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1. Introduction

In 1948 statistical entropy was introduced by C. E. Shannon as a basic concept in
information theory, measuring the average missing information on a random source [1].
A. Renyi [2] and C. Tsallis [3] introduced one-parametric entropies, which include Shannon
entropy in the special case. These entropies in a wide range of phenomena in diverse
disciplines such as physics, chemistry, biology, medicine, economics, geophysics, statistical
physics, abstract algebra, etc. are used.

One of the generalizations of Shannon’s entropy involving two real-valued parameters is
unified (r, s)-entropy which was introduced by P. N. Rathie and I. J. Tanjea [4]. A. E. Rastegin
in 2011 studied some general properties of unified (r, s)-entropy [5|. Entropy measures have
widely been adopted in studying features of quantum channels, A. E. Rastegin considered
properties of quantum channels with the use of unified (7, s)-entropy |[6].

Inspired by the notion of measure entropy in Ergodic Theory given by A. N. Kolmogorov 7]
and Y. G. Sinai [8], in 1965 R. Adler, A. Konheim and M. H. McAndrew introduced the
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topological entropy of a continuous self-map of a compact space [9], and this concept was
successively modified and generalized by R. Bowen [10], E. I. Dinaburg [11] and others.
Topological entropy is an indicator of complicated (chaotic) behavior in dynamical systems.
On the other hand, whether the topological entropy of a dynamical system is positive the
system is chaotic.

The concept of topological unified (7, s)-entropy via Bowen’s definition for continuous
self-maps in dynamical systems on compact spaces by using separated and spanning sets was
introduced in [12]. In the present paper we extend this notion and introduce unified (r,s)-
entropy for the continuous maps of a quasi-metric space via spanning and separated sets.

We extend the notion of unified (r, s)-entropy for the continuous maps of a quasi-metric
space via spanning and separated sets. Moreover, we survey unified (r, s)-entropy of a map
for two metric spaces that are associated with a given quasi-metric space and we compare
unified (r, s)-entropy of a map of a given quasi-metric space and the maps of its associated
metric spaces.

Finally we define Tsallis topological entropy for the continuous map of a quasi-metric
space via Bowen’s definition and analyze some properties such as chain rule.

Paper organization: In Section 2 the important preliminaries and main concepts are
stated. In Section 3 we extend the notion of unified (r, s)-entropy for the continuous maps
of a quasi-metric space via spanning and separated sets. Moreover, we survey unified (r, s)-
entropy of a map for two metric spaces that are associated with a given quasi-metric space
and we compare unified (r, s)-entropy of a map of a given quasi-metric space and the maps of
its associated metric spaces. In Section 4 the definition of Tsallis topological entropy for the
continuous maps of a quasi-metric space via Bowen’s definition similar to that of Kazemi et al.
in [12] is presented and this definition to Tsallis joint topological entropy, Tsallis conditional
topological entropy, and mutual Topological entropy is extended. Finally the relationship
between conditional entropy and joint entropy in the chain rule of Tsallis topological entropy
is studied.

2. Preliminaries

Firstly, we give the Stoltenberg’s definition of quasi-metric spaces [13, 14]. Then we state
the concept of topological entropy for the maps on quasi-metric spaces which are continuous
according to a special topology defined by quasi-metrics according to the definition of sayyari
et al. in [15].

Finally, we present the definitions of Shannon entropy, Renyi entropy, Tsallis entropy, the
entropy of type r and unified (r, s)-entropy of a discrete random variables X.

DEFINITION 2.1. Let X be a set, a quasi metric is defined as a function e : X x X — [0, 00)
that satisfies the following axioms:

(1) e(z,y) > 0;

(2) e(z,y) =0z =y;

(3) e(x, 2) < e(z,y) + ey, 2) for all z,y,z € X.
(X, e) is called a quasi-metric space. So quasi-metric has all the properties of metrics except
symmetry.

Now, we review and explain the salient conceptions and results of topological entropies
of continuous self-maps on quasi-metric space. If (X, e) is a quasi-metric space, then the
definition of open right t-ball centered at p is:

Bi(p) ={z € X :e(p,x) < t},
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{Bf(p), p € X, t,r € R} is a base for a topology on X. Also, the definition of an open left
t-ball centered at a point p is:

Bi(p) ={r € X : e(x,p) < t},

By(p) = {z € X : e(w,p) <t, e(p,x) < t} = Bi(p) N B{(p).

If T: X — X is a continuous map and n is a natural number
en(z,y) = max {e (Tz(x),TZ(y)) :0<i<n—1}

is a new quasi-metric e, on X.

DEFINITION 2.2. If n € N, € > 0 and K is a compact subset of X, then F' C X is called an
(n, e)-span of K with respect to T, if for any = € K, there exists y € F' such that e, (x,y) < e
and e, (y,x) < e.

If n is a natural number, ¢ > 0 and K is a compact subset of X then the smallest cardinality
of any (n, €)-spanning set of K with respect to T is denoted by 7/, (¢, K). (If we are going to
emphasise on T' we can write ) (¢, K,T).) If K is a compact subset of X and € > 0, then

/
(e, K,T) = lim sup w.
n—o00 n
We also denote r/(e, K,T) by (e, K, T,e). The value of (¢, K) could be oo and 7/ (-, K) is
a non-increasing map on (0, +o0) Let

W (T,K) = limr'(e, K, T). (1)

e—0

Then the topological entropy of T is

h(T) = sip (T, K),

where the supremum is taken over the collection of all compact subsets of X.

For a natural number n, € > 0 and a compact subset K of X, a subset F of X is called an
(n, €)-separated of K with respect to T, if it satisfies the following property: If z,y € E and
x # vy, then e, (z,y) > e or ey (y,z) > € (i.e., if 2,y € E and x # y, then y € N T Bl (T"x)
or x NP2} T7'BI(T")).

If n is a natural number, € > 0 and K is a compact subset of X then s,(e, K) denotes
the largest cardinality of any (n,e€)-separated subset of K with respect to on 7. (When we
need to emphasize T' we shall write s/, (e, K,T)). If K is a compact subset of X, € > 0 then
we define §'(e, K, T) by

1 K
lim sup 10g sule, K) )
n—00 n
We also write s/, (e, K, T, e) if we need to emphasis to the quasi-metric e. The value of s/, (e, K)
could be infinity, and it is obvious that s, (-, K) is a non-increasing map of (0, +00).
R(T,K) = lim s'(e, K, T) (2)
e—0
and
H(T) = sup H(T, K), (3)
K

where the supremum is taken over the collection of all compact subset of X.
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We sometimes write h.(7T') instead of h'(T") to emphasis the dependence on e.
In [15] it was proven that equations (1) and (2) are equal.
By the two following definitions, we can turn a quasi-metric space into a metric space.

DEFINITION 2.3. If (X, e) is a quasi-metric space then it is obvious that (X, d.) is a metric
space, where d. : X x X — [0,00) is a metric on X defined by:

(z,y) +e(y. )
2

e
de(x7 y) = (4)
If (X, e) is a quasi-metric space, then (X, d.) is a metric space.
If7T:(X,d.) = (X,de) is a continuous map, then topological entropy is equal to:

1 K, T,d 1 K, T,d
hq,(T) = sup lim lim sup 0g(rn(e, K, T de)) = sup lim lim sup og(sn(e, K, T e)),

K e—0 n—oo n K e—0 n—oo n

where the supremum is taken over the collection of all compact subsets of X and r, (¢, K, T d.)
denotes the smallest cardinality of any (n, €)-spanning set for K with respect to the metric d,
and T, and s, (e, K,T,d.) denotes the largest cardinality of any (n, €)-separated subset of K
with respect to the metric de and T In [15] it was shown that hg, (T) = hL(T).

Now we give another metric definition on (X e).

DEFINITION 2.4. If (X e) is a quasi-metric space, then (X, m,.) is a metric space, where

me(x,y) = max{e(z,y), ey, x)}.
The topology generated by open sets { B, (z,¢€),x € X, e > 0} is the same as the topology
generated by open sets {B,(x),x € X,r > 0}. Therefor h,, (T') = hL(T).

DEFINITION 2.5. Let X be a discrete random variable taking values in a finite set y and
Px (x) be a probability mass function. Then Shannon entropy is defined as:

H(X)=->_ Px(x)log Px(z). (5)

TEX

DEFINITION 2.6. Let X and Y be random variables taking values, respectively, in finite
sets x and v with a joint distribution px y(x,y). Shannon joint entropy formula is:

H(X,Y)==> Y Pxy(z,y)log Pxy(z,y). (6)

TEX YEY

The joint entropy is used to calculate the amount of uncertainty when two random vari-
ables X and Y happen together.

The formula H(Y|X) = —3 . > Pxy(z,y)log Pxy(ylz) denotes conditional
entropy of Y given X. If X and Y are independent, then H(X,Y) = H(X) + H(Y).

The mutual information between two discrete random variables X,Y is given by

I(X:Y)=H(X)+H(Y)-H(X,Y).
So, if X and Y are independent, then I(X :Y') is equal to zero and vice versa.
Rényi entropy or entropy of order r is defined by

1

Hr(X) = 1—r

logZPX(aﬁ)r (when r>0,r#1), (7)

rex
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also, the definition of Tsallis entropy or entropy of degree r is:

H'(X) = 1ir (ZP)((.%')T—1> (when r >0, r#1) (8)

zEX
or equivalently
r r -1
H"(X) = Q;CPX(QC) In, Px(z) (when In,(z) = 17_T> : (9)
One of the basic properties of Tsallis entropy is the pseudoadditivity property for r # 1:
H(XxY)=H"(X)+H(Y)+(1—-r)H(X)H"(Y). (10)

The entropy of type r [16] is another extension of Shannon entropy, it was defined as:

PH(X) = - i - (Z <PX(x)%)r - 1) (when 7> 0, 7 # 1). (11)

rex

Tsallis entropy, Rényi entropy and entropy of type r coincide with Shannon entropy, when r
tends to 1, so that they are extensions of Shannon entropy.
The following entropy involving two real parameters r and s is called (r, s)-entropy:

H(X) = ﬁ [(Z PX(m)’"> _ 1] (when r>0,r#1,5£0).  (12)

TEX

This entropy can be considered as an extension of the above four entropies. We can rewrite
this entropy as follows:

H7(X) = g7 (Hr (X)), (13)

where
1

go(x) = a=s (e(l_r)‘”” - 1) (when r > 0,7 #1, s#0). (14)

It is easy to verify that g; is an increasing function of z.

When «, 8 > 0 and «, 5 # 1, by replacing »r = « and s = %, this entropy converts itself
to Sharma and Mittal’s entropy of order o and degree § [17].

By [4], we can write the above five entropies with respect to the parameters r and s in

the following form:
(

Hy)(X), r#1,s#0,
Ho(X), r#1,5=0,
EX(X)=(¢H"(X), r#1,s=1, (15)
PH(X), r#ls=1,
(H(X), r=1

3. Topological Unified (r, s)-Entropy on Quasi-Metric Spaces

Now, we extend the notion of unified (r,s)-entropy for the continuous maps of
a quasi-metric space according to Bowen’s definition. Moreover, we survey unified (r,s)-
entropy of a map for two metric spaces that are associated with a given quasi-metric space and
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we compare unified (r, s)-entropy of a map of a given quasi-metric space and the maps of its
associated metric spaces. Then we state the definition of joint topological unified (r, s)-entropy

DEFINITION 3.1. Suppose that, (X, e) is a quasi-metric space, T : X — X is a continuous
transformation and K C X is compact, when s # 0 and r is a positive number r > 0 and
r # 1, then the definition of topological (r,s)-entropy for the continuous maps of a quasi-
metric space is:

S 1 : 1 / L1—r)s
HE (1K) = liny T (T, K, ) 1) (16)

or
1
H? (T, K) = lim lim ———— (s’n(T, K, e)nl=ns _ 1) . (17)

e—0n—o0 (1 — 'r)s

Hes,r(T) = Sup Hes,r(Tv K)? (18)
K

where the supremum is taken over the collection of all compact subsets of X. According to
equation (14), this formula can be rewritten in composite form with the topological entropy
as follows:

H; (T, K) = g;(he(T, K)) (19)

and
HS’T(T) = sup HS’T(T, K). (20)
K
Sice g7 is an increasing function, we have

HZ (T) = g7 (he(T)). (21)

o
Hep(T) = T i 7—253

(r;(T, 6)%(1—7»)5 - 1) (when s#0,7#1,r >0) (22)

or

1 1
s _T : / s(1=r)s _ >
H.(T) ll_)I%nh_I)n = <sn(1 ,€) 1) (when s#0,r#1,r>0). (23)
When r approaches to 1, the limit of topological (r, s)-entropy coincides with topological

entropy:
lim H?,(T) = hi(T).

r—1

Similarly, when s approaches to 0, we have

lim Hj,(T) = BL(T).

s—0

According to definitions of m, and d. in Definition 2.3 and Definition 2.4, it is concluded that:
H;(T) = g7 (he(T)) = 97 (ha.(T)) = g; (T, (T)).
DEeFINITION 3.2. Tsallis topological entropy or entropy of degree r and topological entropy
of type r are relatively denoted by H!(T) and ,H.(T) and are defined as follows:

r—

PHe(T) (.05 ~1). (24)

:r—l

T

(r;L(T, ) — 1) . (25)

H!(T) = lim lim

e—=0n—o0 | — 7
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We can write the above four topological entropies with respect to the parameters r, s in
the following form:

(H:, (T) r#1,5#0,
h.L(T) r#1,s=0,
Ee,(T)=qH{T) r#1,s=1,

rHe(T) r 7é 1, s= %7
he(T)  r=1,

E; .(T) is called unified (r, s)-entropy.
We can see H2""(T) = ,H.(T), and when r > 0 we have E;.(T) > 0.

Lemma 3.1. For 0 <r <1 and r,(T,€) # 1 we have hl,(T) < HL(T).

< Since for any x > 0, logx < = — 1, we have:

1 1 1
h.(T) = =logr, (T, €) = T log 7!, (T, e)%(l_r) < T (r;(T, e)%(l_r) — 1) =H(T). >
n _ —_

We state the definition of joint topological unified (r, s)-entropy.

DEFINITION 3.3. Let (X, e) be a quasi-metric space and T,7": X — X, be two continuous
transformations on X, the joint topological unified (r, s)-entropy is defined as:

1 1 1
s N 1; : / wQ=r)s 0t N (1=T)s )
B2, (1,T) = lim lim o= (11,(T, ) 20000 (17, 1), (26)
when s #0, r # 1 and r > 0.
So
B (T,T") = EZ,(T) + EZ(T") + (1 = r)sEZ (T EZ .(T").

When r > 1, it is concluded that:
E;(T,T") < E;,.(T) + E (1),

i.e., in this case, topological unified (r, s)-entropy satisfies in subadditivity property.

Also, max{E:(T),E:(T")} < E:(T,T'), i.e., joint topological unified (r,s)-entropy
is greater than two corresponding topological unified (r, s)-entropy.

Monotonicity of the topological unified (r, s)-entropy was studied in [12]. Now, we extend
this subject for a quasi-metric space.

Theorem 3.1. Let (X,e) be a quasi-metric space and T : X — X, be a continuous
transformation on X. Then we have

1) For any s > 0, E¢ (T is decreasing with respect to r € (0,1) U (1, 00).

2) If 0 < r < 1, then E,(T) is increasing with respect to s € (—00,00), and if r > 1,
then EZ(T) is decreasing with respect to s € (—o00, 00).

3) For any r > 0, E¢ .(T') is convex with respect to s € (—00,+00)\{0}.
For any s > 0, EZ .(T) is decreasing with respect to r € (0,1) U (1, 00).

4. Tsallis Topological Entropy

In this section we define Tsallis topological entropy for the continuous map of a quasi-
metric space via Bowen’s definition.
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DEFINITION 4.1. Suppose that, (X,e) is a compact quasi-metric space, T : X — X
is a continuous transformation, when r is a positive number, then the definition of Tsallis
topological entropy for the continuous map of a quasi-metric space is:

< (T, e) 5 — 1) - ! (e(l—r)hem - 1) (27)

-Tr

H"(T) = lim lim

e—»0n—o0 1 — 7

or equivalently
H™(T) = lim lim —7 (T, €¢)In, 7} (T, 6)771

e—0n—o0

and

(1) = lim lim (10" F —1) = —— (M 1) (ag)

e—0n—o0 —r 1—7r

or equivalently
-1
H"(T) = lim lim —s/ (T, e) w Ing s (T, e) 7 .

e—0n—o0

It is obvious that equations (27) and (28) are existing and equal.

As r tends to 1, the limit of Tsallis topological entropy coincides with topological entropy,
since Tsallis topological entropy is an extension of topological entropy. H"(T') is nonnegative
and decreasing with respect to r. Also HZ(T') = 0 if and only if hL(T) = 0.

Now, we define Tsallis joint and conditional entropy for two continuous transformations
on compact quasi-metric space (X, e).

DEFINITION 4.2. If (X, e) is a compact quasi-metric space and T,7" : X — X are two
continuous transformations on X, the definition of Tsallis joint topological entropy for r > 0
and r # 1 is:

HJ(T,T') = lim lim

e—-0n—oo ] — 17

< V(T e) 7l (T e)' = — 1). (29)

Furthermore, we define Tsallis joint topological entropy for m continuous transformations
Ty,...,T,, on compact quasi-metric space (X, e), when r > 0 and r # 1 as:

Hg(Tl,TQ, e ,Tm) = lim lim

e—>0n—o0 ]l — 171

( (Th, ) 5 (Tay ) 5 o (T €) —1). (30)

Proposition 4.1. If (X,e) is a compact quasi-metric space and T : X — X and
T': X — X are two continuous transformations on X, then to fulfill the above assumptions,

we must have
H{(T,T') = H{(T)+ H(T') + (1 = r)H;(T)H.(T"). (31)

< It is clear that:

H(T,T') =

—r

( (T &) 5 (T ) —1)
1 1-r

= — (M@ OF — 14 (T 9T — 1+ (7T 9T 1) (n(T 9T — 1))
= HJ(T) + H{(T) + (1 = r)H(T)H"(T"). >

For r > 1, due to equation (31), the subadditivity inequality holds:
HJ(T,T") < H (T) + H{(T"), (32)

and for 0 < r < 1 the subadditivity inequality does not hold.
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Corollary 4.1. If (X,e) is a compact quasi-metric space and Ty,...,T, : X — X are
continuous transformations on X, then for r > 1 is concluded that:

n
HI(Ty, T, ..., Ty) < > HI(T).
=1

Now, we define Tsallis conditional topological entropy.

DEFINITION 4.3. If (X, e) is a compact metric space and 7 : X — X and 7" : X — X
are two continuous transformations on X, we define Tsallis conditional topological entropy by
the following formula:

H'(T|T") = lim lim (r;(T’,e)l%(r;(T, O - 1)) (when r>0,r#1). (33)

e=»0n—o0 1 — 7

Therefore the strong subadditivity is verified for r > 1.

Proposition 4.2. If (X,e) is a quasi-metric space and T,T' : X — X are continuous
transformations on X, then

(1) H(T|T") = H (T, T") = H{(T");

(2) HI(T|T") < H(T,T');

(3) HL(T) < H (T, T").

< (1) and (2) are clear.

For (3), let » > 1. Then

Therefore ) 1
1—r 1—7r 1—r
—— (T (T ) > (T

and the proof is concluded. The proof for 0 < r < 1 is similar. >

We tend to state the chain rule for Tsallis topological entropy.

Lemma 4.1. We have the following equations:
(1) He(Th, T3, Ts) = He (Th, To|T3) + H{ (13);
(2) H(Th, T1|Ts) = HL(T1|T5) + HZ (12|11, Ts).

< From Definition 4.2 and equation (33), we conclude
H{(Th, To|Ts) = H (T, Ta, T) — He (T3),

H(T5|T1,T3) = H;(T1,T3,T3) — H. (11, T3)

and
H{(Th,T2) = H;(T1) + H. (T2|Ty).

Therefore
H(T3|Ty,T3) = Hy (T, T2, T3) — Hy (T1,T3) = Hy (T, T2|13) + H; (T3)
— (H (T |T3) + H(T3)) = H (Th, T2|T3) — H. (T1|T3).

From part (2) of proposition 4.2, we conclude that H. (T1|T3) < H] (T1,T>|13). >
In the following theorem, the chain rule is proven.



Topological Unified (r, s)-Entropy of Continuous Maps on Quasi-Metric Spaces 65

Theorem 4.1. Assume that 11,T5,...,T,, : X — X are continuous transformations on
compact quasi-metric space (X, e), we have

m
HY(T1, Ty, ..., Tp) = Y H(Ti|Ti1, .., Th). (34)

i=1

So by exploiting the chain rule (34), we have
H'(Ty, Ty, ..., Tyu|Tong1) ZH (Ti|Ti—1, ..., T, Trny1)- (35)

In the next theorem, the relationship between conditional and joint topological Tsallis entropy
is studied.

Theorem 4.2. If the conditions of Theorem 4.1 is fulfilled, then:

m
HI(Ty, Ty, ..., Ty) = 2@, Ti1) -1
=1

Theorem 4.3. For r > 1, the strong subadditivity satisfies, 1. e.,
HI(T\,T5,T3)+ H.(T3) < H.(T1,T3) + H. (1%, T5). (36)

< First, we show that

2( ’T27T3) g (Tl’Tg) (37)
HY (Ty|Ty, Ts) < HY(T4|T5)
. . o - e -
<= lim lim < (T1, ) n (TQ, €) 7 rn(Ts,€)™n (T2’ ) o (T3, ) ~ )
e=s0n—oo 1 —7r
1r 1-r
e—0n—oo 1 — ( Tl’ e n(13,€) n —T;(Tg,e) n )
< lim lim —— ( T17 - 74 (T376)1_TT(T;L(T2’6)1;7LT _ 1))
e—=0n—oo 1 —

—r [, 1-r
<y i, 07 (T ).
1—1r

Since for r > 1, t1-(r/,(Ts,€) = — 1) is nonnegative. Therefore

HI(Th|T5,T3) < H.(T1|T5) =
H(T,T5,T3) — H;(T>,T3) < H.(T1,13) — H.(13) = (38)
HI(T\,T5,T3)+ H.(T3) < H.(T1,T3) + H] (1%, T3).

For r =1, (38) coincides with classical (Shannon) case. >

Proposition 4.3. For r > 1, we have
H(T,,|Ty) < H(To|Ty) + ...+ H (T | Tr—1)-
< From equations (37) and (35), we conclude

H{(Ty,....Tn) < HJ(Th) + H(T2|Th) + ... + H(Tn | Ti—1)- (39)
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Therefore, from (39) and the definition of conditional topological Tsallis entropy is
obtained that:

H (T, |Ty) < H (Ty,...,T,|T1) < H.(Ty,...,Ty) — H.(T1)

SH(T2Th) + ...+ H (T |Tip—1)- >

5. Conclusion

In this paper, the notion of unified (r, s)-entropy for the continuous maps of a quasi-metric
space via spanning and separated sets is defined. The concept of topological entropy for maps
on quasi-metric spaces which are continuous according to the sayyari’s definition is stated. We
will generalize the leibler-Kullback distance for two continuous maps on metric and compact
and quasi-metric space.
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TOIIOJIOTMYECKAS YHUOUIIMPOBAHHA (7, s)-OHTPOIINA
HEITPEPBIBHBIX OTOBPAYKEHNN B KBASUMETPUYECKNX [TPOCTPAHCTBAX

Kazemu P.', Mupu M. P.', Moxramamu Bopzasgapan I. P.2

! Bupmxanackuit yausepcurer, Upan, 9717434765, Bupkas, YHABepCHTETCKHIT GyIbBap;
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Amunoramusi. Kareropus MeTpuyeckux IpOCTPAHCTB SBJISAETCA ITOAKATErOPHE KBa3UMETPUIECKUX ITPO-
crpanctB. [Tokazano, 4To HTpONMs OTOOPAXKEHUsI B IMPOCTPAHCTBE C YCJOBUSMHU CAMMETPUYHOCTH OOJIbIIE
WJIM PaBHA SHTPOIMUHU TOI'O CJIydas, KOIJa YCJIOBUs CAMMETPUYHOCTU HE IPEIIIOJIaraioTcs. 1OIMoorndecKas
sHTponus u duTponusa [[leHHOHA UMEIOT CXOXKUe CBOWCTBA TaKue, KaK HEOTPUIATEILHOCTD, Cy0aJIMTUBHOCTD
U CHUXKEHUE YCJIOBHOH 3HTponuu. Ipyrumu cjioBaMu, TOMOJIOIMYECKas SHTPOIUs PACCMATPUBAETCA KaK pac-
UPEeHKe KJIACCUYECKON SHTPOIMK B JIMHAMUYECKUX CUCTEMaxX. B mociennee jecsaruiierre OblIM BBEJIEHBI pas3-
JmaHble 0600menns saTpormu [lerrona. OmHol N3 HUX, 00OOIIAIONIEH MHOTHE KJIACCUIECKUE BUILI SHTPOIINH,
saBagerca yaudunuposannas (1, s)-surponus. B nanxoit pabore nonsTue yHUMDUIMPOBAHHON (7, $)-9HTPOINI
PaCIpOCTPaHSIETCsl Ha HEIPEPBIBHBIE OTOOPAsKEHUsI B KBA3UMETPUIECKUX IIPOCTPAHCTBAX IIOCPEICTBOM CBA3Y-
IOIIUX U Pa3AeIaomux MHOXKeCTB. Jlasee, paccmarpuBaercsa yaudunmpyomas (7, $)-95HTponus 0TooparkeHust
B JByX METPUYECKHUX MPOCTPAHCTBAX, ACCOMUUPOBAHHBIX C KBA3UMETPUUECKUM MPOCTPAHCTBOM U CPABHUBA-
foTcsl yHUbDUIUPOBaHHBIE (T, §)-9HTPOIMN OTOOPAYKEHUsI B JAHHOM KBA3UMETPUIECKOM IIPOCTPAHCTBE U B ac-
COLIMMPOBAHHBIX METPUIECKUX IPOCTPaAHCTBaxX. HakoHel, onpenensieTcsa Tomojaorndeckas surponus Llaxmuca
JIJIsl HEIIPEPBIBHLIX OTOOparKeHW B KBa3MMETPUUECKHX IPOCTPAHCTBAX ITOCPEACTBM OIpeleneHns boseHa u
U3yJaloTCs HEKOTOPBIE CBONCTBA, TaKWe KAaK IEITHOe IIPABUIIO.

KiroueBsble cioBa: surponus llammuca, Tonmonorndeckast surponus llammmca, KBa3uMeTpUIecKoe mpo-
CTPAHCTBO.
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