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ABSTRACT

Fractal dimension for pre-image entropy is introduced for continuous maps throughout this paper.
First we show the definition of pre-image entropy dimension of a dynamical system from different
topological versions. Then we give those basic propositions of pre-image entropy dimension and
the formula for power inequality and forward generator. Relationships among different types of
pre-image entropy dimension are studied and an inequality relating them is given. Some basic
examples are provided to compare those values of polynomial growth type with the pre-image
entropy dimension. After that, this study constructs a symbolic subspace to attain any value
between 0 and 1 for pre-image entropy dimension.
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1 INTRODUCTION similarity, it look like to original one. Because the

) N concept of fractal dimensional issue related to the
Fractal geometry is a traditional approach that  gejf-similarity is extensively used for identifying
uses Mandelbrot's original exploration of self-  yo,ghness, fractal dimension plays a crucial role
similarity studies its properties, see [1. A iy order to analyze complex objects that are

fractal is a geometric or disintegrate pattern 5,nd in nature, but was failed to be analyze by
that must be broken down into subparts, and  gycligian geometry.

individual reduced parts. in order to maintain self-
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Fractal dimension is an imperative aspect
of fractal geometry that provides indicative
application in different research fields, including
image processing, pattern recognition, computer
graphics and many more. Good references can
be found in [2, 3, 4, 5].

The complexity of the fractal set can be described
by the value of entropy. Topological entropies
represent the orbit complexity of a dynamical
system (X,T), where T is a continuous map
from the compact metric space X to itself,
and have been extensively studied (e.g. see
[6, 7, 8, 9]). This value measures the exponential
growth rate of the number of separating orbits
for an arbitrary topological dynamical system.
Moreover, topological entropy is one of the
fundamental dynamical invariants associated
with a continuous map. These entropy invariants
have been discussed extensively and numerous
early studies have been cited in [10].

When a mapping T is invertible, it is clear to
show that topological entropy h:.,(T~") equals
htop(T). However, if the mapping T is non-
invertible, several possibilities lead to entropy-
like invariants for non-invertible maps. During
1990s, several authors have studied entropy-like
invariants for non-invertible maps. Particularly,
Hurley [11], Nitecki and Przytycki [12] give
two point-wise entropies hn,,(7) and hy(T),
which are vaguely analogous to topological
entropy. Cheng and Newhouse [13] later
defined two other such invariants, one topological
and the other measure-theoretic in nature,
and proved a “pre-image variational principle”
relating these two invariants. Pre-image entropy
takes past behavior into account through the
backward mapping. A good survey of pre-image
entropy for continuous map can be found in
[13,11,9, 14,12, 15, 16].

Although systems with positive entropy are
much more complicated than those with zero
entropy, zero entropy systems have various
levels of complexity, and have been studied
by [17, 18, 19, 20, 21]. Previous authors
adopted various methods to classify zero entropy
dynamical systems. For instance, Carvalho [17]
introduced the notion of entropy dimension to
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distinguish the zero topological entropy systems
and obtained some basic properties of entropy
dimension. Ferenczi and Park [20] investigated
a new entropy-like invariant for the action of Z or
7% on a probability space.

Researchers have wused several notions,
including sequence entropy [22] and maximal
pattern entropy[23] to analyze topological entropy
zero systems. Pre-image entropy is another
fundamental dynamical invariant associated with
a continuous map. This type of entropy roughly
measures the complexity of the structure of the
map from the backward orbit. Zero pre-image
entropy generally means that the continuous map
exhibits a less complicated dynamical behavior
everywhere at each backward orbit. Motivated
by the technique of entropy dimension [18], the
similar approximation can be discussed for zero
pre-image entropy.

The purpose of this paper is to introduce the
pre-image entropy dimension to quantify the
complexity of zero pre-image entropy measurable
dynamics. It should be a measure of the growth
behavior of uncertainty from all backward orbits
at each point. Section 2 first defines the pre-
image entropy dimension and then gives some
properties of it. Relationship among different
forms of entropy dimension is discussed and
section 3 obtains an inequality about them.
This study considers some popular examples
to compare those values between polynomial
growth type of pre-image entropy and pre-image
entropy dimension. Section 4 reveals if these
values are the same or different. Section 5
presents an example to show that every value in
(0,1) can be attained by the pre-image entropy
dimension of dynamical systems.

2 FRACTAL DIMENSION

This section introduces the upper and lower pre-
image entropy dimension of a dynamical system,
and then gives those basic propositions of pre-
image entropy dimension and the formula for
power inequality.
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Note that for a nonnegative sequence {a, } n>1, if

. 1 e
lim sup — a,, is finite for s = s,
ns

n— oo

with simple calculation, then the value of

. 1
lim sup ——an
n—oo N0

is zero for all sp > s. If

. 1
limsup — an, = oo,
n—soo MN°
then

lim sup
n—oo

Toan:OO
n

forall sp < s.
This indicates that the value of

. 1

limsup — an,

n—oo MN°
jumps from oo to 0 at both sides of one critical
point s, which is similar to a fractal measure
and will be useful in the following. Reference
materials can be found in [19, 24].

2.1

In this paper, a topological dynamical system
(TDS, for short) is a pair (X,T), where (X,d) is
a compact metric space and 7' : X — X is a
continuous function. Before defining the notion of
the fractal dimension of pre-image entropy for a
TDS, recall some notations of topological entropy.
Givena TDS (X, T'), denote by Cx the set of finite
covers of X and C% the collection of finite open
covers of X. Given two covers U,V € Cx, note
that U is finer than V if for every U € U, there is
aset V € V such that U C V; this is denoted
by U > V. ltis obvious that Y VvV » U and
UVY =Vifuvy ={UNV:UecU,V €V}
Given two integers m < n and a cover U4 € Cx,
letuy, = V7, T U. IfU € C%, then XU, A)
denotes the number of sets in a subcover of U
with the smallest cardinality on the subset A of
X. According to this definition, it is obvious that
RUVV,A) <RU, ARV, A).

Topological entropy considers the complexity
of a given system by forward orbits on the
whole space. This paper investigates the fractal
dimension of pre-image entropy, which considers
the complexity of a given system by backward
orbits at each point. The definition can be given
by using open covers as follows.

Some Definitions

Definition 2.1. Let (X,T") be a TDS, U be a finite open cover of X and s > 0 be a real number. The
upper and lower s-pre-image entropy of T with respect to U/ are defined as

D(s,T,U) = lim sup S log
nS

n—oo

and

D(s, T,U) = liminf = log
nS

n—>r00

n—1
sup N(\/ 77U, T "x), (1)
zeXk>1 1,

n—1 )
sup N(\/ U, T " z). (2)
zeXk>1 1,

Here, T~z means T~ *(z). When s = 1, D(s, T,U) is just the pre-image entropy of T with respect to
U, (usually denoted by hy,.(T,U)), see [13]. Itis clear that D(s, T,U) < D(so, T,U) when s > so >0
and the graph of D(s, T, U) against s shows that there is a critical value of s at which D(s, T, U) jumps
from oo to 0. Therefore, define the upper pre-image entropy dimension of T with respect to I/ from
this critical value by

D(T,U) =inf{s > 0: D(s,T,U) = 0} = sup{s > 0: D(s,T,U) = oo}
Similarly, the lower pre-image entropy dimension of T w.r.t. U is
D(T,U) =inf{s > 0: D(s,T,U) =0} =sup{s > 0: D(s,T,U) = oo}

It is then clear that 0 < D(T,U) < D(T,U). If D(T,U) = D(T,U) = s, then this cover U has
pre-image entropy dimension s.
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Definition 2.2. If (X,T) is a TDS, then the upper and lower pre-image entropy dimension of T are
defined as o o

Dypre(T) = sup{D(T,U) : U € CX}, (3)
and

D, .(T) = sup{D(T,U) : U € CX}, (4)

—pre
)

Itis clearthat 0 < D, (T) < Dpre(T). When0 < D,

(T Dypre(T), this value represents the
pre-image entropy dlmenS|on of (X ( ,T) and is denoted by D,,(T).

T

2.2 Dynamical Properties

The following propositions are the basic properties of pre-image entropy dimension in the topological
version. Statement 3 of the following lemma shows that the stability property of upper pre-image
entropy dimension of open covers is true.
Lemma 2.1. If(X,T) isa TDS and U,V € C%, then the following statements are true.

(1) Ifu <V, then D(T,U) < D(T,V) and D(T,U) < D(T,V);

(2) Forany0 <m <n, we have D(T,U) = D(T,U}) and D(T,U) = D(T,U}.);

(3) D(T,UV V) =max{D(T,U), D(T,V)}.

Proof. Since the proof is trivial for (1) and (2), we only prove (3) here. For any nonnegative real
number s with max{D(T,U), D(T,V)} < s, note that

n—1
hmsup—log sup  R( \/T U, T " z) =0,
sEXk>1
and
n—1
hmsup—log sup  R( \/T Y1 k) =0,
rzeX,k>1 .
which implies
n—1
hmsup—log sup  N( \/T uUvy),T )
n—o0 zeX,k>1 i=0
n—1 n—1
< hmsup—log sup N \/T u, T )—l—hmsup—log sup R( \/T v, T~ )
n—oo ceX k>l Y, r€X,k>1
= 0

Therefore, D(T,U v V) < s. Since s is arbitrary,
D(T, UV V) <max{D(T,U),D(T,V)}.
From (1), we conclude that D(T,U v V) = max{D(T,U), D(T,V)}. O

Notice that if a, = logsup,cy ;>1 N(\/f:o1 T~U, T~ *z), then {a,}n>1 is a monotonically increasing
sequence. Given a fixed positive integer » > 1, for any n € Z™, there exists I € N such that
Ir <mn < (I+1)r. Thus,

(lr)® anr arr an <((l+1)7’)S a@+nr  _ GQtyr

((+Dr)s (r)s ~ ((+1D)r)° = ns (Ir)ys (I +1)r)s (ir)s
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which implies that

. a . Gnr . . .G e
lim sup —z = lim sup ms and liminf = = lim inf ——~

n—oo N n—00 (TLT) n—oo NS n—oco (nr)s

for any fixed positive integer r.

Obviously, pre-image entropy dimension as defined above is an invariant of topological conjugacy.
This value reveals to consider those two pre-image entropy zero dynamical systems as being not
the same or being not equivalent by different pre-image entropy dimension. The basic proposition of
pre-image entropy dimension is the power rule. The inequality of the power rule can be shown as
follows. The inverse part of inequality is still unknown.

Theorem 2.2. For each positive integer r and 0 < s < 1, we obtain

D(s, T",U) <r°-D(s,T,U)
and

Q(S,Trvu) S TS ~Q(5,T,U),
foranyu € C%.

Proof. First show that )

D(s, 77, \/ T~'U) =r* - D(s, T,U)
1=0
for any open cover U/ of X. In fact, for each positive integer r and 0 < s < 1,

r—1 s n—1 r—1
- —i . r —rj —i —k
D(s, T",\/ T"'U) = limsup ——1log sup N T T"'U), T "z
( \] ) msup s log sup (V (_\/ ) )
=0 j=0 =0
7‘5 nr—1 )
= limsup ——log sup X( \/ U, T ")
n—soo (m“)s z€X,k>1 im0
1 nr—1 )
= r°.limsup ——log sup ¥N( \/ T™U, T ")
n—oo  (NT)* eeX k>1 Yo

r° - D(s,T,U) (using (5))

which implies
r—1
D(s,T",U) < D(s,T", \/ T~U) =r°-D(s,T,U)
=0
for any open cover U € C%. The same arguments yield that

Q(S,TT7Z/[) S TS Q(SaT7u)

In a metric space (X, d), define the diameter of a cover U/ as

diam(U) = sup diam(A),
AeUu

where diam(A) denotes the diameter of the set A. If 14,V are open covers of X and diam (i) is less
than a Lebesgue number for V, then we have U/ > V. The following lemma is a direct application of
this fact.
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Lemma2.3. If(X,T) isa TDS and{U,} is a sequence of finite open covers of X with lim diam(U,) =

n—oo
0, then
Jim D(T,Un) = Dpre(T) @nd lin D(T,Un) = D, (T).
Except in very special cases, the pre-image entropy dimension cannot be easily computed by using
those definitions and results, see [25] for some results of computing topological entropy. Thus,
simplifying the definition is also important to us. Again, assume 7' : X — X is a continuous map. A
finite open cover U of X is a forward generator for T if for every sequence {4, }.>0 of members of

U, the set N>, 7" (A,) contains at most one point of X. See [26] and [12] for details.

n=0

Lemma 2.4. Assume T : X — X is a continuous map of a compact metric space (X,d). LetU be
a forward generator for T. For any € > 0, there exist N > 0 such that each set in \/f:[:0 T~ ™U has
diameter less than e.

A continuous map 7" from a compact metric space (X, d) to itself is said to be forward expansive if
there exist § > 0 such that, for any distinct  # y € X, the forward images 7"« and T"y are more
than ¢ apart, for some n. The following lemma is well-known, e.g. see [10].

Lemma 2.5. A continuous map T from a compact metric space (X, d) to itself is forward expansive
if and only if it has a forward generator.

Using the second item of lemma 2.3 and the above lemmas, the following conclusion is easily
obtained.

Theorem 2.6. Let T : X — X be a forward expansive continuous map of the compact metric
space (X, d). Then there exists a forward generator U such that D(T,U) = Dy,.(T) and D(T,U) =
D .(T).

=pre

3 RELATIONSHIPS AMONG DIFFERENT DEFINITIONS

This section discusses the relations of different definitions of pre-image entropy dimensions.

3.1 Basic Definitions

For convenience, we first recall some concepts and notations adopted by Dou, Huang and Park [19].
Consider an increasing sequence of integers S = {s;}{2; = {s1 < s2 < s3...}. For v > 0, denote

— n
D(S,7) = limsup ——
(8,7) = lim sup TRE

and "
D(S,~v) = liminf ——

n— oo (Sn)7
It is clear that D(S,~) < D(S,%) if v > 4 > 0. Similarly, graphs of D(S,~) and D(S,~) against v
show that there is a critical value of v at which D(S,v) and D(S, ) jump from oo to 0. Therefore, the
upper dimension of this sequence S is given by
D(S) =inf{y > 0:D(S,7) =0} =sup{y > 0: D(S,7) = oo}
and the lower dimension of S is defined by

D(S) = inf{y > 0: D(S,v) =0} =sup{y > 0: D(S,v) = co}
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It is then clear that 0 < D(S) < D(S) < 1. If D(S) = D(S) = v, this sequence S has dimension .

The following discussion investigates the dimension of a special kind of sequence, which we call the
pre-image entropy generating sequence.

Let (X,T)beaTDS and U € C%. Anincreasing sequence of integers S = {s;}2; = {s1 < s2 < ---}
is a pre-image entropy generating sequence of U if

hminfllog sup R(\/ 77U, T "z) > 0.

n—oo M zeXk>1 1,
Denote by £(T,U) the set of all pre-image entropy generating sequences of ¢/ and by P(T,U) the set
of sequence S = {5;}52; = {s1 < s2 < ---} of ZT with the property that

1 /—
limsup — log sup N(\/T Sy, T ) > 0.
n—oo N zeX ,k>1 i=1

In other words, P(T,U) is the set of increasing sequence of integers along which ¢/ has positive
pre-image entropy.

Definition 3.1. Let (X,7) be a TDS and U/ € C%. Define

- _ JSUPseg(ru) E(S) ifET,U) #0
De(TU) = {o fET,U)=0"

and

0 itP(T,U) =0
Similarly, define D_(T,U) and D, (T, U) by changing the upper dimension to the lower dimension.

Dy(TU) = {Supsﬁ’(fu) D(S) it P(T,U)#0

Definition 3.2. Let (X,T") be a TDS, define

D(X,T) = sup D.(T,U)and D,(X,T) = sup D,(T,U).
uec% uec%

Similar definition for D_(X,T) and D, (X, T).

The following proposition shall explain why this study defines the entropy generating sequence as
lim inf instead of lim sup.

Theorem 3.1. Let (X, T) be a TDS. Then

1 iP(T,U) A0

forid € C%.
0 #P(T,U) =0 .

EP(TJ/{) = {
Proof. Assume that P(T,U) # (. Thus, there exists S = {s;}52; = {51 < 52 < ---} C Z" such that

1 i) ek
limsup — log sup N(\/T iy, T *z) =a > 0.
n—oo N zeX,k>1 =1

Next, take a subsequence of positive integers {n;};>1 such that it attains the previous limit superior.
Without loss of generality, for each j € N, let's assume that

(i) mj41 > 2803

(i) njp1 >y + 37 (i1 — sn,)-
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Otherwise, we can choose a subsequence of {n; };>1 to satisfy the above two conditions. Put

F=Su{1,2,--- ,nl}UU{sni + 1,80, +2,-+ ,nig1}
i=1

To simplify, write F' = {t1 < t2 < --- }, which implies that

logsup,¢ x p>1 N(Vi2, T7%U, T " z)

1 " _
limsup — log sup N(\/ T%U, Tﬁkx) > limsup

nooo N reX k>l Y, j—oo [FN[0,1,-- 80l
. 10gSUPzeX,kz1 N(V:Lil TisiuaTikw)
> lim sup
j—o0 2”.7
a
=—->0
2 > 9

where the second inequality follows from condition (ii). Therefore, F' € P(T,U). Since nji1 > 2sn;
for each j € N, it is easy to see that the upper density of F is at least of 1, hence D(F) = 1. This
implies D,,(T,U) = 1. O

3.2 Relationships

In the following, those relationships among these different kinds of dimensions are investigated.

Theorem 3.2. Let (X,T) bea TDS andU € C%. Then,

D (T,U) < De(T,U) < D,(T,U) < D(T,U).

Proof. 1) D_(T,U) < D.(T,U) is obvious by Definition 3.1.
2) To show that D.(T,U) < D, (T, U), itis sufficient to assume that D.(T',U) > 0.

Given 7 € (0, D.(T,U)). There exists S = {s;}72, = {51 < 82 < ---} € E(T,U) with D(S) > 7, i.e.
limsup,,_, . —== = oo. Hence,

sn)T

lim sup
n—too N+ 87,

1. (6)

Let F=SU {Ln%J :n € N}. Clearly D(F) > 7. Let F = {t1 < t2 < ---}. Then for each n € N there
exists a unique m(n) € N such that s,, = t,,,(,,). Since

1 T
{517521"' asn} g {t17t27"' 7tm(n)} g {51a327"' 7Sn}U{|_kTJ kg 577,}7

we have n < m(n) < n + s;,. Combining this with (6) leads to

lim sup SR (7)
n—eo M(N)
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This implies
i logsup,c x p>1 RV, T7%U, T )
im sup
m——4oo m
) log sup, ¢ x x>1 N(\/;nz(ln> T %Y, Tfka:)
> lim sup
n—boo m(n)
. IOgsqueX,k>1N(\/;L:1 T_SiuvT_kx) n
> lim sup =
log su R\, T%U, T e
> (liminf 28SPrexs21 RVisy ). (timsup ")
n—o00 n n—oo M(MN)
log su R(VP, T7%U, T
— lim inf gSUDP e x k>1 (Vz,1 ) (by (7))
n—oo n

>0 (since S € E(T,U)).

Thus, F € P(T,U). Hence D (T,U) > D(F) > 7. Since 7 is arbitrary, we obtain D.(T,U) <
D (T,U).
P

3) Assume by contradiction that D (T',¢/) > D(T,U). By assumption there exists 7 € (0, 1) such that
D, (T,U) > 7 > D(T,U). On the one hand,

1 i e
limsup —log sup R\ TUT ) =0 (8)

m— oo zeX,k>1 =1
since 7 > D(T,U).

On the other hand, since D (T,U) > 7 there exists S = {s1 < s2 < ---} € P(T,U) with D(S) > 7,
i.e. liminf, o -+ = oo. Hence, there exists ¢ > 0 such that = > c for all sufficiently large n. It
follows that

) log SUp,,¢ x x>1 RV, TU, T %)
lim sup

.
m—r o0 m

. log sup, ¢ x x>1 N(Vi2 T~ U, T " z)
> lim sup

T
n—oo STL

log sup, ¢ x x>1 RV, TﬁSiL{,T*kx) n

> lim sup
n—o0 n Sn
) log sup, ¢ x x>1 (Vi T™%U, T*km)

> lim sup e
n— oo n

>0 (since S € P(T,U)),

which contradicts (8). O
Theorem 3.3. Let (X,T) bea TDS andU € C%. Then
D (T,U) < D(T,U) < D(T,U).

Proof. By the definitions, it is clear D(T,U) < D(T,U). It suffices to show that D_(T,U) < D(T,U).
Without loss of generality, assume that D_(T,U)) > 0. Otherwise, there is nothing to prove. For
any 7 € (0,D_(T,U)), there exists S = {s1 < s2 < ---} € E(T,U) such that D(S) > 7, that is,
liminf, . = = oo. Hence, there is ¢ > 0 such that = > c¢77, i.e. sp, < en for sufficiently large n.

s
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For m € N with m > s, there exists a unique n(m) € N such that s, < m —1 < spmy+1 <
c(n(m) +1)7. Since S € £(T, U),

m—1

1 —1 -
liminf —log sup R( \/ T7'U, T km)
m—oo M7 reX,k>1 i=0

1 _
>liminf ————log sup N 75U, T "z
- m—oo CT(’I’L(m) —+ 1) gg:gX}]?Zl ( \4 )

k

1., . 1 —s; —k
z—hknig;fglog sup N(\/T U, T "x) > 0.

CT
rzeX,k>1 j=1

This implies that D(T,U/) > =. Finally, as 7 is arbitrary, we conclude that
D (T,u) < D(T,U).
O

Proving that D.(X,T) = D, (X,T) = D(X,T) requires the concept of “independent” and some
related combinatorial lemma.

Let (X,T)beaTDS. Let A1, Aa,--- , A be k-subsets of X and W C Z,.. Note that { A1, Az, -+ , Ar}
is independent along W if for any s € {1,2,--- ,k}" we have N, ¢y T Agw) # 0.

Next, recall the following lemma from [19].

Lemma 3.4. [19] Let (X,T) be a TDS and A1, As,--- , A, be k-pairwise disjoint non-empty closed
subsetsof X (k > 2),U = {Af, As5,--- , Az}, ForT € (0,1],0 <n < 7 and ¢ > 0 there exists N € N
(depending on k, T, 7, c) such that if a finite subset B of Z., satisfies |B| > N andR(\/, g T U, X) >
e“IPI” | then there exists W C B with |W| > |B|" such that {A:, As,--- , Ay} is independent along
w.

Let (X,T) be a TDS. Let A1, Az, --- , Ay, be k subsets of X and W C Z,. We say {A1, Az, -+, Ax}
is pre-image independent along W, if for any s € {1,2,--- ,k}", then Nwew T As(w) NT Fz#£0
for some k and x.

The following lemma is obtained by a proof similar to that of lemma 3.1.

Lemma 3.5. Let(X,T) be a TDS, and let A1, A2 be 2-pairwise disjoint non-empty closed subsets of
X, U ={Af, A3}. ForT € (0,1],0 <n <7 andc > 0 there exists N € N (depending on T, 7, c) such
that if a finite subset B of Z. satisfies |B| > N andR(V,., T~ U, T *z) > “'PI" for some k and z,
then there exists W C B with |W| > | B|" such that { A1, A2} is pre-image independent along W .
Based on the lemma above, the following theorem holds.

Theorem 3.6. Let Ai, A> be 2-pairwise disjoint non-empty closed subsets of a TDS (X, T) and
U = {A%, A3}. Then there exists a sequence I € £(T,U) such that D(I') = D(T,U) when E(T,U)
is nonempty. Hence, by Theorem 3.2, D(T,U) = D.(T,U).

Proof. It D(T,U) = 0 and &£(T,U) is nonempty, then any sequence in &(T,U) will have upper
dimension zero.
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Assume that D(T,U) > 0 and let {r;} C (0,D(T,U)) be a sequence of strictly increasing real
numbers such that lim; ... 7; = D(T,U). Then, choose a > 0 so that

hmsup—log sup N\/T U, T %z) > aforjeN.

n—+o0o 7 zeX,k>1 =1

Let 7,1 < n; < ; for j € N. By Lemma 3.5, there exists NV; € N such that for every finite set B with
|B| > Nj and R(V,c T~U, T~ z) > e3P for some = € X and k > 1, we can find W C B with
|W| > |B|" and {A1, A2} pre-image independent along W'.

Take 1 = ny < ng < --- such that (nj+1 — nj)”j > jn]‘ -+ Nj and

ni41 Nj+1—"j

sup R(\/ TTUTFr)> sup R( O\ TTUT ) >eFtn) i
weX k21 TEX,k>1 imy
J
foreach j € N. Foreach j € Nthere exists W; C {n;+1,n;+2,--- ,nj1}+ with [IW;| > (nj41 —n;)™

and {4, A, } pre-image independent along W;.

For each set W, and s = (s(z)).es € {1,2}”, we canfind 2. € N,z T *Ay) N T~ "z, for some
r; € Xandk > 1. Let X; = {z. : s € {1,2}"5}. Itis clear that for any s e {1 2}%i we have
|Meew, T~*A%.) N X; N T ;] = 1. Combining this fact with |X;| = 2/"7! leads to

RO\ U T ) > 2 (9)
zeW;

Put F = |J;2, W; and write F = {t1 < t2 < ---}. Forn € N with n > |W1] there exists a unique
k(n) € N such that >F) |W;| < n < SR+ W], Thus,

sup N\/T BU, T *z) > max{ sup X( \/ U, T "z),
seXk>1 L TEXRZL ey,

sup  N( \/ U, T ")}

zeX,k>1
= WEWpg(n)y41N{t1, stn}

> max {2 Ve 2SI Wy (g))

n-y =1
>0 Tz
Hence,
_ Zk(n) 1 | |
hmlnfflog sup N \/ T JZ/{ > liminf—log2
n—-+oco N zeX,k>1 =1 n——+oo 2n
> liminf(z — ==~————) -log2
- n%+oo(2 2|Wk(n)| ) &
. Zlﬂcﬁ)ﬂ(mﬂ —n;)
>1 f(= — == -log 2
= liminf(3 2A W] ) log
> lim inf(l — Dk(n) ) - log 2

notoo 2 2(Ng(n)41 — Nk(n)) ™M

> lim inf(l

1 1
—— )log2= =log2 > 0.
e 2 Qk:(n)) 0gs=gloes >
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This shows F € E(T,U).

Note that
. mo_ .. |[Wi|+ [Wa| + - 4 |[Wy]
lim sup i 2 lim sup aF
motoo bm o kodeo By Wy e Wy
> lim sup [Wal+ |W2|77i|— ot (Wi > lim sup “2/7“
k—+4o0 nkj_',l k—+oo nkz‘rl
_ Nk
> limsup M >1,
k—+o00 nk-zl»l
we have D(F) > n;. Hence, D(F) = D(T,U). This completes the proof. O
Remark 3.1. 1. Lemma 3.5 and Theorem 3.6 are also true for the case U = {AS, AS,--- , AL},
where Ai, As,--- , Ay, are k-pairwise disjoint non-empty closed subsets of X.

2. Following the proof of Theorem 3.8, it is easy to show that
D(T,U) = D (T, U);
3. Notice that - -
De(T,U) < Dy(T,U).
Hence, D(T,U) = D.(T,U) < D,(T,U).
Theorem 3.7. Let(X,T) be a TDS. Then,
1. De(X,T) = D,(X,T) = Dypre(T).
2. D(X,T) < D(X,T) < Dpre(T) < Dp(X,T).
where those notations come from definition 2.2 and 3.2.

4 POLYNOMIAL GROWTH TYPE

Another conjugacy invariant that measures the orbit complexity of a dynamical system (X,T) is
defined by the polynomial growth type in [27, 28]. With the same concept and notation, the upper and
lower polynomial growth types of pre-image entropy for TDS (X, T") are defined as follows:

_ log su ROV LT U, T s
Pyre(T,U) = lim sup gSUDP e x k>1 (Vz_o )

n—oo logn ’
and . .
log s NV T U, T "2
P, .(T\U) = liminf B2 Pzexuz MVicg ),
pre n—00 logn
Set B B
Ppre(T) = sup{Ppre(T,U) : U € Cx} and P, (T) = sup{P,,.(T,U) : U € CX},
Since

logn

lim
n—oco N
the velocity of n” to approach oo is much faster than that of logn. More precisely, it is obvious if the
pre-image entropy dimension D,,..(T) = s > 0 or D, (T) = s > 0, then the value of P,..(T) and
P .. (T)is always equal to infinity.

=pre

=0, forany r > 0,
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Therefore, if D,,.(T) = 0, then the cardinality sup, ¢ x ., R(V/;

n

S T7'U, T *z) is bounded or goes

to oo very slowly. Suppose the cardinality sup, ¢ x 4>, N(V?:’O1 T~'U, T~*2) approaches co as n —

n—1

oo, it is meaningful to compare the velocity between log n and log sup X( \/ T™U, T "z) as n — oo.

reX i=0

The following calculations evaluate some basic examples.
(1) For the two-sided shift T" on finite symbolic space X = [[> Y where Y = {0,1,2,..., k},

Dpre(T) = D

=pre

(1) = Fpre (1)

P

= Lpre

(T) = 0.

(2) For the one-sided shift T on finite symbolic space X = [[™ Y whereY ={0,1,2,..., k},

D

= —=pre

Dypre(T)

(T) =1, but Ppre(T) =

P

=pre

(T) = o0.

(3) LetTh(z) = Amin{z,1 —z} be a family of functions defined on [0, 1], where 0 < A < 2. These

functions are called tent maps.

When1l < )\ <2,

Dpre(T) = D

—pre

(T) =1, but Py (T) =

P

=pre

(T) = .

When 0 < X < 1, we can easily verify that T, is contractive, thus,

Dpre(T) = D

—pre

5 CONCLUSION

Zero pre-image entropy systems have various
complexity. This paper introduces the notion of
pre-image entropy dimension to distinguish the
zero pre-image entropy systems and obtained
some basic properties of entropy dimension.
Thus, we can consider those two entropy zero
dynamical systems as being not the same or
being not equivalent by different pre-image
entropy dimension. We conclude this section by
constructing some examples to show that every
number in (0, 1) can be attained by the pre-image
entropy dimensions of the dynamical systems.

Let T X — X be a homeomorphism of
the compact metric space X. Since the pre-
image of each point is only one point, it is trivial
that pre-image entropy dimension Dp..(T)
0. The Morse system also has zero pre-image
entropy dimension, since its complexity function
has linear growth rate (see, for example, [22]).
Given each value between 0 and 1, this section
will construct a topological dynamical system
which attains this value for pre-image entropy
dimension.

(T) = Ppre(T) =

40

P

—pre(T) =0
Example 5.1. Forany 0 < 7 < 1, there exists a
TDS which has pre-image entropy dimension .

The TDS comes from a uniformly recurrent
infinite 0-1 word constructed by Cassaigne, see
[29]. The construction of the infinite word is as
follows and all notations follow from [19].

Let N* and {0, 1}" denote the collection of finite
or infinite words over N and {0, 1}, respectively.
The dyadic valuation word v is defined by the
limit of a sequence of finite words z;, where
20 =0,21 = 1,Zj+1 = ijZj,j =1,2,---. Define
inductively the substitution ¢ : N* — {0,1}"
and the family (zx)ren of prefixes of the dyadic
valuation word v as follows:

e ¥(0) =0,9(1) =1;
e 1}, is the longest prefix of v such that

[$(zx)] < max(e™ " (k+1) =@ " (k) —1,0), where o(t) = t7;

e forall j > 1, ¥(2j) = ¥(z|10g5)00(j) and
P(2j + 1) = V(T |10g )19 (7).

Let u = ¥(v) and (X,T) be the TDS generated
by u under the left shift. Note that u is a uniformly
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recurrent word and its complexity p.(n) satisfies:
log pu(n) ~n',

and for the forward generating open cover U =
{[0]x, [1)x} of X,

n—1
log sup R( \/ 77U, T *z) = log pu(n)
ceX k21 Y,

Thus, it is clear that D(T,U) = D(T,U) = .
Since U is a generator, we have that D,..(T) =
D(T,U)=7and D, (T) = D(T,U) = .

—pre
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