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LOCAL PROPERTIES OF ENTROPY
FOR FINITE FAMILY OF FUNCTIONS

RyszArRD J. PAWLAK

Faculty of Mathematics and Computer Science, University of L6dz, L6dZz, POLAND

ABSTRACT. In this paper we consider the issues of local entropy for a finite
family of generators (that generates the semigroup). Our main aim is to show that
any continuous function can be approximated by s-chaotic family of generators.

1. Introduction and preliminaries

Many papers investigate situations where a repetitive action (function, multi-
function, etc.) operates in a given space creating an autonomous dynamical sys-
tem or a sequence of various functions, creating a nonautonomous dynamical sys-
tem. In this context, the entropies of these systems are considered (e.g., [1, [5]).
However, an interesting situation is also when several actions appear (a set
of several functions that generate a semigroup). Then, entropy depends on the
simultaneous actions of various of these functions ([3], [4]).

In [6], there were introduced three kinds of entropy for finite families of func-
tions (so-called set of generators). In a natural way, they gave three methods
of measuring chaos for that family. The analysis of the specific examples shows
that even considering points accumulating suitable kind of entropy does not al-
ways properly illustrate a behavior of a family of functions in the individual parts
of the domain (so-called phase space). The aim of this paper is to consider a pos-
sibility of pointing out the sets with the “dominating kind of entropy”, joining
entropy points with these sets and showing that any continuous function with a
finite entropy can be approximated by a family of functions with separeted sets
of entropy points (s-chaotic functions).
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We will restrict our considerations to functions mapping the unit interval [0, 1]
into itself.

Throughout the paper, we will use the standard notations ([6]). The symbols
N (R) will stand for the set of all positive integers (real numbers). The interior
of a set A C X will be denoted by int(A). If X C [0,1] and x € X, € > 0, then
Bx(z,e) = (x—e,z+¢)NX. To simplify the calculations, the base of logarithms
is chosen as 2 (we will write log z instead of log, z).

For any function f and a set A C [0,1] the symbol f [ A will mean the
restriction of f to A. Moreover, if f is invertible, then the inverse of f will be
denoted by f~L We will denote by id 4 the identity function on A. The cardinality
of a set A will be denoted by #(A).

By a nonautonomous dynamical system on a metric space (X, d) we will
mean any sequence of functions (f1,00) = {fi}ien such that f; : X — X. We will
also write (f1..0) = (f1, f2, f3,...). We shall use the symbol (fy ) (n € N) to
represent the tail {f;}2°, of the sequence (f1 ). If f; = f for i € N, then we
call the system autonomous and denote it by (f).

Let us consider
(fin,oo) = {fg_l).n+1}i€N for n €N,

where )
fl'= fovic10 foyi—go0---0 fiz10f; forany i,neN.

Moreover, let f?=idx. If we consider a function f:X — X, then for any n€N
the symbol f™ will denote the nth iteration of f, i.e., f"= fof" ! and f’=idy.
Moreover, we will write fJ' instead of id’ for n € N.

We say that a dynamical system (fi ) is periodic with a period n if
fx = frmodn if kmodn # 0 and fr = f, otherwise. The smallest period of a
periodic dynamical system is called its prime period. If n is a period of (f1 o) =
{fi}tien, then we sometimes write (fi,..., f,) instead of (fi o).

Let A={fo, f1,---, fx}, where f; : [0,1] = [0,1] (i = 1, ..., k) are continuous
functions and fy = id[g 1. The family A will be called a set of generators.
Following [3], we assume that the identity function always belongs to A (and
sometimes we denote it by fy). We say that a semigroup G is finitely generated
if there exists a set of generators A = { fo, f1,..., fr} such that

G=[]JA"
n=1
where A" = {filofizo~-~ofin K ST S {0,1,...,k}}.Notice that if m > n,

then A™ C A™ To denote that a semigroup G is finitely generated by A, we will
use the symbol G(A). Let X C [0,1]. Then, we will use the notation

ATX ={fo I X, il X,..., fu | X}
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Obviously, if the restrictions of several functions to the set X are the same, then
they are represented by only one function in the family A | X

We call a set X invariant for some function f (for A) if f(X) C X (for each
feA.

For a fixed € > 0, a function f is e-approximated by a set of generators
A={fo, f1,---, [k} if o(f, f;) <efori=1,2,... k, where o denotes the metric
of the uniform convergence (i.e., o(f, f;) = sup{| f(z) — fi(z) |: = € [0,1]},
fori=1,2,...,k).

We will also consider the family T7°°(A) = {9100 = (91,92,...) : g; € A}.
By T;°(A) we will denote a subfamily of 7°°(.A) consisting of periodic systems
with a prime period not greater than p and consisting of functions belonging to
A\ {fo}.

Let A={fo, f1,---, fx} be a set of generators. Let n€N, e >0 and Y C[0, 1].
We say that Z C Y is (n, e)-separated by G(A) in Y ([3]) if for any two distinct
points p,q € Z there exists a function g € A™ such that | g(p) — g(q) |> e.
Let s(n,e,G(A),Y) denote the maximal cardinality of (n,e)-separated set by
G(A) in Y. Then, the entropy of a semigroup G(A) on Y is the number ([3]):

h(G(A),Y) = lim limsup — logs(n e,G(A),Y).

e—=0t noco

If Y = [0,1], then we will briefly write h(G(A)) instead of h(G(A), [0,1]).

Let (g1,00) be a dynamical system, n € N, e >0and Y C [0,1]. Aset ECY
is called (n, ¢)-separated for g; o, in Y if for any two distinct points xz,y € E
there exists j € {0,...,n — 1} such that | ¢/(z) — ¢l (y) |> €. Let 5,(g1.00, V> €)
denote the maximal cardinality of (n,¢)-separated set for g; o in Y. Then, the
entropy of a system g; o, on Y is the number ([5]):

h(g1,00,Y) = lim hmsup log $n(91,00, Y5 €)-

e—=0t pooco

If Y = [0, 1], then we will briefly write h(gLoo) instead of h(g1,00, [0, 1]).

1.1. Three types of entropy for a set of generators

Let A = {fo, f1,---, frx} be a set of generators and Y C [0, 1]. Now, we define
three types of entropy of A on Y following [6].

e Entropy of the first type (briefly I-type entropy) of a set of gen-
erators A on a set Y is the number

hi(A,Y) = h(G(A),Y).

e Entropy of the second type (briefly II-type entropy) of a set
of generators A on a set Y is the number

hH(Av Y) = Sup{h(gl,oov Y) * 01,00 S TOO(A)}
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e Entropy of the third type (briefly III-type entropy) of a set
of generators A on a set Y is the number

hit(A,Y) = sup{h(91,00, Y) : 91,00 € T°(A) }.

If Y = [0,1], then we briefly write h;(A) instead of h;(A,[0,1]) for J €
{L,II,IIT}. Tt is worth noting that if X is an invariant set (for .A), then

hy(A]X) =hy(AX) for Je {LILIII}.
Let us note some facts that are important for our considerations ([4], [6]).

ProPoOSITION 1. Let A = {fo, f1,..., [} be a set of generators and let Y1 C
Y> C [0,1]. Then,
hy(A Y1) < hy(AYs) for Je{I,I1III}.

ProroSITION 2. Let A= {fo, f1,---, [k} be a set of generators and Y C [0, 1].
Then,
hi(AY) < hrr(AY) < hr(AY).
PropPOSITION 3. LetY C [0,1]. If A= {fo, f1}, then
hin(AY) = hit(A,Y) = hi(AY) = h(f1,Y).
For any set of generators A and invariant set (for A) X C [0, 1] we will

consider three types of functions E}MX : X = RoU{oo}, where J € {I,1I, 11T},
defined in the following way ( [6])

E7"™(2) = inf{hs (A, Bx(z,€)) : e > 0}.
The fact presented below is a simple modification of Proposition 5 from [6].

PROPOSITION 4. For any set of generators A, any invariant set (for A) X C
[0,1] and a point x € X we have

0 < B ¥ (2) < B{™ (2) < B/ (w).

2. Local aspects of entropy and chaos —s-chaotic
functions

Distinguishing three kinds of sets below will allow us to analyze individual
types of entropy on some parts of the domain.

e We say that a set X C [0,1] is Aj-invariant if it is nonempty, closed,
invariant (for A), and hi(A [ X) > 0= h(A [ X).

e We say that a set X C [0,1] is Aj-invariant if it is nonempty, closed
and invariant (for A), and either h;(A) > hir(A | X) > 0 = hi(A | X)
whenever Ay (A [ X) < oo or 0= hii(A [ X) whenever hip(A | X) = oco.
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e We say that a set X C [0,1] is Aj-invariant if it is nonempty, closed
and invariant (for A), and either hi(A) > hi(A | X) > 0 whenever
hHI(.A [X) < 00 or hHI(.A [X) = Q0.

In order to reach a deep understanding, let us note two observations.

Let A = {fo, f1}, where f; is a continuous function, then

o if A(f1) = oo, then [0, 1] is an Ajp-invariant set and it is neither an Aj-
-invariant set nor an Ar-invariant set;

o if h(f1) = 0, then no set X C [0,1] is A -invariant set for any J €
{L, 11, IIT}.

For further considerations in order to construct a definition of an s-chaotic

family, the following remark is important.

Remark 5. There exist a set of generators A; J, K € {[,ILIII} and sets
X1, X3 such that X is A -invariant, X, is Ag-invariant and int(X; N Xs) # 0
(see comment after Remark []).

Let A = {fo, f1,--., fx} be a set of generators and zy € [0, 1]. We say that
a point z( is a J-entropy point of A (J € {I,II,1II}) if there exists an A -
-invariant nondegenerate interval X containing o (xo may be end-point of X)
and such that E}MX (z9) = hj(A ] X) (we will say that x( is connected to X).
Let us adopt the following denotations:

Ent;(A, X): a set of all J-entropy points of A connected to .Aj-invariant
nondegenerate interval X (J € {I,1L,II1}).

Ent;(A): a set of all J-entropy points of A (J € {LII,III}) connected to
some invariant nondegenerate interval X .

LEMMA 6 ([5]). Let Z be a compact space, (f1,00) a nonautonomous dynamical
system on Z,Y C Z, and Y = Ule K;. Then,

h(f1,007Y) = max{h(fl,()o’Kl)’ sy h(f1,007 Kk)}

THEOREM 7. Let A = {fo, f1,...,fx} be a set of generators. For any A;-
-itnvariant interval [a,b] there exists xo € Ent j(A, [a,b]), for J € {I,1I,II1}.

Proof. The proof is analogous to that of Theorem 8 from the paper [0].
The proof of Ent;(.A, [a, b]) can be rewritten almost word for word. Consequently,
we will only present the proof for Entyy(\A, [a, b]) the existence of which has been
only signaled in [6]. The proof in the case of Entyyi(.A4, [a,b]) can be carried out
in the same way as for Enty;(A4, [a,b]) or in a slightly modified version from [6].

Put hii(A,[a,b]) = a > 0. So, for each m € N there exists dynamical sys-
tem (gngL) € T(A | [a,b]) (this means that (gngL) is a system composed

of continuous functions mapping [a, b] into itself) such that h(ggino]o) >a— L.
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Let us divide [a, b] into disjoint intervals
b— b— 2(b — —1)(h—
la,b] = [a,a+_a] u<a+_a,a+ u] e U (Hw,b]_
m m m m

According to Lemma [6] there exists interval

e {fnar =], (ar2=2 0200 (g 220 )

such that h(gknolo,lm) >a— L.
Consider a sequence {a,,} consisting of points a, selected from I,,,
for m € N, and let {a,,,} be a subsequence converging to some point zg. What

is left is to show that
zo € Entyi(A, [a, b)). (1)

So, let n > 0. We have h(gg?g],[mj) > o — 'm% and diameter diam(I,,,) = mij
Therefore, there exists jo € N such that I,,,; C (zo — 1,70 +n) N [a,b], for any
j > jo. To simplify the argument, we may assume, without loss of general-
ity, that the above inclusion occurs for each j € N. Because of Proposition [I

we have
(0% Z hH(A7 (950 —1,%o + 77) N [a”b]) Z

- 1
hii(A, Im;) > h(gg OJO],Im].) >a——, for jEN.
9 m]
It follows that hyp (.A, (xo — n,0 + 1) N [a,b]) = «, which proves (1), and
the proof of the Theorem is complete. O

The following remark is important in the context of introducing the notion
of an s-chaotic family in the next part of the paper.

Remark 8. There exist a set of generators A and J, K € {I,II, 111} such that
J # K and Ent;(A) N Entg(A) # 0.

The examples that justify the above remark are quite complex. For this rea-
son, only the sketch for J=II and K=III will be presented below. Let us start
by dividing interval [%, 1] into equal parts by points a = g,b =6 7

2.c = L
8 8
Let {an}52 1, {bn}22; be sequences of points such that

1 1
O<a; <by<ag<by<---<= and liman:§

2 n—00
Now, we will define a continuous function f;. Put

filx)=a for x¢ U[an,bn].

On each interval [a,, b,] let f1 be defined in such a way that fi([an, bn]) = [an, by
and h(f1,[an,bs]) >logn (n=1,2,...).
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Before defining a function fs, we consider an auxiliary function g: [%,a] —
[1,a]. Let {c,}52,, {dn}52, be sequences of points and d be a point such that
1
a>d>dy >c1 >dy >co>--->—- and lim ¢, = —.
2 n—o00 2
Then, the function g will be defined in the following way: g(3) = 3 = g(a) and
g(d) = a. On each interval [c,, d,] let g be defined in such a way that

glcn) =cn, g(dn) =dn, g(lcn,dn]) = [cn,dn] and  h(g,[cn,dy]) > logn

(obviously, we require that g is continuous on [¢,,, dy]), for n = 1,2, ... Moreover,
let g be linear on each of the intervals [d,a], [d1,d] [dnt1,¢n] (n = 1,2,...)).
Finally, we define a function fo: [0,1] — [0,1] in the following way: fa(z) = b,
for x ¢ [£,a] and fo(x) = g(x) + § for z € [, a).

Let us define one more continuous function f3 in the following way: f3(x) = %
for z € [0,a], f3(b) = a, f3(c) =b, f3(1) = ¢ and f3 is linear on each of the
intervals [a, b], [b,¢], [c,1].

Thus, we may define the generator set A = {fo, f1, f2, f3}

Put

1
XH = |:§,0:| and XIII = [O,C].
Note that Xy;, Xy are closed and invariant sets. Obviously, A | X1 = {fo |

X, fo | X, f3 [ Xu}t and A | X = {fo [ Xun, fi T X, fo [ X, f3 1 X
Since h(f1 | Xm1) = 400, then Xiyp is Ajqp - invariant set and consequently,

1
3 is IIT— entropy point of A connected to Xy . (2)

One can prove (after detailed calculations) that hmp(A | X)) = 0 and
hir(A | X11) = +oo, which gives that Xy is Ajp-invariant set. It follows im-

mediately that
5 is II—entropy point of A connected to Xij. (3)

According to (2)) and (B]), we have Enty(A) N Entrr(A) # 0.

In [6], it was pointed out that in many considerations entropy is treated as
some kind of measure of chaos. Previous considerations led to distinguishing
functions having separated sets of entropy (chaos) points. This fact will be em-
phasized in the next definition.

We say that a family of generators A is s-chaotic (separately chaotic) if there
exist three nonempty, pairwise disjoint sets

Y1 C Ent; (A), Y C EntH(A), Y C EntHI(A).

Examples of s-chaotic families of generators are easy to establish from the
proof of Theorem [I4l We now give a quite simple example of a family A that
is not s-chaotic.
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Let us consider a family A = {fo, f1,..., fx} such that

fl(x)zz for z € {0, z],

() <)) m n(o((3])

Let us also assume that f; are continuous functions such that f;([0,3]) c [2,1]
and f;(z) =, for z € [3,1] and i € {2,...,k}. This is clearly sufficient to note
that all invariant sets for A are contained in [3,1], and if ¥ C [3,1], then
ATY ={fo 1Y, f1 | Y}. Of course, Y is neither A;- nor Aj-invariant.

Before proving the main theorem (Theorem [I4]), we will present some useful

lemmas (sometimes supplemented with comments facilitating their use).

LEMMA 9 ([5]). Let (f1,00) be a dynamical system on compact set X C [0,1].
Then, for every 1 < i < j < oo the following inequality h(fioo) < h(fjoo)
occurs.

It is immediately clear that the above lemma cannot be formulated for entropy
on a proper subset of the domain (suitable example has been presented in the
picture entitled Figure 2 of [5]). However, it is easy to check that in the case
when A C X is an invariant set (for each function creating (f1 o)), then it is
possible.

LEMMA 10 ([5]). Let (f1,00) be a periodic dynamical system with periodn on com-
pact set X C [0,1] and Y C X. Then, h(f",Y) =n-h(fi 00, Y).

LEMMA 11 ([5]). Let (f1,00) be a dynamical system consisting of (not necessarily
strictly) monotone maps. Then, h(f1,0) = 0.

LEMMA 12 ([2]). Let f: [0,1] — [0, 1] be a piecewise monotone map with finitely
many pieces of monotonicity, and let ¢, be the minimum number of pieces
of monotonicity of f". Then,

lim —loge, = h(f).
n—oo N
The above lemma requires some comment to be taking into account, among
others, Example 4.2.6 from [2]. First of all, this lemma can be written by replac-
ing [0,1] with any closed nondegenerate interval. Further, if we have function
f:la,b] — [a,b] whose graph goes from a to b or vice versa n times, then
h(f) = logn.
LEMMA 13. Let X C [0,1] be a compact and nondegenerate interval and let
(f1,00) be a dynamical system on X such that h(f1 ) > 0. Moreover, let {k;}
be the sequence of all positive integers such that fr, # idx, i = 1,2,...
Put (91,00) = {fr; }ien. Then,
h(f1,00) < h(g1,00)- (4)
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Proof. Note that (according to Lemmas[@ and [[1]) (k;) is an infinite sequence.
One can assume that f; # idx. Otherwise, we may consider

ix = min{i: f; #idx};
according to Lemma[d we have h(f1 ) < h(fi. ) and it would be sufficient to
show the inequality h(fi, o) < h(g1,00) instead of ().
We will prove that
if Eis an (n, e)—separated set for (f1 o),
then E is an (n,¢)—separated set for (g1,00), (5)
foreachn € Nand € > 0.

Let z,y € E ‘be distinct points. It means that there exists j € {0,...,n — 1}
such that | f{(z) — fi(y) |> e. If f; =idx for each 0 < i < j, then we would

have 0 0 j j

lz—y|=lgi(x) —gi(w) |=| fi(z) = fi(y) [> e
Otherwise, we put to = max{j € {1,...,n—1}: f; # idx } and let iy be a positive
integer such that k;, = to (it is easily seen that k;, < m). Then, gfi" (2) =

“(z) = fI(2) for each z € X and, consequently, | gfi" (z) — gfi" (y) |> e
This completes the proof of (Bl). By (), it is obvious that h(f1,00) < h(g1,00) O

Let us note that in the above lemma we cannot replace the inequality with
an equality. For example, consider a function f: [0,1] — [0,1] with positive
but finite entropy. Let us define the functions f2;—1 = idpy and fo; = f
for i=1,2,... In this way we have defined a nonautonomous periodic dynamical
system (f1.00) = {fi}$2, with period 2. It is obvious that (f?) may by considered
as an autonomous system (f) and it can be interpreted as dynamical system

(91,00) = (fx;) from the assumption of Lemma [I31 Consequently, according
to Lemma [I0, we have 1 )
h(f1,00) = 3 h(f7) = 3 h(f) = 3 h(g1,00)-

THEOREM 14. For any continuous function f with a finite entropy and any
e > 0, a function f is e-approzimated by an s-chaotic family of generators A

such that hiir(A) > h(f).

Proof. Fixe > 0, a fixed point z¢ € [0,1] of f and a positive integer 7 > h(f).
Obviously, there exists 6 € (0, 5) such that

F((wo = 8,20 +8) N[0,1]) € (Flwo) = 5. F(@o) + 5) = (w0 = w0+ 5 )

Let [ao, bo] C (l‘o — 90, x0 + (S) N [0, ].] (ao < bo) Then,

f(.’IJ) € (1'0 - %7330 + %) ’ for z € [a(]vb()]' (6)
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Next, let us fix six points ag < a1 < by < as < by < ag < bz < by.

We will now construct the sets of functions (family of generators) specific
to each of the intervals [a;, b;] for i = 1,2, 3.

As a first step of the construction, we define some functions connected with
the interval [ay, by]. First, we choose two points ai,a? € (a1, by) such that ai < a?
and next, we divide [a], a?] into equal parts by points

al =p1 <pa < < Pyris = a3.
Let us denote by [ the length of each of these intervals (8 = p;11 — pi,
= 1,2,...,27"'3—1).
This will allow us to define 272 functions f;: [0,1] — [0,1] (i = 1,...,272)
as follows.

x for = € [by, bs],

_ .1
P2i—1 fOI' r = aqy,

pa;  for x =a?,
ai for = = aq,
flx) for x € [0,a0] U[bg, 1],

linear on any interval [ag,a1],[a1,al],[a}, a?], a3, b1], [bs, bo)-

For our considerations, it is important to note that f; | [ai,bs] are one to one
and therefore, there exist functions

(fi I'ag,b3])™t for i=1,2,...,27F2
Taking into account that f;(a1) = a1, fi(b3) = bz and

fi<[a1,b3]) = [al,b3] = (fz [ [al,b3])_l([a1,b3]) ZZ ].,2, . .,27+2,

we may consider the following functions y;: [0,1] — [0, 1]

-1
() = (fi I'la1,b3)) " (z) for x € [ax,bs], o i La,. . a2
fi(z) for = ¢ [ay, bs3],

In the next step of construction of the sets of generators, we shall consider
the interval [ag,bs]. First, we divide this interval into three equal subintervals
by points

ay = ay < a3 < aj < a3 = by.
Continuing this procedure, let us divide the interval [a, a3] into (2771)3 equal
subintervals by points

1
as = qq < Q2 < e < q(2.,+1)3 < q(21—+1)3+1 = a%.

52



LOCAL PROPERTIES OF ENTROPY FOR FINITE FAMILY OF FUNCTIONS

Using these divisions, we will define two functions g1, ¢g2: [0,1] — [0, 1] in the
following way.

T for x € [a1,b1] U [as, bs],
as for z € {Q1,Q3,Q5a ce ,Q(2T+1)3+1} U [“%abﬂ’
b2 for z € {q27q47"'7q(27+1)3}7

g1(z) =
f(z) for x € [0,a0) U [bo, 1],
linear on any interval [ag,a1],[b1,a2],[¢i,qi+1] (i: L2, 7(2T+1)3)’
[b2, as], [b3, bo).
x for x € [a1,b1] U [as, bs],
as for z € [ag, a3],
ga(z) = a3 for x = by,

flx) for x €]0,a0] U [bg, 1],

linear on any interval [ag, a1], [b1, as], [a3, b2], [ba, as), [bs, bo)-

Let us note that go(a3) = a3.

Finally, let us start defining the function related to [ag, b3]. Similarly as in the
previous steps, we start by dividing the interval [ag, b3], this time, into 27 equal
subintervals by points

a3 =171 <719 < --- < Tor <T21-+1=b3

and we define the function &: [0, 1] — [0, 1] by the following formula

x for x € [a1,a3),
f(z) for x € 0,a0] U [bo,1],
&(x) = as  for x € {ry,r3,r5,..., 2711},
bs  for x € {ro,ra,...,m27},
linear on any interval [ag,a1], [ri,7i41] (1=1,2,...,27),[bs, bo].

We have now finished defining all the functions which are necessary to create
the generator set

A = {idpo ), f1, fas - -, forva, pa, p2, - o oy o2, 91, 92, €}

Of course, now it is necessary to prove that family A satisfies the conditions
of the theorem.

First, let us note the obvious fact that each of the intervals [ai, b1], [az,bs],
[ag, b3] is an Aj, Ajr, Arp-invariant set, respectively.

From the definition of the functions belonging to A, one can deduce that A |
la1,b1] = {idq, p,], f1 [ a1, b1], fo [ a1, 01], ..., forva | a1, b1, 1 1 [a1, b1], o |
la1,b1], ...y por+e [ a1, bi]}
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We first prove
hi(A ] [a1,b1]) > 7+ 2. (7)

Taking into account the fact that the considerations in this part of the proof
concern only the interval [aq,b;1], in order to increase the readability in further
denotations (connected with this part of the proof), we will omit the symbol
of the restriction: “I [a1,b1]”.

Let 0 € (0,3) and let yo € (ai,a?). Set
Zy={(fop 0 ofs)wo):si €{1,...,277°}, i=1,...,k}, ke N\ {1}.
We shall show that

#(Zr) = (277", (8)

In order to prove (), we first show that for each fs, o---o fs,, fj, 0 0 fj,,
where fs,, f;, € {fi,..., far+2} for @ = 1,... k, the following implication is
obtained:

if fSkO~-~Of31 #fjko...of]i?

then (fSko"'of81)(y0) G (fjko"'ofjl)(yO)
(note that fs, o---o fs, # fi oo fi i fs, [fai,bi]o---ofs, [ [a1,b1] # [ 1
la1,b1] o -+ o f;, I [a1,b1].)

Denote kg = max{i: fs, # f;,;} > 1. Define an auxiliary function ¢ in the
following way

fsko"'ofsk()+1:fjko"'ofjk() ifk0<k,
t =
id[0’1] if ko = k.

(9)

According to the definitions of fs,, f;, (1 =1,2,...,k), it follows that
(forg© -+~ fs1)(W0) € [P2s—15 P25y, ] and (f 0+ 0 f5,)(W0) € [P2jug—15P2ji, )-
Since fs,, # fii,»> then [pas, —1,P2s,,] N [P2ji, —1, P24y, ] = @ which enables us
to write
(fsrg 00 fs1) (o) # (fing © -+ £5) (o)

On account of the fact that ¢ [ [a, b1] is one to one, we have

(fSIc ©-++0 fs1)(y0) =
(to fory 0 0 fsi) (o) # (Lo fi, o0 fi)(yo) =
(fjk ©-++0 fjl)(y())'

The proofs of (9)) and thus of (8) are completed.
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Continuing the proof of (), we will show that
Zy is a (k,o0) — separated set. (10)

Indeed, let @ = (fs, - -0 fs,) (o), v = (fj. ©--- 0 fj,)(yo) € Z be the
points such that « # y, where f,, f;, € {f1,..., for+2} for i = 1,..., k. Hence,

(fsk 0--0 fsl)(yo) 7é (fjk O-~-ij1)<y0), Put v = maX{i: fSi 7é fjl} We now

apply previous considerations again to obtain

(fsa, o---0 fs)(yo) € [p2s~,—1>p2s~,] and (fjw o---o f;)(yo) € [pzjw—hpzjw]-

There is no loss of generality in assuming that v < k (if v = k, the simplifi-
cation of considerations would be obvious). Let us consider a function

@:id&/)’l]ol’l’s'yﬁ—l O"'Oﬂsk'

Obviously, ¢ € A* and Py = Moy s ts, = Hj,- One can check immediately
that

L)0(‘7") = ldFO,I] Ofsyiq O 0 gy ((fsk ©-+:0 fsl)(yo))

= (fSw S Of51)<y0) € [p2s'y_17p2573|'

The same reasoning leads us to the conclusion
©(y) € [p2j,—1,D25, ]

On account of fsw 75 fjw’ we have [p2sw—17p2sw] N [p2jw_1’p2jw] = (D
Hence, | p(z) — ¢(y) |> o, which proves (I{). Consequently, according to (&),
we may conclude that s(k,o, G(A | [a1,b1])) > #(Zk) = (27F2)*, which allows
us to calculate

hi(A 1 [a1,b1]) = lim limsup 1 log s(k,0,G(A | [a1,b1])) > 7+2.
o0+ p o0 K
This completes the proof of ().

At the end of this part of the proof, let us now note that A [ [a1,b;] consists
of monotone functions. Applying Lemma [IT] it is clear that hy(A | [a1,b1]) =0
which means that [aq,b;] is an Aj-invariant set.

Let Y7 = Enti(A [ [a1,b1]) C Ent;(A). Theorem [1 guarantees that Y7 # 0.

Let us now turn to the considerations related to the interval [ag,bs]. It is
easily seen that A [ [ag, bg] = {id[az,bz]agl F [ag, b2],92 [ [ag, bg]}

Similarly to the previous part of the proof, taking into account the fact that
the present considerations (in this part of the proof) concern only the interval
[az, b2], we will omit the symbol of the restriction ” | [ag,bs]” connected with
functions g; and gs.

Let us start by noticing that h(g3) = 0 = h(g;), which according to Lemma[I0
implies that h(g;) = 0 = h(g3). Since (g1 092)?, (g2091)? are constant functions,
then (LemmalI0) h(g1 0g2) = 0 = h(g2 0 g1). This observation enables us to the
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conclusion that there is no periodic dynamical system with period not greater
than 2 with positive entropy. This gives hi(A [ [az, ba])=0.

Next, we will consider entropy of successive dynamical systems consisting
of funtions belonging to A | [az, bs] with positive entropy. Lemma [I3] indicates
that it suffices to consider systems that do not contain id(,, p,]-

Let us start with periodic system (gg LO) = (91,92, 92). Clearly, (¢g3) is an

autonomous system and (using Lemma [0 and Lemma 12)
M(o'L) = Sh(g}) = 5 log 2D =7 410,

So, we conclude that hrp(A [ [az, b2]) > 0.
For Ajr-invariance we shall show that

h1<.A) > hH(.A i [ag,bg]). (11)

For this purpose, we will consider entropy of all possible dynamical systems with
positive entropy consisting of funtions belonging to A | [ag, bs]. We will prove
that in no case these entropies are greater than 7+ 1. Lemma[[3]indicates that it
suffices to consider systems that do not contain id[,, 5,) (in other words, we will
only consider systems consisting of functions g; and g2).

The assumption of considering only systems with positive entropy eliminates
all the systems for which the composition of the initial functions is a constant
function.

Let us start with the case when g¢; is the first function in our system. Taking
into account the previous statements, g; cannot be a second function in this
system. Thus, at the beginning of this system, there are functions g; and go.
Now, the function g; cannot appear either, so the beginning is composed of a
sequence (g1, g2, g2). The fourth function in this system cannot be gz, so the
beginning will be a sequence (g1, g2, g2, 91). Continuing this reasoning, it is not
difficult to notice that we will get the periodic system considered earlier (gg Lo)
with entropy equal to 7 + 1.

Generally, every dynamical system composed of functions g; and go with
positive entropy in which the first function is g; has an entropy equal to 7 + 1.

Let us consider the case when g is the first function in the dynamical system.
In this case, we should consider two options:

e The second function in our system is g;.
Then, the third function must be go and the next go. The initial sequence
of our system is of the form (g2, g1, g2, g2). Then, the following functions
will have to appear one by one: gi,¢g2,92,91,... In this way we create

the periodic dynamical system (gELO) = (g2,91,92). Let us use Lemma
@ to simplify the calculations. Note that (gé LO) = (ggl]oo), which gives
2 1
h(g5h) < hlgihe) =7 +1.
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e The second function in our system is go.

In this case, we start with the sequence (ga, g2). Continuing this way as be-

fore, we get a dynamical SyStem (gELo) = <g27927917923927917927927 .. )

And again, it can be seen that (9[3?10) = (ggllo) Consequently, using
Lemma [ we will have h(ggg’]x) <741

The above considerations cover all possibilities of dynamical systems formed by
the functions ¢g; and g with positive entropy. Moreover, we have hi(A) > hi(A |
[a1,b1]) > 7+ 1 = hyg(A | [az, bs]) which completes the proof of ().

Let Y11 = Enty(A | [az, bo]) C Entyr(A). Theorem [ guarantees that Yir # 0.

Finally, let us now turn to the considerations related to the interval [as, bs].
One can observe that A | [as, b3] = {id[a, b,], & | [a3,b3]}. An easy computation
(using Lemma [I2]) shows that hip(A | [as,bs]) = 7. Hence, hii(A) > hi(A |
[ag,bg]) > T = hHI<A i [ag,bg]). So, [ag,bg] is an Aj-invariant set. Moreover,
we have () # Y1 = Entiii(A | [ag, b2]) C Entiir(A).

From the disjointness of [a1,b1], [az2, 2], [as,bs] we conclude that also Y7,
Y11, Yi1 are pairwise disjoint.

In concluding the consideration connected with entropy, let us note that
hui(A) > hin(A [ [as, bs]) = 7 > h(f).

What is left is to show that o(f,¢) < ¢, for each i) € A\ idjg ). For this
purpose, applying (@), it is sufficient to observe that

{ue[0,1]: ¢(u) # f(u)} C [ao, bol. 0

After Remark Bl we signaled that entropy is treated as some kind of measure
of chaos. For this reason, the demand that hy1(A) > A(f) in the above theorem
is very important. Note, however, that it is not difficult to see that every con-
tinuous function f (including function with infinite entropy) is a uniform limit
of functions with finite entropy (piecewise monotone maps with finitely many
pieces of monotonicity). The entropies of these functions converge to the entropy
of function f (entropy regarded as a function mapping space of all continuous
functions into R U {+o0} is a lower semicontinuous function). Then, we can ap-
ply Theorem [I4] to each of the previously mentioned functions having a finite
entropy, and we get an e-approximation by an s-chaotic family of generators.
Of course, we will not receive the important condition

hIH (A) > h(f)
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