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Abstract

Let d be a positive integer. Let G be the additive monoid N or the
additive group Z?. Let A be a finite set of symbols. The shift action
of G on AY is given by SY(z)(h) = (g + h) for all g,h € G and all
xz € A®. A G-subshift is defined to be a nonempty closed set X C A%
such that S9(z) € X for all g € G and all € X. Given a G-subshift
X, the topological entropy ent(X) is defined as usual [31]. The standard
metric on A is defined by o(z,y) = 27 1Pl where n is as large as possible
such that z|F, = y|F,. Here F, = {0,1,...,n}% if G = N%, and F, =
{-n,...,—1,0,1,...,n}* if G = Z%. For any X C A® the Hausdorff
dimension dim(X) and the effective Hausdorff dimension effdim(X) are
defined as usual [14, 26, 27] with respect to the standard metric. It is well
known that effdim(X) = sup,¢ x liminf, K(z[F,)/|Fn| where K denotes
Kolmogorov complexity [9]. If X is a G-subshift, we prove that ent(X) =
dim(X) = effdim(X), and ent(X) > limsup,, K(z[Fy)/|Fx| for all z € X,
and ent(X) = lim,, K(z[Fy)/|Fn| for some z € X.
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1 Introduction

The purpose of this paper is to elucidate a close relationship among three dis-
parate concepts which are known to play a large role in three diverse branches
of contemporary mathematics. The concepts are:

entropy, Hausdorff dimension, Kolmogorov complexity.

Although it is widely felt that these concepts are somehow related, it seems to
us that the full depth of the relationship has been insufficiently appreciated.
Below we attempt to rectify this situation by proving that, in an important
special case, all three concepts coincide.

Here is a brief overview of the above-mentioned concepts.

1. Hausdorff dimension is a basic concept in metric geometry. See for in-
stance the original paper by Hausdorff [14] and the classic treatise by C.
A. Rogers [29]. To any set X in a metric space one assigns a nonnega-
tive real number dim(X) = the Hausdorff dimension of X. In the case
of smooth sets such as algebraic curves and surfaces, the Hausdorff di-
mension is a nonnegative integer and coincides with other familiar notions
of dimension from algebra, differential geometry, etc. For example, the
Hausdorff dimension of a smooth surface in n-dimensional space is 2. On
the other hand, Hausdorff dimension applies also to non-smooth sets with
nonintegral dimension, e.g., fractals and Julia sets [10].



2. Kolmogorov complexity plays an important role in information theory
[7, 32], theoretical computer science [18, 37], and recursion/computability
theory [9, 22]. To each finite mathematical object 7 one assigns a nonneg-
ative integer K(7) = the complexity of 7. Roughly speaking, K(7) is the
length in bits of the shortest computer program which describes 7. In this
sense K(7) measures the “amount of information” which is inherent in 7.

3. Entropy is an important concept in dynamical systems theory [8]. Clas-
sically, a dynamical system consists of a set X together with a map-
ping T : X — X and one studies the long-term behavior of the orbits
(IT'(x) | n =0,1,2,...) for each z € X. More generally, one considers
an action T of a group or semigroup G on a set X, and then the orbit of
x € X is (T9(z) | g € G). The entropy of the system X, T is a nonnegative
real number which has a rather complicated definition but is intended to
quantify the “exponential growth rate” of the system.

An especially useful class of dynamical systems are the symbolic systems,
a.k.a., subshifts [19, 33]. Given a finite set of symbols A, one defines the
shift action of G on A% as usual. A subshift is then defined to be a closed,
shift-invariant subset of A®. These symbolic systems play a large role
in general dynamical systems theory, because for any dynamical system
X, T one can consider partitions 7 : X — A and then the behavior of an
orbit (TY9(z) | g € G) is reflected by the behavior of its “symbolic trace,”
(m(T9(x)) | g € G), which is a point in AY.

Our main results in this paper are Theorems 4.2 and 5.3 below. They say
the following. Let d be a positive integer, let G be the additive monoid N% or
the additive group Z<¢, let A be a finite set of symbols, and let X C A% be
a subshift. Then, the entropy of X is equal to the Hausdorff dimension of X
with respect to the standard metric on A®. Moreover, the entropy of X has
a sharp characterization in terms of the Kolmogorov complexity of the finite
configurations which occur in the orbits of X.

In connection with our characterization of entropy in terms of Kolmogorov
complexity, it is interesting to note that both of these concepts originated with
A. N. Kolmogorov, but in different contexts [35, 17].

2 How this paper came about

This paper is an outcome of my reading and collaboration over the past several
years. Here are some personal comments on that process.

It began with my study of Bowen’s alternative definition of topological en-
tropy [3, pages 125-126]. Obviously Bowen’s definition resembles the standard
definition of Hausdorff dimension in a metric space, and this led me to consider
the following question:

Given a subshift X, what is the precise relationship between the
topological entropy of X and the Hausdorff dimension of X?



Specifically, let A be a finite set of symbols. From [3, Proposition 1] it was
clear to me that the topological entropy of a one-sided subshift X C AN is equal
to the Hausdorff dimension of X with respect to the standard metric. And
eventually I learned that this result appears explicitly in Furstenberg 1967 [11,
Proposition I11.1]. But what about other kinds of subshifts on A? For instance,
what about the two-sided case, i.e., subshifts in A% or AZ* or more generally
A% where G is a countable amenable group [38]? And what about the general
one-sided case, i.e., subshifts in AN or more generally A® where G is countable
amenable semigroup, whatever that may mean?

During February, March and April of 2010 I discussed these issues with sev-
eral colleagues: John Clemens, Vaughn Climenhaga [6, Example 4.1], Manfred
Denker [8], Michael Hochman [15], Anatole Katok [16], Daniel Mauldin, Yakov
Pesin [25], Jan Reimann [26], Alexander Shen [37], Daniel Thompson, Jean-Paul
Thouvenot [16]. All of these discussions were extremely helpful. In particular,
Hochman and Mauldin provided several ideas which play an essential role in
this paper.

3 Background

In this section we present some background material concerning symbolic dy-
namics, entropy, Hausdorff dimension, and Kolmogorov complexity. All of the
concepts and results in this section are well known.

We write

N ={0,1,2,...} = {the nonnegative integers}
and
Z=A{...,-2,-1,0,1,2,...} = {the integers}.

Throughout this paper, let G' be the additive monoid N or the additive group
7% where d is a fixed positive integer. An action of G on a set X is a mapping
T:G x X — X such that T¢(z) = 2 and T9(T"(x)) = T9*"(z) for all g, h € G
and all x € X. Here e is the identity element of G. It is useful to write G in
a specific! way as the union of a sequence of finite sets, namely G = Jo—, F,
where F,, = {0,1,...,n}? if G = N%, and F,, = {-n,...,—1,0,1,...,n} if
G = Z%. In particular we have Fy = {0}¢ = {e}. We also write F_; = () = the
empty set. For any finite set F' we write |F| = the cardinality of F'. For any
function ® we write dom(®) = the domain of ®, and rng(®) = the range of P,
and

P:CX Y

meaning that ® is a function with dom(®) C X and rng(®) C Y. Apart from
this, all of our set-theoretic notation is standard.

Hn particular, the sequence F,, with n = 0,1,2,... is a Fglner sequence for G.



3.1 Topological entropy

We endow G with the discrete topology. Let X be a nonempty compact set in
a topological space, and let T': G x X — X be a continuous action of G on X.
The ordered pair X, T is called a compact dynamical system. We now define the
topological entropy of X, T.

An open cover of X is a set U of open sets such that X C |JU. In this case
we write

C(X,U) =min{|F| | FCU, X C|JF}.
Note that C(X,U) is a positive integer. If & and V are open covers of X, then
supU,V)={UNV |U €U,V eV}
is again an open cover of X, and
C(X,sup(U,V)) < C(X,U)C(X,V).

For each ¢ € G and each open cover U of X, we have another open cover
U9 = (T9)1U) = {(T9)"Y(U) | U € U}. Hence, for each finite set F C G
we have an open cover U = sup{UU? | g € F}. Let us write C(X,T,U,F) =
C(X,U"). Note that C(X,U9) < C(X,U), hence C(X,U”) < C(x,u)l"!,
hence log, C(X,T,U, F) < |F|log, C(X,U). We define

1 X,T,U,F,
ent(X, T,1) = lim 082G TU Fn)

n— 00 |Fn|

(1)

and
ent(X,T) = sup{ent(X,T,U) | U is an open cover of X} .

The nonnegative real number ent(X,T) is known as the topological entropy? of
X,T. It measures what might be called the “asymptotic exponential growth
rate” of X, T. See for instance [8, 21, 31].

Lemma 3.1. The limit in equation (1) exists.

Proof. Let us write C,, = C(X,T,U, F,,). Clearly C,, < C,, whenever m < n.
Moreover, it is easy to see that C,i < C’,’jd for all positive integers k. We are
trying to prove that log, C,, /| F,,| approaches a limit as n — oo. Assume G = Z4,
so that |Fy,| = (2n + 1)?. (The case G = N is similar, with |F,,| = (n + 1)%.)

Fix a positive integer m. Given n > m, let k be a positive integer such that
mk <n <m(k+1). We have |F,| > |Fpnx| and

| o] 2mk + 1 d> om \*
kdF,|  \2mk+k 2m + 1
2Instead of log, we could use log,, for any fixed b > 1, for instance b = e or b = 10. The
base b = 2 is convenient for information theory, where entropy is measured in bits.




and log, Cy, < logy Cryi11) < (k + 1)?logy Cry, hence

logy Cn _ (k+1)"logy Cu _ (k +1)*logy Cin <2m+ 1)d

|[Fol | Frke| = k4| Fp| om

As n — oo we have k — o0, hence

. log, Cr, _ logy Cr, <2m + 1>d
lim su < )

and this holds for all m, hence

log, C}, log, C,,
lim sup 062 < liminf 062
In other words, lim,,_,~ log, C,, /|F,| exists, Q.E.D. O

Let U and V be open covers of X. We say that U refines V if each U € U is
included in some V € V. Obviously this implies C(X,U) > C(X,V), and it is
also easy to see that ent(X,T,U) > ent(X, T, V).

Lemma 3.2. For each m we have ent(X, T, U ) = ent(X, T,U).

Proof. Clearly U™ refines U, hence ent(X,T,U ™) > ent(X,T,U). For all
n we have F,,4, 2 F,, + F,, hence UFm+n refines YFm+Fn Moreover, it
is easy to check that YFm+En C (UFm)Fn so in particular UFm+F refines
UF ). Thus we have C(X,Ufm+n) > C(X, U+ > C(X, (UFm)En),
hence C(X,T,U, Frnip) > C(X,T,U" F,), hence

log, C(X,T,U, Frtn) S log, C(X, T, Ut F,)
|Fl - |Fnl

hence

logo C(X, T, U, Froin) | Frntnl S log, C(X, T, UF  F,)
|Fm+n| |Fn| - |Fn|
Taking the limit as n — oo and noting that

Froin
lim Emanl _

n—00 |Fn| ’

we obtain ent(X, T,U) > ent(X, T,UF™). This completes the proof. O

Let U be an open cover of X. We say that U is a topological generator if for
each open cover V of X there exists m such that %™ refines V. The following
theorem says that we can use a topological generator to compute ent(X,T).

Theorem 3.3. If U is a topological generator, then ent(X,T) = ent(X, T,U).

Proof. Let V be an open cover of X. Since U is a topological generator, let m
be such that U™ refines V. Then ent(X,T,UF) > ent(X,T,V), so by Lemma
3.2 we have ent(X, T,U) > ent(X,T,V). Thus ent(X,T,U) = ent(X, T). O



3.2 Symbolic dynamics

An important class of dynamical systems are the symbolic dynamical systems,
also known as subshifts. We now present some background material on subshifts.
See also [19, §13.10] and [4, 15, 33, 34].

As before, let d be a positive integer, and let G be the additive monoid N¢ or
the additive group Z®. Let A be a nonempty finite set of symbols. We endow A
with the discrete topology. Let AY = {z |z : G — A}. We endow AY with the
product topology. Note that each x € A% is a function from G to A. For each
finite set ' C G and each x € A® let x[F be the restriction of 2 to F. Thus
AF = {2|F | » € A%}. For each o € AT we write dom(c) = F and |o| = |F)|
and [o] = {x € A® | 2| F = o}. Note that [0] is a nonempty clopen set in A%,
and {[o] | o € AT} is a pairwise disjoint covering of A%. Let A* = J2, A
and note that {[o] | o € A*} is a basis for the topology of AY. For any T C A*
we write [T'] = {J,cr[o]. Thus [T] is an open set in A%,

The shift action of G on A is the mapping S : G x A® — A% given by
S9(z)(h) = x(g+ h) for all g,h € G and all x € A®. Thus A%, S is a compact
dynamical system, known as the full shift. Since Fy = {0}? is a singleton
set, there is an obvious one-to-one correspondence between A and A, so we
identify AT with A. The canonical open covering of A% is U = U(A,G) =
{[a] | a € A}. For each finite set F C G we have UF = {[o] | ¢ € AF'}.
By compactness of A® it follows that U is a topological generator. Moreover
C(A%, S,U,F) = C(AS,Uf) = |u¥| = |A"| = |A|lF], so by Theorem 3.3 we
have ent(AY, S) = ent(A%, S,U) = log, | A|.

A set X C A€ is said to be shift-invariant if S9(x) € X for all g € G and
all z € X. A subshift is a nonempty, closed, shift-invariant subset of A¢. Each
subshift X C A% gives rise to a compact dynamical system X, S[G x X. We
write ent(X) = ent(X, S|G x X), etc. Since UL is a pairwise disjoint covering
of A% we have C(X,U,F) = C(X,U") = | X|F| where X |[F = {z|F | z € X}.
Since U is a topological generator, it follows by Theorem 3.3 that

1 XI|F,
ent(X) = lim M.

n—00 |Fn|

(2)

Lemma 3.4. We have
0 if s> ent(X),

lim |X[F,[|275F =
n—oo oo if s < ent(X).

Proof. First suppose s > ent(X). Fix e > 0 such that s — e > ent(X). Equation
(2) implies that for all sufficiently large n we have (s — €)|F,| > log, | X [Fy,|,
hence |X[F,[271FIs < 2=<IFal Letting n — oo we have |F,| — oo, hence
limy, o0 | X [F, 2751 = 0.

Next, suppose s < ent(X). Fix € > 0 such that s + € < ent(X). Equation
(2) implies that for all sufficiently large n we have (s + €)|F,| < logy | X [Fy|,
hence | X [F, |27 Fnls > 2¢Fnl Tetting n — oo we have |F,| — oo, hence
limy, o0 | X [Fp 2751 = 0. O



3.3 Hausdorff dimension

Let X be a set in a metric space. The s-dimensional Hausdorff measure of X
is defined as
us(X) = lim inf diam(E)?®
e—=0 &
Eec&
where diam(FE) is the diameter of E. Here € ranges over coverings of X with
the property that diam(E) < ¢ for all £ € £. The Hausdorff dimension of X is

dim(X) = inf{s | us(X) = 0}.

Hausdorff measures and Hausdorff dimension have been widely studied, e.g., in
connection with the geometry of fractals [10, 14, 29].

We now define what we mean by the Hausdorff dimension of a subshift. The
standard metric on AS is given by p(z,y) = 271l where n = —1,0,1,2,... is
as large as possible such that «[F, = y[|F,. (Recall that F_; = ).) Clearly
the standard metric on A® induces the product topology on A%. Moreover,
the standard metric is an ultrametric, i.e., p(z,y) < max(p(z, 2), p(y, 2)) for all
z,y, 2. For any set X C AY we define dim(X) = the Hausdorff dimension of X
with respect to the standard metric on AC.

Lemma 3.5. For all subshifts X C A% we have ent(X) > dim(X).

Proof. For each E C A% we have diam(E) < 2~F»| if and only if E C [o] for
some o € A", Therefore, in the definition of y15(X) and dim(X) for an arbitrary
set X C A%, we may safely assume that each F is a basic open set, i.e., £ = [0]
for some o € A*. Moreover, for each o € A* we have diam([o]) = 271/.

Assume now that X is a subshift, and suppose s > ent(X). By Lemma 3.4
we have

lim |X[E,|27 /s = 0. (3)
n—00
But for each n we have X C |J,cx[z|F,] and diam([z[F,]) = 271#»I, s0 (3)
implies that ps(X) = 0, hence s > dim(X). Since this holds for all s > ent(X),
it follows that ent(X) > dim(X). O

Remark 3.6. In §4 we shall prove that for all subshifts X C A%, ent(X) =
dim(X). In other words, the topological entropy of a subshift is equal to its
Hausdorff dimension with respect to the standard metric. While the special
case G = N is due to Furstenberg [11, Proposition III.1], the general result for
G = N? or G = Z% appears to be new.

3.4 Kolmogorov complexity

We now present some background material on Kolmogorov complexity.

As in §3.2 let A* = [J;_, A, In addition let {0,1}* be the set of finite
sequences of 0’s and 1’s. For each Turing machine M and each finite sequence
a € {0,1}*, let M(«) be the run of M with input a. A function



B :C{0,1}* — A

is said to be partial computable if there exists a Turing machine M such that
for all a € {0,1}*, a € dom(®) if and only if M(«) eventually halts, in which
case it halts with output ®(«). For each such ® and each £ € A* let

Kg (&) = min({|af | ®(a) = £} U {oo}).

A partial computable function ¥ : C {0,1}* — A* is said to be universal if for
each partial computable function ® : C {0,1}* — A* there exists a constant ¢
such that for all £ € A* we have Kg(§) < Kg(€) + ¢. The existence of such a
universal function is easily proved. Fix such a universal function ¥. For each
& € A* we define the Kolmogorov complexity of £ to be K(¢) = Ky (). Note
that K(§) is well defined up to an additive constant, i.e., up to & O(1). Here
“well defined” means that K(¢) is independent of the choice of W.

Remark 3.7. Actually the complexity notion K defined above is only one of
several variant notions, denoted in [37] as KP, KS, KM, KA, KD. These variants
are useful in many contexts [9]. However, for our purposes in this paper, the
differences among them are immaterial.

3.5 Effective Hausdorff dimension

We now present some background material concerning the effective or com-
putable variant of Hausdorff dimension. Throughout this paper the words “ef-
fective” and “computable” refer to Turing’s theory of computability and un-
solvability [30, 36].

We first need some terminology. Recall that a pseudometric space is an
ordered pair D, p where D is a set, p is a real-valued function on D x D, and
pla,c)+ p(b,c) > p(a,b) = p(b,a) > 0 for all a,b,c € D. Within D, p we define
a Cauchy sequence to be a sequence a; € D, i =1,2,... such that for all € > 0
there exists n such that p(a;,a;) < e for all 4, j > n. Two Cauchy sequences a;,
bi,i=1,2,... are said to be equivalent if lim;_, p(a;, b;) = 0. The completion
of D, p is the metric space ﬁ, P where D is the set of equivalence classes and p
is the metric on D induced by p.

A pseudometric space D, p is said to be computable if D is a computable set
of natural numbers and p is a computable real-valued function on D x D. An
effective Polish space® is the completion of a_computable pseudometric space.
In this case we define the basic open sets in D, p to be those of the form

B(a,r) ={z € D | pla,z) <1}

where a € D and r is a positive rational number. A sequence of basic open
sets B;, i =1,2,...is said to be computable if there exist computable sequences
ai, 5, © = 1,2,... such that B; = B(a;,r;) for all i. A set X C D is said to
be effectively closed if it complement D \ X is effectively open, i.e., D \X =90

3Ak.a., an effectively presented complete separable metric space.



or D \X = Uil B; where B;, i = 1,2,... is a computable sequence of basic
open sets. We say that X is effectively compact if it is effectively closed and
effectively totally bounded, i.e., there exists a computable sequence of finite sets
E; € D,i=1,2,..., such that X C {J,cp, B(a,27") for each i.

Let X be a set in an effective Polish space, and let s be a positive real
number. We say that X is effectively s-null if there exists a computable double
sequence of basic open sets By;, n =1,2,...,9=1,2,..., such that for each n
we have X C ;o) By and Y ;o diam(By;)® < 27™. The effective Hausdorff
dimension of X is defined as

effdim(X) = inf{s| X is effectively s-null}.

It is known that
effldim(X) = sup effdim({z}). (4)
zeX

In addition, it is known that effdim(X) = dim(X) provided X is effectively
compact. See for instance Reimann [26] and other works including [20, 27, 28].

Note that the above definitions and remarks apply to the effectively compact
Polish space A with the standard metric as defined in §3.3. In particular we
have effdim(X) = dim(X) for all effectively closed sets X C A%. In §5 below
we shall prove that effdim(X) = dim(X) for all subshifts X C A. This result
holds even if X is not effectively closed.

For arbitrary subsets of A®, the following theorem exhibits a relationship
between effective Hausdorff dimension and Kolmogorov complexity. We shall
see in Theorem 5.3 that the relationship is closer when X is a subshift.

Theorem 3.8 (Mayordomo’s Theorem). For any set X C A% we have

) .. . K(z|F,)
effdim(X) = sup liminf ————=.
(0= o i T
Proof. This follows from (4) together with [9, Theorem 13.3.4]. O

3.6 Measure-theoretic entropy

We now present some background material on measure-theoretic entropy. We
state two important theorems without proof but with references to the literature.

Let X, u be a probability space. An action T' : G x X — X is said to
be measure-preserving if p((T9)~1(P)) = p(P) for each g € G and each pu-
measurable set P C X. In this case the ordered triple X, T, i is called a measure-
theoretic dynamical system. We now proceed to define the measure-theoretic
entropy of X, T, u.

A measurable partition of X is a finite set P of pairwise disjoint u-measurable
subsets of X such that X = JP. In this case we write

H(X,p1,P) ==Y pu(P)logy u(P).
pPep

10



If P and Q are measurable partitions of X, then
sup(P,Q)={PNQ|PeP,QeQ}
is again a measurable partition of X, and it can be shown [8, 10.4(d)] that
H(X, p,sup(P, Q) < H(X, 1, P) + H(X, 1, Q). (5)

For each g € G and each measurable partition P of X, we have another measur-
able partition P9 = (T9)~Y(P) = {(T9)~}(P) | P € P}. Hence, for each finite
set F' C G we have a measurable partition P¥" = sup{P9 | g € F}. Let us write
H(X,T,u,P,F) = H(X,u,PF). It follows from (5) that H(X,T,u,P,F) <
|F|H(X,Y, 1, P). We define

ent(X, T, pu,P) = lim

(6)
and

ent(X, T, u) = sup{ent(X, T, u, P) | P is a measurable partition of X}.

It can be proved that the limit in (6) exists. The nonnegative real number
ent(X, T, 1) is known as the measure-theoretic entropy of X, T, u. Tt plays an
important role in ergodic theory. See for instance [8, 21, 24].

Let X, T, be a measure-theoretic dynamical system. A set P C X is said
to be G-invariant if (T9)~*(P) C P for all g € G. The system X, T, i is said to
be ergodic if for every G-invariant y-measurable set P C X we have u(P) =0
or u(P) =1.

Now let d be a positive integer, let G = N or Z%, let A be a nonempty finite
set of symbols, and let X C A% be a subshift. A Borel probability measure ; on
X is said to be shift-invariant if u((S9)~1(P) = u(P) for each g € G and each
Borel set P C X. In this case X, .S, is a measure-theoretic dynamical system,
and we write H(X, u,P) = H(X, S, u, P), ent(X, u) = ent(X, S, ), etc. As in
§3.2 it can be shown that ent(X, ) = ent(X, u, P) where P is the canonical
measurable partition of X, namely P = {[a]N X |a € A}.

In the case of an ergodic subshift, there is the following suggestive charac-
terization of measure-theoretic entropy.

Theorem 3.9 (Shannon/McMillan/Breiman Theorem). Let X C A® be a
subshift, and let u be an ergodic, shift-invariant, probability measure on X.
Then for p-almost all x € X we have

ent(X,p) = lim

n—00 —|Fy]
Proof. See [23]. O

We end this section by noting a significant relationship between topological
entropy and measure-theoretic entropy.

11



Theorem 3.10 (Variational Principle). For any subshift X C A% we have

ent(X) = maxent(X, u)
w

where p ranges over ergodic, shift-invariant, probability measures on X.

Proof. See [21] and [8, §§16-20]. O

4 Entropy = dimension

As in §3 let d be a positive integer, let G = N¢ or G = Z%, let A be a finite
set of symbols, and let X C A be a subshift. The purpose of this section is to
prove that ent(X) = dim(X). The special case G = N is due to Furstenberg [11,
Proposition I11.1]. However, the general result for G = N¢ or G = Z¢ appears
to be new.

As a warm-up for our proof of the general result, we first present Fursten-
berg’s proof of the special case G = N.

Theorem 4.1 (Furstenberg 1967). Let X C AN be a one-sided subshift. Then
ent(X) = dim(X).

Proof. By Lemma 3.5 we have ent(X) > dim(X). To prove ent(X) < dim(X)
it suffices to prove ent(X) < s for all s such that pus(X) = 0. Since ps(X) =0
let £ be such that X C (J€ and ) ;. diam(E)* < 1. As noted in §3.3, we may
safely assume that each E € £ is of the form E = [0] where o € A*, so that
diam(E) = 2719, By compactness we may assume that & is finite. Let us write
€ ={lo]| o € I} where I C A* is finite. Let m = max{|o| | o € I'}. From

> 27l =% " diam(B)* < 1

oel EcE

it follows that

0o k
Z o= (lo1|+++loxl)s Z <Z 2GS> =M < 0o

T1yemmy [ k=1 \oel

where the sum is taken over all nonempty finite sequences oy, ...,0; € I.

The previous paragraph applies to any subshift. We now bring in the special
assumption G’ = N. Because G = N and F,, = {0,1,...,n}, each z € A% is an
infinite sequence of symbols in A, and each o € A* =J,, AFn i a nonempty
finite sequence of symbols in A. Thus, given x € X, we can recursively define an
infinite sequence o1, ...,0%, ... € I such that Slotl+Flow-1l(z) € [o}] for all £,
andthenz =017 ---"0o}" - - - where ~ denotes concatenation of finite sequences.
Now, given n > 0, let k£ be as small as possible such that z[F,, C 01" -+ "0p.
We then have

|[Fu| <o+ -+ |ok| < |Fu| +m (7)
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and [z[F,] D [017 - -+ "oy Since the sets €] for £ € X |F,, are pairwise disjoint,
it follows that | X [F,]| is less than or equal to the number of finite sequences
01,...,0% € I such that (7) holds. For each such finite sequence we have
2~ 1Fnls < gmsg—(lorl++lokl)s 5o by summing over all such finite sequences we
obtain | X [F,[271Fls < 2ms M. Thus | X |F,|27F»l* is bounded as n — oo. It
follows by Lemma 3.4 that ent(X) < s, Q.E.D. O

We now generalize Furstenberg’s result.

Theorem 4.2. Let G = N% or G = Z% where d is a positive integer. Let A
be a finite nonempty set of symbols, and let X C A® be a subshift. Then
ent(X) = dim(X).

Proof. By Lemma 3.5 we have ent(X) > dim(X). To prove ent(X) < dim(X)
it suffices to prove ent(X) < s for all s such that us(X) = 0. Using us(X) =0
and the compactness of X, we can find finite sets I; C A* for [ = 1,2,... such
that X C U,eplo] and > p 271ls <270 and |o| << |7] for all ¢ € I; and all
7€ Ii11. Let Io = ;2 I;. We have

Z 2~ lols < irl =1
=1

o€l l

hence .
Z o=(lo1]++lor)s _ Z ( Z 2—|U|5> =M < o0
O1,...,0k k=1 \o€l-

where the first sum is taken over all nonempty finite sequences o1,...,0% € I.

Given o € I, and g € G, let 09 be the g-shift of 0, i.e., dom(c9) = {g+ h |
h € dom(o)} and 09(g + h) = o(h) for all h € dom(c). Note that |09]| = |o]
and [09] = [0]? = (S9) 7 ([0]). Since X is a subshift and X C |J, ¢, [o] for all I,

we have
VI(Vg € G) (Vz € X) (3o € I) (x € [09]).
Let Joo = U2, Ji where J, = {09 |0 € I;,g € G}.

Lemma 4.3. Let € > 0 be given. For all sufficiently large n and each x € X,
we can find a pairwise disjoint set L C Jo such that |JL C z[F,, and ||JL| >
|Fn|(1 —€) and |L| < |Fyle.

Proof. This is similar to the Vitali Covering Lemma. Let [ be so large that
(3/4)! < e and 1 < €|o| for all o € I;. Let n be so large that n >> |o| for all
o€ Iy_y. Given z € X let £ = 2|F, and let K1 = {7 € Jy_1 | 7 C £}. Since
|7| << n for all 7 € Ky, we have ||J K1| > (3/4)4]¢]. Let L1 C K be pairwise
disjoint* such that || Li| > | K1|/3% Tt follows that ||J Li| > |£]/49, hence

4Here are the details. Define L1 = {v;j | j =1,2,...} where v; € K1 is chosen inductively
so that v; Nwj = @ for all ¢ < j and |vj;| is as large as possible. Then for all 7 € K there
exists v € Ly such that 7Nv # @ and |7| < |v|. From this it follows that ||J L1| > | U K1|/3%.
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IE\N UL < (3/4)d€]. If |€\ UL1| < (3/4)%%¢| let Ko = (), otherwise let
Ky = {7 € Jy_o | 7 C £\ UK1}. In the latter case, since |7| << |v| for
all 7 € Ky and all v € Ly, we have ||JKz| > (3/4)%¢ \ UL1|. As before let
Ly C K, be pairwise disjoint such that || La| > || Ka2|/3%. Tt follows as before
that |€ \ U(L1 U La)| < (3/4)??¢|. Continuing in this fashion for I steps, we
obtain pairwise disjoint sets L1 C Jy;—1 and Ly C Jy;—o and ... and L; C J;
such that [€ \ J(L1 U--- U L;)| < (3/4)"|¢|. Finally let L = Ly U---U L.
Since Joy—1, Joi—2, ..., J; are pairwise disjoint, L is pairwise disjoint. We have
€\ULI < (3/4)41¢] < elé] = |Fule, hence UL > (1— e)|¢| = |[Ful(1 — ). By
construction we have |JL C &, hence >, |7| = |[UL| < [¢| = |F,|. For each
7 € L we have 1 < ¢€|7|, hence |L| < |F,,|e. This proves Lemma 4.3. O

Lemma 4.4. Let € and n be as in Lemma 4.3. Then |X[F,| is less than or
equal to (JA|+1)2/F=I¢ times the number of sequences o1, ..., 0, € I such that
o]+ -+ low| < [Fn.

Proof. Given z € X let L = {m,...,7,} be as in the conclusion of Lemma
4.3. For eachi = 1,...,k let 0; € I, be such that ; = aig for some g €
G. Since 7,...,7 are pairwise disjoint and Ule 7, = UL C z[F,, we have

lo1] + -+ + |ok| = ||+ -+ |7%] < |Fn|. Foreachi=1,...,k let g; be the
lexicographically least element of dom(7;). In other words, g; is what might
be called the “lower left-hand corner” of dom(r;). Reordering 7,...,7; as
necessary, we may assume that g1 <jex -+ <jex gx. Let U = F,, \ Ule dom(T;)
and let V. =UU{g1,...,gx}. By Lemma 4.3 we have |U| = |F,,|—|JL| < |Fule
and k = |L| < |F,le, hence |V| = |U| + k < m where m = 2[|F,|e]. For
each j = 1,...,m define a; € AU {0} as follows. If j < |V] let g be the jth
element of V' with respect to <iex, and let a; = z(g) if g € U. Otherwise let
aj = 0. Clearly xz[F),, can be recovered from the pair of sequences aq,...,an
and o1, ...,0k. This proves Lemma 4.4. o

To prove Theorem 4.2, let € and n be as in Lemmas 4.3 and 4.4. Because
lo1|+- -+ |ox| < |F,| implies 2~ 1Fnls < 2=(oul+-+lowDs it follows from Lemma
4.4 and the definition of M that

| X[F,271Fnls < (JA] 4 1)2Fnlenr

i.e.
|Xan|2—\Fn\(8+2610g2(\A\+1)) <M.

Thus we see that | X [F, |27 Frl(st2¢lo:(IAI+1)) is hounded as n goes to infinity.
Hence by Lemma 3.4 we have ent(X) < s+ 2elogy(|A|+ 1). Since this holds for
all € > 0, it follows that ent(X) < s. This completes the proof. O

5 Dimension = complexity

As before let d be a positive integer, let G = N or G = Z%, let A be a finite
set of symbols, and let X C A% be a subshift. In this section we prove that
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the Hausdorff dimension of X is equal to the effective Hausdorff dimension of
X. In addition we obtain a sharp characterization of dim(X) in terms of the
Kolmogorov complexity of finite pieces of the individual orbits of X, i.e., in
terms of K(z[F,) for x € X and n = 1,2,.... Our results apply even when X
is not effectively closed.

Lemma 5.1. For all x € X we have

lim sup K@lFn) < ent(X). (8)

n— 00 |Fn| -

Proof. Fix s > ent(X). Let M and I1,...,I;,... and Jy,...,J;,... be as in
the proof of Theorem 4.2. Fix ¢ > 0. The proofs of Lemmas 4.3 and 4.4 and
Theorem 4.2 give the following stronger conclusions.

1. There exists [ > 1 such that for all sufficiently large n and all € X there
exists a pairwise disjoint set L C Jo—1 U--- U J; such that |JL C x|F,
and [|JL| > |F,|(1 —€) and |L| < |F,]e.

2. If [ and n are as above, then uniformly in n we can effectively find C,, C
AFn such that x| F,, € C, for all z € X, and |C,,] is less than or equal to
(|A| 4 1)?1Fnl¢ times the number of sequences o7, ...,04 € Iy U--- U
such that |o1| + -+ - + |og| < |Fnl-

3. If n and C,, are as above, we have |C,,| < 2/Fnls(|A| + 1)21Fnle s,

On the other hand, since C), is recursively enumerable uniformly in n, we can
find a constant ¢ such that K(§) < log, |Cy| + ¢ for all n and all £ € C,,.
Therefore, for all sufficiently large n and all z € X we have

K(zlF,) < |Fn|(s + 2elogy(JA| + 1) + logy M +c.
Thus for all x € X we have

lim sup &)

< s+2¢log,(|JA] +1).

Letting € — 0 and s — ent(X) we obtain (8). O

Lemma 5.2. For some x € X we have

lim L(m [Fn)

n—oo  |Fy,]|

= ent(X). 9)

Proof. By the Variational Principle 3.10 let u be an ergodic, shift-invariant,
probability measure on X such that ent(X, 1) = ent(X). Fix s < ent(X). Let

D, = {€ € A | K(&) < |F,s} .
Clearly |D,,| < 2125, Fix e > 0 such that s + ¢ < ent(X), and let

T, = {€ € AT | p(lg]) < 27 1FIs+ay
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The Shannon/McMillan/Breiman Theorem 3.9 tell us that for u-almost all x €
X and all sufficiently large n we have

1 F,
ogzitl(l[:fl D st
ie., z|F, € Ty, ie., x € [T,]. On the other hand, for each n we have

(D] N [T)) = p([Dy N Ty]) < 21Fnlo2IFnllste) = 9=IFnle
and so

ZM([Dn] N [Tn]) < 00.

Thus the Borel/Cantelli Lemma tells us that, for p-almost all 2 and all suffi-
ciently large n, « ¢ [D,,] N[T,]. But then it follows that, for p-almost all z and
all sufficiently large n, « ¢ [D,], i.e., | F,, ¢ Dy, i.e., K(z[F,) > |F,|s. Since
this holds for all s < ent(X), we now see that (9) holds for p-almost all z € X.
This completes the proof. O

Theorem 5.3. Let G = N% or G = Z? where d is a positive integer. Let A be
a finite set of symbols, and let X C A® be a subshift. Then

ent(X) = dim(X) = effdim(X).

Moreover K(z|F
dim(X) > limsup KalFy)
for all x € X, and
K(zlF,
dim(X) = nh_}rrgo %

for some x € X.
Proof. This follows from Theorems 3.8 and 4.2 and Lemmas 5.1 and 5.2. O
Questions 5.4.

1. Can we find an “elementary” or “direct” proof of Lemma 5.27 L.e., a proof
which does not use measure-theoretic entropy?

2. Is it possible to generalize Theorems 4.2 and 5.3 so as to apply to wider
classes of groups or semigroups? For example, do Theorems 4.2 and 5.3
continue to hold if G is an amenable group [38]?

3. Is it possible to generalize Theorems 4.2 and 5.3 so as to apply to scaled
entropy and scaled Hausdorff dimension? For example, what about

lim inf K(z]Fy) ?
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