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Abstract: In the paper by Riecan and Markechova (Fuzzy Sets Syst. 96, 1998), some fuzzy
modifications of Shannon’s and Kolmogorov-Sinai’s entropy were studied and the general scheme
involving the presented models was introduced. Our aim in this contribution is to provide analogies
of these results for the case of the logical entropy. We define the logical entropy and logical mutual
information of finite partitions on the appropriate algebraic structure and prove basic properties of
these measures. It is shown that, as a special case, we obtain the logical entropy of fuzzy partitions
studied by Markechové and Rie¢an (Entropy 18, 2016). Finally, using the suggested concept of
entropy of partitions we define the logical entropy of a dynamical system and prove that it is the
same for two dynamical systems that are isomorphic.
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1. Introduction

The study of the concept of entropy is very important in contemporary sciences. Entropy has
been applied in information theory, physics, computer sciences, statistics, chemistry, biology, sociology,
general systems theory and many other fields. The classical approach in information theory is based
on Shannon’s entropy [1,2]. In connection with the issue of the isomorphism of dynamical systems,
using Shannon’s entropy, Kolmogorov and Sinai have defined the entropy of dynamical systems [3-5].
Thus, they developed a method for distinguishing non-isomorphic dynamical systems by means
of which they proved the existence of non-isomorphic Bernoulli shifts. Some fuzzy generalizations
of Shannon’s and Kolmogorov-Sinai’s entropy were introduced by Rie¢an [6-9] (see also [10]) and
Markechové [11-14]. It is known that there are many possibilities for defining operations with fuzzy
sets; an overview can be found in [15]. While the model of Markechova was based on the Zadeh
connectives, in the model studied by Riecan, the Lukasiewicz connectives were used to define the
fuzzy set operations. In [16] Rie¢an and Markechové introduced a general algebraic theory involving
both models as special cases.

In [17-19] the authors deal with studying the concept of logical entropy. If P = (py,...,pn) € R"is
a probability distribution, then the logical entropy of P is defined as the number 1(P) = YI' ; pi(1 — p;).
More details about the concept of logical entropy can be found, e.g., in [20], where the author deals,
inter alia, with historical aspects of the logical entropy formula /(P) and investigates the relationship
between the logical entropy and Shannon’s entropy. In the cited paper, the notions of logical conditional
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entropy, logical mutual information, logical cross entropy and logical divergence and their properties
were also studied. In [21] Ebrahimzadeh defined and studied the notions of logical entropy of partitions
and logical entropy of dynamical systems in quantum logics and in [22] the author introduced the
notion of conditional logical entropy of dynamical systems on quantum logics. In the recently published
paper [23], Markechova and Rie¢an deal with the study of logical entropy of fuzzy partitions and fuzzy
dynamical systems.

In this paper, we provide analogies of the results of Rie¢an and Markechova given in [16] for
the case of the logical entropy. We define the logical entropy and logical mutual information of
finite partitions on an appropriate algebraic structure and prove basic properties of these measures.
As a special case we obtain the logical entropy of fuzzy partitions introduced in [23]. It is noted that
some investigations concerning entropy of dynamical systems and related notions in the above setup
were conducted in [24-37].

The paper is organized as follows. In the next section, we give the basic definitions and some
already known results used in this paper. In Section 3, the logical entropy, conditional logical entropy
and logical mutual information of finite partitions on an appropriate algebraic structure are defined
and basic properties of these measures are proved. In Section 4, we define the logical entropy of
a dynamical system using the suggested concept of logical entropy of finite partitions. Finally; it is
shown that the logical entropy of dynamical systems is invariant under isomorphisms. Our results are
summarized in the final section.

2. Basic Definitions and Facts

As in [16] we shall consider the algebraic structure (F, &, ®, 1r), where F is a non-empty partially
ordered set, @ is a partial binary operation on F, ® is a binary operation on F, 1 is a fixed element of
F, and two mappings m : F — [0, 1] and s : F — F, where the following conditions are satisfied:

(F1) ¢, ® are m— commutative, i.e., m(f ® g) = m(g® f), forany f,g € F,if f & g exists, then g & f
exists, too, and m(f & g) = m(g® f);

(F2) @, ® are m— associative, i.e., m(f @ (§®@h)) =m((f @ g) @h),forany f,g, h € F,if (fDg) Dh
exists, then f & (g @ h) exists, too, and m(f & (g P h)) =m((f © g) € h);

(F3) @, ® fulfil the m— distributive law, i.e., forany f,¢, h € F,if (f ® h) @ (g ® h) exists, then f & ¢
existsand m((f ® g) @h) =m((f @ h) ® (g@h));

(F4) fg<f=1r®f, forevery f,g € F;

(F5) if @, f; exists, then m(®!_, fi) = L1y m(fi);

(F6) if f,g € F, f < g, thenm(f) < m(g);

(F7) if f € Fsuchthatm(f) = m(1f), thenm(f ® g) = m(g), for every ¢ € F;

(F8) forany f,g € F,if f @ g exists, then s(f) @ s(g) exists, too, and m(s(f © g)) = m(s(f) ©5(g));

(F9) s:F — F is an m— preserving transformation, i.e., m(s(f)) = m(f) for every f € F.

By a dynamical system we will understand the above described triplet (F, m, s).
Some examples are presented in the following.

Example 1. Consider a triplet (Q), F,m), where Q) is a non-empty set, F is a fuzzy o- algebra of fuzzy
subsets of Q), i.e., F C [0, 1] such that (i) 1o € F; (1/2)q ¢ F; (ii) if f € F, then f+ = 16— f € F;
(iii) if fo € F,n = 1,2,..., then U, f, € F, and the mapping m : F — [0, o) satisfies the following
conditions: (iv) m(f U f+) = 1forall f € F; (v) if {fu}orq C F such that f; < fjL (point wisely) whenever
i # j, then m(U_y fu) = Y02q m(fu). The above described triplet (Q), F,m) is called in the terminology of
Piasecki a fuzzy probability space [38]. The symbols U7_, f, = sup,, fn and 07, fy = inf, fu denote the fuzzy
union and the fuzzy intersection of a sequence { f, },_, C F, respectively, in the sense of Zadeh [39]. The partial
ordering relation is defined in the following way: for every f, g € F, f < g ifand only if f(w) < g(w) for all
w € Q. The presented o- additive fuzzy P-measure m has all properties analogous to properties of a classical
probability measure, e.g., (i) m is a non-decreasing function, i.e., if f, ¢ € F suchthat f < g, thenm(f) < m(g);
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(ii) if f,g € F are W-separated [40] (i.e., if f < g*), then m(f N g) = 0; (iii) m(f+) = 1 — m(f) for every
f € F; (iv) mis a dditive, i.e., if { f1,..., fu} C F such that f; < f]-Lfori # J, then m(UIL, fi) = YI_y m(f;);
(v)ifg € F, then m(f Ng) = m(f) forall f € Fifand only if m(g) = 1. The proofs can be found in [38].
The monotonicity of fuzzy P-measure m implies that this measure transforms F into the interval [0, 1].

In the set F we define the operations ®, ® as follows: f @ g is defined whenever f < ¢, and in this
case f®g = fUgG f®g = fNg, forevery f,g € F. The set F with the operations &, ® and the
mapping m satisfy all assumptions (F1)~(F7). Let us prove, e.g., (F5). Suppose that ®}_, f; exists. Since

®L.fi = (ea?;llfi) @ fu, by the definition, it exists if f, + U?;llfi < 1q. Hence, ®}_, f; is defined if
and only if fi < 1q — f; (i #]), ie, if {f1,..., fa} is a system of pairwise W-separated fuzzy subsets.
Since any fuzzy P-measure is additive, the equality m(D}_, fi) = Y.;_y m(f;) holds. Now, let T: F — F is
an m— preserving o- homomorphism, i.e., t(fX) = (t(f))", T(US 4 fn) = U T(fu) and m(T(f)) = m(f),
for every f € F and any sequence {f,};,_, C F. Evidently, the mapping : F — F fulfils the conditions (F8)
and (F9). Therefore the system (F, m, ©) is a dynamical system within the meaning of our definition.

Remark 1. In the paper by Markechovd [11] the Shannon entropy of fuzzy partitions in a fuzzy probability space
has been defined. Recall that the notion of fuzzy partition in the given fuzzy probability space (Q), F, m) has
been introduced by Piasecki in [41] as follows: any finite sequence { f1, ..., fu} of pairwise W-separated fuzzy
subsets from F is called a fuzzy partition if m(U!_, f;) = 1. The concept of Shannon’s entropy of fuzzy partitions
was used to define the Kolmogorov-Sinai entropy of fuzzy dynamical systems [12]. By a fuzzy dynamical
system we mean a system (Q, F,m,t), where (Q), F,m) is any fuzzy probability space and t: F — F is
an m— preserving o- homomorphism. Note that a classical dynamical system (Q, S, P, T) can be considered
a fuzzy dynamical system (Q), F,m,); it is sufficient to put F = {I4; A € S}, where 14 is the indicator of
aset A € S, and define the mapping m : F — [0, 1] by m(I4) = P(A), and the mapping ©: F — F by
the formula:

T(IA):IAOTIITA(A),IAEF. 1)

The above triplet (Q), F,m) is a fuzzy probability space and t: F — F is an m— preserving o- homomorphism.
The recently published paper [23] deals with studying logical entropy of fuzzy partitions in a fuzzy probability
space and logical entropy of fuzzy dynamical systems.

As mentioned above, operations with fuzzy sets can be introduced in various ways. While the
previous model is based on Zadeh'’s connectives, in the following model the Lukasiewicz operations
are used. Recall that the union of fuzzy subsets f, g of ) is defined by Lukasiewicz as min(f + g, 1).

Example 2. Let (Q), S, P) be a classical probability space, F be the family of all S-measurable functions
f:Q— [0,1], m(f) = [ fdP. Further, a mapping U:F — F is given satisfying the following
two conditions: (i) if f € F, then U(f) € F and m(f) = m(U(f)); (i) if f,g € Fand f+g < 1,
then U(f + g) = U(f) + U(g). In the set F we define the operation & as follows: f & g is defined whenever
f+g < 1,and in this case f © g = f + g. It is obvious that ©!_, f; exists if and only if Y' | fi < 1.
The operation & is defined as the product of functions: f ® g = f - g. It is not difficult to verify that the set F
with the operations &, @ and the mappings m : F — [0, 1] and U : F — F satisfy all assumptions (F1)~(F9).
Of course, here 1p = 1q. Let us prove, e.g., that the condition (F7) holds. If f € F such that m(f) = m(1f),
then we have m(f) = m(1lq) = 1. Since 1 = m(1q) = m(f + (1 — f)) = m(f) + m(1 — f), we get:

0=m(1—f)>m((1-f)g) =m(g— fg) = m(g) —m(fg), forevery g € F,

and therefore m(f ® §) = m(fg) > m(g). The opposite inequality is obvious. It is easy to see that
a classical dynamical system (), S, P, T) can be embedded to the presented fuzzy model; it is sufficient to
put F = {I4; A € S}, and define the mapping U : F — F by the formula (1).
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Remark 2. Fuzzy analogies of Shannon’s entropy and the Kolmogorov-Sinai entropy with respect to this model
were introduced by Riecan in [7] (see also [10]), and independently by Dumitrescu [26-28]. Dumitrescu
considered a more general family F of fuzzy subsets of Q) and a mapping m : F — [0, 1] characterized
axiomatically. However, by the representation theorem of Butnariu and Klement [42] there exists a probability
measure P such that m(f) = [ f dP, hence, the Dumitrescu theory can be reduced to the case of Riecan.

3. Logical Entropy and Logical Mutual Information of Partitions in F

We shall now introduce a general algebraic theory for the case of logical entropy. We show that
the proposed general theory can be applied to the two models which were described above.

Definition 1 [16]. By a partition (in F) we mean a finite collection A = {f1,..., fu} C F such that ©}_, f;
exists, and:

m(1e) = m(@1fi) = Ly m(f)
Definition 2 [16]. If A = {f1,..., fu}, B = {g1,...,8p} are two partitions in F, then we define:
AV B= {ﬁ@gj;i: 1,...,nj= 1,...,p} if A% B, and AV A=A
We say that B is a refinement of A, and write A < B, if there exists a partition 1(1),1(2),...,1(n) of the
set {1,2,...,p} such that m(f;) = Y m(g;), foreveryi=1,2,...,n
jel(i)
Proposition 1. If A, B are two partitions in F, then AV B is a partition in F, too.

Proof. Let A = {f1,..., fu}, B={g1,.-.,8p} Since &, f;, @legj exist, according to the assumption

(B, fi) ® (6]9;;1 gj) also exists. Using the m— distributive law we obtain that ©}_; @/le (fi®g))

exists, too, and m(®F_, 69]"]:1 (fi®gj) = m((OL,fi) ® (@leg]-)). Following (F5) we have:
m(&ly & (fi©g) =), Y m(fi ®8)-

Moreover, by (F7)

m((®1fi) ® (©1118))) = m(®l_18;) = m(1f). O

Proposition 2. A < AV B, for every partitions A, B in F.

Proof. Let A = {f1,..., fu}, B={g1,...,8p}. AV Bisindexed by {(i,j); i=1,...,n,j=1,2,...,p},
p
therefore we put I(i) = {(i,1),...,(i,p)}, i = 1,2,...,n. Since m(1g) = m(@p &) = X m(gj),
j=1
following (F7), (F3) and (F5), fori =1,2,...,n, we obtain:

m(fi) = m((@legj) ®fz‘> = m(@le(&'@fi)) = im(f@gj) = ), mfi®g)).
=1

(kj)el(i)

However, this indicates that A < AV B. O

Recall that in the classical case, where partitions A, B consist of indicators only, AV B is
the least common refinement of 4 and B, i.e., every set of A or B is a union of some sets of
AV B. In the Markechova model, fuzzy partitions are considered wherein the fuzzy partition
in the given fuzzy probability space (Q), F,m) is defined as any finite sequence {fi,..., fn} of
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pairwise W-separated fuzzy subsets from F such that m(U,f;) = 1. Recall that in Example 1
® ,fi is defined if and only if {f1,...,fs} is a system of pairwise W-separated fuzzy subsets
and in this case ®_, f; = UL, f;. Therefore, the notion of a fuzzy partition in a fuzzy probability
space coincides with the general notion of a partition from Definition 1. If A = {f1,..., fu},
B = {gi,...,8p} are two fuzzy partitions in a fuzzy probability space, then AV B is defined as
the system AV B = {fl ngj i=1,...,nj=1,..., p}, which again coincides with the general notion
from Definition 2 as well as the notion of a refinement. A fuzzy partition B is a refinement of A if for
every fuzzy set g € B there exists f € A such that ¢ < f. Therefore, the general theory can be applied
to the Markechova model. On the other hand, Rie¢an has defined a fuzzy partition as a finite system
{f1,..., fu} of fuzzy subsets of Q) such that }}' ; fj(w) =1, for every w € Q), and A V B as the system
{f-g f € A, g € B}. The definition of relation < in the Rie¢an model is the same as in Definition 2.
Since @, f; existsifand only if } | f; < 1,and 1 = m(lq) = m(¥, fi) = i, m(f;), the notion
of fuzzy partition in the Rie¢an model again coincides with the general notion from Definition 1.
Evidently, the general theory can be applied to the Rie¢an model as well.

Definition 3. Let A = {f1,..., fu} be a partition in F. The logical entropy of A is defined as the number:
n

h(A)= Y m(fi)(1—m(f;)). @)

i=1

Evidently, i1;(.A) > 0, and from Equation (2) it immediately follows that:

h(A)=m(1g) — Y (m(£))> 3

=)

Definition 4. Let A = {f1,..., fu}, B={g1,...,8p} be two partitions in F. The conditional logical entropy
of A given B is defined by:

1=
M=

h(A/B) =, m(f; ®g;)(m(gj) —m(fi®gj))-

]

I
—
I
—

Remark 3. Since by (F4) and (F6) it holds m(gj) > m(f; ®gj), i=1,...,n,j =1,...,p, we see that
h(A/B) > 0.

In the following, some basic properties of the logical entropy are presented. At first, we will prove
the assertions of the following lemma which will be useful in further considerations.

Lemmal. Let A= {f1,...,fu}, B={g1,...,8p} and C = {hy, ..., h,} be partitions in F. Then we have:

i L5 Y mfiogeh)mh) = Y ¥ m(fio ) m);
i=1j=1k=1 i=1k=1
n p p

(ii) i§1j§1m(ﬁ ®gj) m(gj) = jg(m(gj))z.

Proof.

(i) By Definition 1, we have:

m(@legj) = Z]r;l m(g;j) = m(1p).
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Hence, by (F7), (F3) and (F5), for each i, k, we obtain:

m(f; @ hy) = m((@legj) ® (fi ®hk)>: m<@f:1 (fi®gj ®hk)): 2]’;1 m(fi ® & @ hy).

Therefore:

n P r n r p n o or

YY) m(fi®gi @) m(hy) :Zzzm(ﬁ®gj®hk m(he) =Y Y m(f; @ hy) m(hy).
i=1j=1k=1 i=1k=1j=1 i=1k=1

(ii) According to (F7), (F3) and (F5) we get, foreachj =1,2,...,p,

m(g;) =m((Dl1f) @ g) =m (D, (fi®g))) = Z?:lm(fi(@gj)'

Hence: ) )
n n 5
Y. Y m(fi®gy)m(g;) =) m(g) Y m(fi®gj) =) (m(g;))
i=1j=1 j=1 i=1 j=1
Theorem 1. Let A, B be two partitions in F. Then:
hi(AVB) = hy(B)+h(A/B). (4)

Proof. Let A = {f1,..., fu}, B = {81,...,8p}- According to the previous definitions and Lemma 1
we obtain:

=

Iy(B) + i (A/B) = ';1m(gj)*§( m(g;)) + ;i m(f; ® g;) (m(g;) —m(fi ®8;))
|4 = 2 n ;’_ o n P
= Z m(g]) Z(m(g])) +L Lm fz®g] ( - X Z( (fi ®g]))
] 1 j=1 i=1j=1 i=1j=1
p p p
= Zm(g]) ¥ (m(g;))*+ X m(g]))z— > (m(fi2g))
j=1 j=1 j=1 i= 1] 1
= m(1e) = £ ¥ (n(fi0g))" = m(AVE).0
1= ]—

Remark 4. According to Definition 2 as a simple consequence of Theorem 1 we obtain that h;j(A/A) = 0.

Theorem 2. Let A, B be two partitions in F. Then:

(i) h(A/B) <h(A);

Proof.

i LetA={f1,..., fn},[)’:{gl ..... gp}.Foreachi:1,2,...,n,wehave:
Jé m(fi © 8;) (m(gj) —m(fi ©gj)) éém(ﬁ@gj) <j)§1m(gj)—m(fi®gj)>
— m(f) (j_flm@,-)—m(fi@gj))—m(fa <m<1> pofl (fz®g;)>

= m(fi)(m(1p) —m(f;)) < m(f;)(1 —m(f;)).



Mathematics 2017, 5, 4 7 of 17

Therefore:

hy(A/B)= 22mﬁ®g, (g) —m(fi®g)) < 2m<fi><1—m<fi>>=h,<A>-

i=1j=1 i=1
(ii) By Theorem 1 and the part (i), we get:

hi(AV B) =h(B) + h(A/B) <h(B) + h(A).O

In the following two theorems, chain rules for logical entropy of partitions in F are presented.
Theorem 3. Let A, B and C be partitions in F. Then:
W(AVB/C) = m(A/C) + ly(B/CVA).

Proof. Let A= {f1,..., fu}, B = {gl, ... ,gp} and C = {hy,...,h}. From Definition 4 and Lemma 1 it
follows that:

mAVB/C) = ¥
=1

— vy im(ﬁ@g]@hk)m( - 3 % 5 (m(fi g @hy))
i=1j=1k=1 i=1j=1k=1
n r n r n r n p r
=L X m(fieh)m(h) - ¥ g(m(fl®hk>>2+i§1k§1<m<fi®hk>>2—i§1j§lk§1( (fi®og®@h))
— Iy(A/C) + iiiw(ﬂ@g]@hk) m(f; @ )~ ilflké(m(fi@gj@hk)f
1= ]: = 1=17= =
= m(A/C) + y(B/ CvA)

Theorem 4. Let Ay, A, ..., A, and C be partitions in F. Then, forn = 2,3, ..., the following equalities hold:

(i) ]’ll(.Al VA V. .\/.An) :hl(A1)+Zn hl(A /\/;;_1 )
(ii) ]’ll( .A /C) = hl(.A1/C) +Z ]’ll(.A /(\/ .Ak) \/C)

Proof.

(i) According to Theorem 1 we have:

hi(ArV Ap) =hi(Aq) + i (A2/ Ay).

Therefore, using Theorem 3 we get:

hi(ArV Ay vV Az) =k (A1) +hi (A vV A3/ Ar) .
= hy(Ay) + 1y (A2 /AL + i (As/ AV Ay) = (A +55 5 (A V2L Ay).

Now let us suppose that the result is true for a given n € N. Then:

A1V ANV ... VAV Ayi)

—hl(Al\/.Az\/ VAn)+hl(An+1/¢41\/.Az\/...\/An)

=h A1)+ hl(A/v;( Ak)+hl( nt1/ AV AV .V Ay)
= hl(Al)+Zn+l hy(Ai/ Vi Ax)-
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(i) For n = 2, using Theorem 3 we obtain:

(A1 V Ay /C) =hy(A1/C) + Iy (Az/ A1V C).

Suppose that the result is true for a given n € N. Then:

hl(Al\/.sz.-.vAnvAn+l/C)

= hy (VI Ai/C)+ h,(An+1/A1 V...VA, V()

= (A1/C)+ X i (Ai/ (ViZ Ak)\/c)+h1( n1/ (Vi1 Ax) vV C)
=n(A/C)+ Z”“hl(A/(\/}( 1A V). O

Definition 5 [36]. Let A, B be two partitions in F. We write A C° B if, for each f; € A and for each g; € B,
m(f; ® gj) = m(g;) or m(f; ® gj) = 0. We write A = B ifand only if A C° Band B C° A.

Theorem 5. Let A, B be partitions in F. Then:
(i) A < Bimplies hj(A) < hy(B);

(iii) h(AV B) > max(h(A); h(B));

(iv) A C° Bifandonly if hj(A/B) =0;
(v) A= Bimplies hj(A) = h;(B).

Proof. Let A = {f1,..., fu}, B={g1,..., 8}

(i) If A < B, then by the assumption there exists a partition I(1),1(2),...,I(n) of theset {1,2,...,p}
suchthatm(f;) = ¥ m(gj), i=1,2,...,n. Therefore, we have:
jeI(i)

p 2 n 2
Z%(m(g])) < Z%(m(fz))
j= i=
Thus, by Equation (3) we get:
n P
hy(A)=m(1p) Z;(m(fi)f < m(1g) — 21 (m(87))* =hy(B).
i= j=

(i) Since A < AV B (see Proposition 2), the property is a consequence of (i).

(iii) It immediately follows from the property (ii).

(iv) Suppose that A C° B. Since, by definition, fori =1,2,...,n,j=1,2,...,p, m(f; ®gj) = m(g]')
or m(f; ®gj) = 0, we get:

P
h(A/B)= EZmﬁ®g] (g) —m(fi®g;)) =0.

i=1j=1

Conversely, let h;(A/B) = 0, i.e., we assume that:

n p
Y. Y m(fi®g;)(m(g;) —m(fi®g;)) =0.

i=1j=1
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Since, m(f; ® g;) > 0, and by (F4) and (F6) m(g;) > m(f; ® g;), fori =1,2,...,n,j=1,2,...,p,
we have:
m(f; @gj) (m(g;) —m(fi®gj)) =0,fori=1,2,...,n,j=12,...,p,

which implies

m(f;@gj) =m(gj)orm(fiwg;))=0,fori=12,...,nj=12,...,p.

This means that A C° B.
(v) Since A C° B, by the part (iii) 1;(A/B) = 0. So (see Theorem 1), we have:

hl(A/B) = hl(A\/B) —hl(B) =0,

and therefore:
hi(AV B) = h(B).

Similarly, B C° A implies:
h(B/A)=nm(BVA)—h(A) =0,

thus:
h(BVA)=h(A).

Since Iy (A V B) = (B V A), the proof is completed. OJ

Definition 6. If A, B are two partitions in F, then the logical mutual information of A and B is defined by
the formula:

L(A,B) =h(A)—h(A/B). (5)

Remark 5. As a simple consequence of Equation (4) we have:
(A, B) =hi(A) + hy(B) — hy(AV B). (6)

Subsequently we see that 1) (A, B) = I;(B, A) and I;( A, A) = h;(A). From Equation (6), the property (ii) of
Theorem 2, and (ii) of Theorem 5 we get that 0 < I;(\A, B) < min(h;(A), h;(B)).

Definition 7. Let A, B and C be partitions in F. Then the logical conditional mutual information of A and B
given C is defined by the formula:

L(AB/C)=h(A/C)—n(A/BVC). ?)
Theorem 6 (Chain rules for logical mutual information). Let Ay, Ay, ..., A, and C be partitions in F.
Then, forn = 2,3,..., it holds:

BV A C) = I (A1 O)+ ), Ti(Ai C/ Vi  A).
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Proof. By Equation (5), Theorem 4, and Equation (7), we obtain:

(VI ALC) =hy(VE 1.,4) h (VI A;i/C)

= hy (A1) A+, (A Vi -Ak) Iy (A1 /C) =Yy (Ai/ (ViZ AR V C)
= 11(A1/C)+Z 2 (hi(A /Vi Ag)=hy (A (Vih —Ak) vC))
=L(ALC)+X, I(A; C /\/l 1A O

Theorem 7. If partitions A = {f1,...,fu}, B = {g1,...,8p} in F are independent, i.e., m(f; ® g;) =
m(f;) ~m(gj),fori =1,2,...,n,j=1,2,...,p, then:

L(A,B) =h(A) - hy(B).

Proof. Let A = {f1,..., fu}, B={g1,...,8p} be independent partitions in F. By simple calculation
we obtain:

MAB%#MA%HMB%%KAV@
— - T )P+ 1 - T, (m(g)P—1+ & ¥ (m(f; ©g)°

i=1j=

,_.

n

1
1= Xy (m(f:)? =0 (m(g)* + & (m(£)*

=1 ]

(1— L)) (1 Ly (m())) = 1(A) -y (B).

Corollary 1. If partitions A, B in F are independent, then:

T=h(AVB) = (1-h(A)- (1-nB)).

Proof. By simple calculation we get:

(1—m(A)-(1—=m(B) =1—h(A) = h(B)+h(A) - h(B)
=1-I(A) - hz( )+ 11 (A B)

=1-m(A) = h(B)+h(A) +hy(B) —h(AV B)

—1- W(AVB).O

4. Logical Entropy of Dynamical Systems

Let any dynamical system (F, m, s) be given. If A = {f1,..., f,} is a partition in F, then it is easy
to verify that the system s A = {s(f1),...,5(fn)} is a partition in F, too. Namely, © ;s (f;) exists,
since @I, f; exists, and by (F8) and (F9) we have

m(® ?ls(fl))—m( (@?:Jz))— m(®iLyfi) = m(1f)
= m(®Lfi) = Limam(fi) = it 1m( s (fi))-

Define s> = sos and put s =sos~1, k =1,2,..., where s° is an identical mapping on F.

Theorem 8. Let (F, m, s) be a dynamical system, A, B be partitions in F. Then the following properties
are satisfied:

(i) A< Bimplies sA < sB;
(i) h(sFA)=h(A),k=0,12,...,;
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(iii) i s is invertible, then hj(s 7% (A)) = hy(A), k =0,1,2,....;
(iv) hy(s*A/sB) = (A/B), k=0,1,2,....;
() (Vi s'A) = (A) + 27;11 hy(A/Vi_ s'A).

Proof. Let A= {f1,..., fu}, B={g1,....8}-

(i) Suppose A < B, i.e., there exists a partition I(1),1(2),...,I(n) of the set {1,2,...,p} such
thatm(f;) = L m(gj),i=1,2,...,n. By (F9) we have:
el(i

jEI()

m(s(f)) = ) m(s(g))i=12,...,n

jEI()

However, this indicates that s. A < sB.
(if) Since m(s(f)) = m(f) for every f € F, we have m(sk(fi)) =m(f;),i = 1,2,...,n,
k=0,1,2,.... Hence:

(iii), (iv) The proof is analogous to the proof of (ii).

(v) We shall prove the assertion by mathematical induction. The assertion is valid for n = 2
according to Theorem 1 and the previous part of this theorem. Assume that the assertion
holds for a given n € N. Since by the part (ii) we have:

In(ViLys'A) = i(s(ViZgs'A)) = (Vis'A),

1

by Theorem 1 and the induction assumption we get:

hi (ViZgs' A) =hi((Vis' AV A = hy(ViLs' A)+ Iy (A/ Vs A)
= Iy (ViZy's'A) +y (A/ VI s A)

h(A)+ 27;11 hy(A/V_s'A)+ hy (A/ VI st A)
i (A)+ Ly i (A/Vi_s'A).

The proof is completed. [J
The aim of this section is to provide the definition of entropy of dynamical system (F, m, s). The
possibility of this definition is based on Proposition 3; in order to prove it we will need the assertion of

Lemma 2.

Lemma 2. Let {a,}, ; be a sequence of nonnegative real numbers such that aym < a, + ay for every
n,m € N. Then lim %an exists.
n—oo

Proof. The proof can be found in [43].

Proposition 3.  Let (F,m,s) be a dynamical system.  Then, for every partition A in F,
lim 1h(VIZ s’ A) exists.
n—oo -
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Proof. Denote a,, = h (\/” 08 i A). According to subadditivity of logical entropy (Theorem 2, (ii)) and
the part (ii) of Theorem 8, we get:

Aptm —hl(vﬂ+m 1 1./4) <hl(\/n l.A)—l—h (Vn+m 1 1A)
=a,+ hl(v;?fzols"ﬂA)

= a, + hl(sn(\/T:BlsiA))

= a,+ hl(v;?g)lsiA) = a4+ ap,.

By the previous lemma lim 3 Lh(viZ}s' A) exists. O

Definition 8. Let (F, m,s) be a dynamical system, A be a partition in F. The logical entropy of s with respect
to A is defined by:

I(s, A) = lim hl(v” 45T A).
The logical entropy of a dynamical system (F, m, s) is defined by the formula:

hy(s) =sup{h(s, A); Aisa partitionin F}.

Theorem 9. Let (F,m,s) be a dynamical system, A, B be partitions in F. Then the following properties
are satisfied:

i) h(s,A)>0;
(i)) A < Bimplies h(s, A) < h(s, B);
(iii) hy(s, A) =h(s, VI_os'A),r=1,2,....

Proof.

(i) This property is obvious.

(ii) The assumption A4 < B implies the relation V "7olsiA <V *Ols'B n=1,2,.... Thus, according
to the part (i) of Theorem 5, we have the inequality hl(\/" s'A) < hy(VIE Ols B),n=12,....
Therefore, h(s, A) < hy(s, B).

(iii) By simple calculations we obtain:

hy(s, VI_ys'A) = hm 1hl(\/” 0s/ (VI_pstA))
— nh_I}Ioloan . r+nh (vr+n 15 .A)

= Tim Lo iy (VRIS A) = Iy(s, A).O

Definition 9. We say that two dynamical systems (Fy, my, s1), (F2, my, sp) are isomorphic if there exists
a bijective mapping \p : F| — F, satisfying the following conditions:

(i) the diagram:

F 3 R
Vol LY
FE —- K
52

is commutative, i.e., P (s1(f)) = s2(V(f)), for every f € Fy;
i) W(f ©g) = W(f) @W(g), for every f,g € Fy;
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(iii) for any f,g € Fy, f @ g exists if and only if b(f) ®(g) exists, and in this case P(f & g) =
b(f) @w(g);
(iv) my(1f,) = ma(1g,);

(0 mi(f) = ma(b(f)), for every f € F.

In the following theorem we show that the logical entropy of dynamical systems is invariant
under any isomorphism. In order to prove it the following assertion is needed.

Lemma 3. Let (Fy, my, s1), (Fp, my, sp) be isomorphic dynamical systems wherein a mapping \p : F; — F
represents their isomorphism. Then, for the inverse b~ : F, — Fy, the following properties are satisfied:

D O feg) =w T (f)@w Q) forevery f,8 € F;

(i) for any f,g € B, if f @ g exists, then W '(f) @V 1(g) exists, too, and V' (f © g) =
v evHg)

(i) my (b~ (f)) = ma(f), for every f € Fy;

(i) m (™" os2)(f)) = m1((s10W™1)(f)), for every f € .

Proof. Since \ : F; — F, is bijective, for every f,g € F, there exist f/, ¢’ € F; such that p~1(f) = f/,
vi(g) =¢.
(i) We get:

H(f@g) =b T (W(f) @w(g) =TI (b(f @8) =f @ g =bTI () @b (g).
(i) Letf,g € F; such that f @ g exists. Then ! (f @ g) exists because  is surjective. Calculate:

VT (feg) =bT (W) @) =TI (W(f @8)) =f eg =bT(HevT(g).
(iii) Let f € F. Then:

ma(f) = ma((f")) = mi(f) = m (=1 (f)).
(iv) Let f € F,. Then we have:
m (07 o) (f)) = mi (W7 (s2(f)) ) = ma(sa()) = ma(f),
and:

m (5100 (f)) =ma (s () = m (W71(F)) = ma(f):

Hence, the equality m ((11)‘1 o sz)(f)) = my((s; op~1)(f)) holds. O
Theorem 10. If dynamical systems (Fy,my,s1), (Fo, my, sp) are isomorphic, then:

hi(s1) = hy(s2).
Proof. Let a mapping { : F; — F, represents an isomorphism of dynamical systems (Fj, my, s1),
(F, my, s3). If A ={f1,..., fu} is a partition in Fy, then P(A) = {¥(f1),..., ¥ (fn)} is a partition in

F>. Indeed, ® ;U (f;) exists, since @, f; exists and by Definition 9 we have:

ma (S (fi) = ma(W (DL, fi)) = mi (DL, fi) =mi(1g) = ma(1F,).



Mathematics 2017, 5, 4 14 of 17

On the other hand, we have:

mo(BF ) (7)) =my(1fi)) =Y mi(fi) = Y ma(b ().

Calculate:

Zmz ) (1= ma(b(£)) =) ma ()1 — m1(£) =hi(A).

i=1

Hence, using the conditions (i), (ii) from Definition 9 we get:

(VIS (A)) = lim Ty (Vb (s).4)

hi(s2,W(A)) = %h
’1A))—h m 7y (v;;ols A) =h(s1, A).

= hm i (11’(
Therefore:
{hi(s1,A); Ais a partition in F; } C {h;(sp, B); Bis a partitionin F, },
and consequently:
hy(s1) = sup{h;(s1, A); Ais a partition in F; } < sup{h;(sp, B); B is a partitionin F,} = h(sp).

The opposite inequality is obtained in a similar way. If B = {g1,...,¢x} is a partition in F,, then
it is easy to verify that ~1(B) = {11)*1 (g1), -, W gn)} is a partition in F;. Indeed, since ®© _,g;

exists according to the property (ii) from Lemma 3 @&}~ 1(g;) exists, too. Moreover, we have:

m (S0 (8i) = m (b (D]181)) = ma(@1181) =ma(1g,) = mi(1g,),

and:
my(@f_ b (8i) = ma(B]18i) = Z?:l my(gi) = Z?:l my (b (84)).

By means of (iii) from the previous lemma we get:

m(v7(8)) Z m (0" (80)) (1= m1 (074 (81))) :21 ma(gi) (1 = ma(gi)) =hy(B).
Thus, according to the previous lemma:

(o1, (8)) =Jim L (Vs (B)) =lim (Vi (5h5))

= Jim L (VEJsB)) = lim Ly (VIS B) <h(s2, B)
Therefore:

{h;(s2, B); Bis a partitionin F,} C {h;(s1,.A); Ais a partition in F; }.
This result implies the inequality:

sup{h;(sy, B); Bis a partition in F,} < sup {h;(s1,.A); Ais a partition in F; },

i.e., itholds h;(sp) < hy(s1). The proof is completed. [J
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5. Discussion

In the year 2013, classical logical entropy was discussed by Ellerman [20] as an alternative measure
of information. In the paper by Markechova and Rie¢an [23], the notions of logical entropy and logical
mutual information of fuzzy partitions in the given fuzzy probability space were introduced and
studied. By means of the suggested concept of entropy of fuzzy partitions the authors have defined
the logical entropy of fuzzy dynamical systems. Thereby they obtained a new tool for distinction
of non-isomorphic fuzzy dynamical systems, since, as it is proved in Theorem 12 of the cited paper,
the logical entropy of fuzzy dynamical systems coincides on isomorphic fuzzy dynamical systems.
It is noted that the definition of fuzzy dynamical systems (2, F,m, T) considered in [23] is based on
Zadeh'’s connectives.

In this paper, we generalize the results of Markechova and Riec¢an concerning the logical entropy.
We have introduced the general model for the logical entropy which includes—besides other cases—the
mentioned case of the logical entropy of fuzzy dynamical systems (Q), F, m, t). We have defined the
notions of logical entropy and logical mutual information of finite partitions on an appropriate
algebraic structure and proved basic properties of these measures. Using the suggested concept of
logical entropy of partitions, we have defined the logical entropy of dynamical systems and proved
that the logical entropy of dynamical systems is invariant under any isomorphism (Theorem 10).
From Example 1 it follows that the presented results are generalizations of the results of [23]; inter
alia, Theorem 12 of [23] stating that the logical entropy of fuzzy dynamical systems is invariant under
any isomorphism is a special case of Theorem 10. It is shown that the suggested general theory can
be applied to the Rietan model of fuzzy dynamical systems (Q), F,m, U) described in Example 2,
and to the classical case as well. Note that in the Rie¢an approach the Lukasiewicz connectives were
used to define the fuzzy set operations. Accordingly, all obtained results are valid also for the case of
fuzzy dynamical systems (Q), F, m, U) defined by Riecan. In particular, from the presented algebraic
theory it follows that the logical entropy of fuzzy dynamical systems (Q), F, m, U) is invariant under
any isomorphism.

Probably one of the most important results of the theory of invariant measures for practical
purposes is the Kolmogorov-Sinai Theorem on generators [43]. A fuzzy analogy of the
Kolmogorov-Sinai Theorem on generators for fuzzy dynamical systems (), F,m,T) was proved
in [12], and an analogy of this theorem for fuzzy dynamical systems (), F,m, U) is provided in [9]
(see also [10]). The aim of our further research is to provide an analogy of this theorem for the case of
logical entropy.
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