where f, ¢ are continuous functions defined for R € (0, o0) by the formulas:

- - 1
FR) = | Yo na) ola) ™ | —1,g(R) =1~ .
i=1
By continuity of the functions f, g, we get Il{lmlf(R) =f(1) =Y u(aj)v(a )N —1= ou(a) —
—

1=1—-1=0,and Il{unl ¢(R) = g(1) = 0. Using L'Hopital’s rule this implies that:
—

fef(R) = "E (i £ ) ot

ke gy £ (r(@) o) o) + ofa) () Inp) ).
Since llzigllg’(R) = Il{lga% =1, we get:

lm D (| 0) = im f'(R) = X (w(ai) - Inp(ar) — (@) - Inv(a)

= 1 (o) - RE — pas) Rl ) = e 1 () log { = pgDap ]| 0). O

Remark 4. Evidently, if the Kullback—Leibler divergence D o (y || v) is expressed in terms of a natural logarithm,
then it is the limiting case of the R-norm divergence D4 (u || v) for R going to 1.

Let A = {ay,ay,...,a,} be a fuzzy partition of fuzzy probability spaces (X, M, u), (X, M, v).
In [32], it has been shown that for the Kullback-Leibler divergence D4 (u || v) it holds the Gibbs
inequality D4 (u || v) > 0 with the equality if and only if y(a;) = v(a;), fori =1,2,...,n. This result
allows us to interpret the Kullback-Leibler divergence D 4(y || v) as a distance measure between two
fuzzy P-measures (over the same fuzzy partition). In the following theorem, we present an analogy of
this result for the case of the R-norm divergence.

Theorem 12. Let A = {ay,ay,...,a,} be a fuzzy partition of fuzzy probability spaces (X, M, u), (X, M, v).
Then DZ (|| v) > O with the equality if and only if u(a;) = v(a;), fori =1,2,...,n

Proof. We shall consider two cases: the case of R > 1, and the case of 0 < R < 1.
Consider the case of R > 1. The inequality follows from Jensen’s inequality for the function ¢

defined by ¢(x) = x' R, for every x € [0,00), and putting &; = u(a;), x; = ZEZ'%, fori=1,2,...,n
The assumption that R > 1 implies 1 — R < 0, hence the function ¢ is convex. Therefore, by Jensen’s

inequality we obtain:
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1= (g, v(a) " (Z,"lﬂ( )(<’3>17 <YY" u(a )( ((”i))

and consequently:
n
[Z w(ai) o(a)' ™"
i=1

Since % > 0 for R > 1, it follows that:

DA | v) = (lZy Rr_l) >0

For 0 < R < 1, the function ¢ defined by ¢(x) = x! "R, for every x € [0, %), is concave. Hence,
using the Jensen inequality, we obtain:

" 1-R n ( ) 1-R
1= <;V(ﬂi)> = (;#(ﬂi);(f:)) >

and consequently:

=
7 N
=
2
SIS
SN—
T
=
M=
s

==

[i u(a)Ro(a) R

i=1

Since % < 0for0 < R < 1, we conclude that:

DA | 0) = ([Ey RF_l) >0

The equality in (9) holds if and only if ZEZI; is constant, fori = 1,2,...,n, i.e, if and only if

v(a;) = cu(a;), fori =1,2,...,n. Taking the sumoveralli = 1,2,...,n,weget Y/' ; v(a;) =cy;" ; u(a;),
which implies that ¢ = 1. Therefore, v(a;) = u(a;), fori = 1,2,...,n. This means that D% (4 || v) = 0if
and only if y(a;) = v(a;), fori=1,2,...,n.0

In the example that follows, it is shown that the equality D% (i || v) = D4 (v || p) is not necessarily
true which means that the R-norm divergence D4 (u | v) is not symmetrical. Therefore, it is not a
metric in a true sense.

Example 3. Consider the fuzzy probability spaces (X, M, u), (X, M, v) defined in Example 2 and the fuzzy
partition A = {a,a*} of (X, M, ), (X, M, v). Let us calculate the R-norm divergencies D¢ (u || v), and

DR(vll p)
R, \1-R R . 1-R
gt o= ([(1)° () "+ (1) @] ),
1
R/ \1-R R/ \1-R]R
ot 1= [(1)°(1) "+ 1) ).
Put R = 2. Elementary calculations show that D} (u || v) = 0.1213, and D{ (v || u) = 0.1082, thus

D (u || v) # D& (v || p). For R = %, we have D (p || v) = 0.0188, and D§ (v || p)= 0.01908, i.c.,
Df/3(;¢ | v) # D{‘B(v || ). This means that D} (u || v) # D2 (v || u), in general.

NI=
WIN
==
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Theorem 13. Let p, v be two fuzzy P-measures on a fuzzy measurable space (X, M), and A = {ay,ay,...,an}
be a fuzzy partition of fuzzy probability spaces (X, M, u), (X, M, v). In addition, let v be uniform over A, i.e.,
v(a;) = %,fori =1,2,...,n. Then, it holds that:

H(A) = o (1= n'%) =T DA | ). (10)

Proof. Let us calculate:

It follows that: R
HR(A) = == (1=n"% ) =n'® DR | v). O

Example 4. Consider the fuzzy P-measures p, v from Example 2 and the fuzzy partition A = {a,a’} of
fuzzy probability spaces (X, M, ), (X, M, v). The fuzzy P-measure y is uniform over A. Put R = 2. Based on
previous results, we have D% (v || ) = 0.1082, and HY(A) = 0.50928. Let us calculate:

R

= (1 —2%) — 2% DA || p) = 2(1 —2*%) —272.0.1082 = 0.50928.

Thus, the Equality (10) holds.

As a direct consequence of Theorems 12 and 13, we obtain the following property of the R-norm
entropy of fuzzy partitions:

Corollary 1. For arbitrary fuzzy partition A = {ay,ay, ..., an} of a fuzzy probability space (X, M, u), it holds that:

R 1-R
H < — —
HR(A)_R 1(1 nR)
with the equality if and only if the fuzzy P-measure y is uniform over A.

Theorem 14. Let yy, pip, v be fuzzy P-measures on a fuzzy measurable space (X, M, u1), and A be a fuzzy
partition of fuzzy probability spaces (X, M, uz), (X, M, v). Then, for every real number A € [0,1], it holds that:

Df (A1 + (1= M)z || v) < ADE (ua [ v) + (1 = A)DR (2 | v).

Proof. Assume that A = {ay,ay,...,a4,}, and A € [0,1]. Putting x; = Ayl(ai)v(ai)%

1-R

yi= (1=A)ua(a;)v(a;) ® ,i=1,2,...,n,in the Minkowski inequality, we get for R > 1:

, and
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A
gl
—_
/N
>
=
—_
—
N
—~
N
4
~—
=
—_
+
| — |
i
—_
/N
—
—_
I
>
N—
=
N
—
2
N
<
—~
2
N
g
~—
=
—_
A=

andforO< R < 1:

==

[T () + <1—A>uz<af>>Rv<ﬂf>l’R}
> o (ot )]+ [ (- Dpataan )|

—)\{Zz L ta(a)Ro(a)' R}%—F [ i 1ﬂz(ﬂi)RU(ﬂi)l_R}

==

A=

1
This means that the function y — [ L ‘u(ai)Rv(ai)lfR} ® is convex in p for R > 1, and concave

1
in p for 0 < R < 1. The same applies to the function y — [2?:1 y(ai)Rv(ai)l_R} ¥ —1. Since 25 >0
for R > 1,and &% < 0for 0 < R < 1, we conclude that the function u +— D4 (s || v) is convex on the

family of all fuzzy P-measures on a given fuzzy measurable space (X, M). Thus, for every real number
A € [0,1], it holds that:

DR (A + (1= A)pz [ v) < ADR (a | v) + (1 = A)Dg (2 || v). O

Theorem 15. Let A = {ay,ay, ..., a,} be any fuzzy partition of a fuzzy probability space (X, M, u). Then:

(i) 0 <R < 1limplies DR(p || v) < Da(p || v);
(i) R > 1implies D4 (u || v) > Da(p || v),

where

Alpllv) = fﬂ (a;) log EQ

i=1

Proof. In the proof we use the Jensen inequality for the concave function ¢ defined by ¢(x) = logx,

R-1
for x € (0,00), and putting &; = p(a;), x; = (;EZ’%) ,fori=1,2,...,n.Since the logarithm satisfies

the condition log x < x — 1, for all real numbers x > 0, we get:

log

< lZ y(a,-)vai)l‘R] L (11)
i=1

Suppose that 0 < R < 1. Then % < 0 and using the inequality (11) and the Jensen inequality,
we can write:
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1
DA 1 0) = e ( [ wlaota) 4] = 1)
1
< %log{ (e o(a) ] " = ey log Ky a) v(a)'
a R-1 o R—1
= R rlog i, V(az)(ﬁgﬂjg) < ﬁﬂ;l y(ai)log(ﬁ ai;)

= YLy (e log B2 = D || v),

The case of R > 1 can be obtained in the similar way. [

Example 5. Consider the fuzzy P-measures p, v from Example 2 and the fuzzy partition A = {a,a} of fuzzy
probability spaces (X, M, u), (X, M, v). Based on the results from Example 3, we have D4\ (u || v) = 0.1213,
D (v || ) = 0.1082, Df‘/3(pt || v) = 0.0188, Df‘/3(v || #) = 0.01908. By simple calculation we get that
D4(p || v) = 0.084963, and D (v || 1) = 0.081703. Thus, for R = % we have D4 (u || v) < Da(p | v),
DA(v || 1) < Do || w); and for R = 2 we have Dt || v) > Da(p || v), and DR (v || 1) > Da(v || ),
which is consistent with the statement in the previous theorem.

We conclude our contribution with the formulation of a chain rule for the R-norm divergence in
the fuzzy case. First, we define the conditional version of the R-norm divergence of fuzzy P-measures.

Definition 9. Let A = {ay,az,...,a,}, B = {b1,bs,..., by} be two fuzzy partitions of fuzzy probability
spaces (X, M, u), (X, M, v). Then, we define the conditional divergence of fuzzy P-measures y, v with respect
to B assuming a realization of A, for a positive real number R not equal to 1, as the number:

DR Il v) = ([ifwmb ol by)!” r— imai)%(m)l*r).

i=1j=1

Theorem 16. Let A, B be two fuzzy partitions of fuzzy probability spaces (X, M, i), (X, M, v). Then

DRVP(u || v) = DR (p || 0) + DR/ (|| v)-
Proof. Assume that A = {ay,ay,...,a,}, B={b1,b2,..., b }. Then we have:

D4 (u || v) +DB/A(V | v) = RRG ?:1V(ai)Rv(ai)1’Rﬁ _ 1)
xla ([ a1y otas )] | ?m(a»Rv(ai)”]}‘)
= RRl({ my X a0 b)) o(a ﬂbj)l_Rﬁ - 1) =DEVB(u||v). O

5. Conclusions

In this article, we have extended the study of entropy measures and distance measures in the
fuzzy case. Our goal was to introduce the concepts of R-norm entropy and R-norm divergence for
the case of fuzzy probability spaces and to derive basic properties of these measures. Our results are
presented in Sections 3 and 4.

In Section 3, we have defined the R-norm entropy and conditional R-norm entropy of fuzzy
partitions of a given fuzzy probability space and have examined the properties of the proposed entropy
measures. In particular, it has been shown that the R-norm entropy of fuzzy partitions does not have
the property of additivity, but it satisfies the property called pseudo-additivity, as stated in Theorem
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10. In Theorem 6, chain rules for the R-norm entropy of fuzzy partitions are provided. Moreover,
it was shown that the Shannon entropy and the conditional Shannon entropy of fuzzy partitions can
be derived from the R-norm entropy and conditional R-norm entropy of fuzzy partitions, respectively,
as the limiting cases for R — 1.

In Section 4, the concept of R-norm divergence of fuzzy P-measures was introduced and the
properties of this quantity have been proven. Specifically, it was shown that the Kullback-Leibler
divergence defined and studied in [32] can be derived from the R-norm divergence of fuzzy P-measures,
as the limiting case for R — 1. The result of Theorem 12 allows us to interpret the R-norm divergence
as a distance measure between two fuzzy P-measures. Theorem 13 provides a relationship between the
R-norm divergence and the R-norm entropy of fuzzy partitions; Theorem 15 provides a relationship
between the R-norm divergence and the Kullback-Leibler divergence of fuzzy P-measures. In addition,
the concavity of R-norm entropy (Theorem 7) and convexity of R-norm divergence (Theorem 14) have
been demonstrated. Finally, using the suggested concept of conditional R-norm divergence of fuzzy
P-measures, the chain rule for the R-norm divergence of fuzzy P-measures was established.

In the proofs, the Jensen inequality, L'Hopital’s rule, and the Minkowski inequality were used.
The results presented in Sections 3 and 4 are illustrated with numerical examples.
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