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Abstract

The aim of this thesis is to develop the dimension theory of self-affine carpets in several directions.
Self-affine carpets are an important class of planar self-affine sets which have received a great deal of
attention in the literature on fractal geometry over the last 30 years. These constructions are impor-
tant for several reasons. In particular, they provide a bridge between the relatively well-understood
world of self-similar sets and the far from understood world of general self-affine sets. These carpets
are designed in such a way as to facilitate the computation of their dimensions, and they display
many interesting and surprising features which the simpler self-similar constructions do not have. For
example, they can have distinct Hausdorff and packing dimensions and the Hausdorff and packing
measures are typically infinite in the critical dimensions. Furthermore, they often provide exceptions
to the seminal result of Falconer from 1988 which gives the ‘generic’ dimensions of self-affine sets in a
natural setting. The work in this thesis will be based on five research papers I wrote during my time
as a PhD student, namely [Frl, Fr2, Fr3, Fr4, Fr5].

The first contribution of this thesis will be to introduce a new class of self-affine carpets, which we call
boz-like self-affine sets, and compute their box and packing dimensions via a modified singular value
function. This not only generalises current results on self-affine carpets, but also helps to reconcile
the ‘exceptional constructions’ with Falconer’s singular value function approach in the generic case.
This will appear in Chapter 2 and is based on the paper [Frl], which appeared in Nonlinearity in 2012.

In Chapter 3 we continue studying the dimension theory of self-affine sets by computing the
Assouad and lower dimensions of certain classes. The Assouad and lower dimensions have not
received much attention in the literature on fractals to date and their importance has been more
related to quasi-conformal maps and embeddability problems. This appears to be changing, however,
and so our results constitute a timely and important contribution to a growing body of literature on
the subject. The material in this Chapter will be based on the paper [Fr4], which has been accepted
for publication in Transactions of the American Mathematical Society.

In Chapters 4-6 we move away from the classical setting of iterated function systems to con-
sider two more exotic constructions, namely, inhomogeneous attractors and random I1-variable
attractors, with the aim of developing the dimension theory of self-affine carpets in these directions.

In order to put our work into context, in Chapter 4 we consider inhomogeneous self-similar
sets and significantly generalise the results on box dimensions obtained by Olsen and Snigireva,
answering several questions posed in the literature in the process. We then move to the self-affine
setting and, in Chapter 5, investigate the dimensions of inhomogeneous self-affine carpets and prove
that new phenomena can occur in this setting which do not occur in the setting of self-similar sets.
The material in Chapter 4 will be based on the paper [Fr2], which appeared in Studia Mathematica
in 2012, and the material in Chapter 5 is based on the paper [Fr5], which is in preparation.

Finally, in Chapter 6 we consider random self-affine sets. The traditional approach to random
iterated function systems is probabilistic, but here we allow the randomness in the construction to be
provided by the topological structure of the sample space, employing ideas from Baire category. We
are able to obtain very general results in this setting, relaxing the conditions on the maps from ‘affine’
to ‘bi-Lipschitz’. In order to get precise results on the Hausdorff and packing measures of typical
attractors, we need to specialise to the setting of random self-similar sets and we show again that
several interesting and new phenomena can occur when we relax to the setting of random self-affine
carpets. The material in this Chapter will be based on the paper [Fr3], which has been accepted for
publication by Ergodic Theory and Dynamical Systems.
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1 Fractals and dimension theory

1.1 Fractal geometry

Since their popularisation in the 1970s via the works of Mandelbrot, for example [Mal, Ma2], the
mathematics of fractals has become important both in theory and in practice. The theoretical side
has attracted a substantial amount of attention in the literature; connections being made with vari-
ous areas of mathematics, including: fractal geometry, geometric measure theory, dynamical systems,
number theory, differential equations and probability theory. However, the importance of fractals is
not restricted to abstract mathematics, with many naturally occurring physical phenomena exhibit-
ing a fractal structure such as graphs of random processes, percolation problems and fluid turbulence.
Thus, understanding the geometric structure of fractals from a mathematical point of view can help
in modelling real world phenomena which exhibit fractal properties. For example, modeling and un-
derstanding chaotic behaviour in numerous different areas of science often involves the use of fractal
techniques, see [PJS, Mc]. Roughly speaking, a fractal is an object which is detailed on arbitrar-
ily small scales, often with some degree of self-similarity. The most basic form of self-similarity is
found in self-similar sets. These are sets which are made up of uniformly scaled down copies of them-
selves. Self-similar sets have been studied intensively over the past 30 years and are now relatively
well-understood, except in the complicated ‘overlapping’ situation, see Section 1.3.2. A natural and
important generalisation of self-similar sets are self-affine sets. These too are made up of scaled down
copies of themselves, but the scaling may be by different amounts in different directions, and the copies
can be skewed and sheared. This not only makes self-affine sets much more difficult to study than
self-similar sets, but also makes them much more important as they occur more naturally in other
areas of science. For example, a physical process governed by a non-conformal dynamical system will
often display self-affinity on small scales. Self-affine sets, which are described in more detail in Section
1.3.3, are one of the key objects of study in this thesis.



Figure 1: Two famous fractals. Left: The Mandelbrot set. Right: The (self-affine) Barnsley Fern.

1.2 Dimension theory

One of the most important notions connected with studying fractals from a rigorous mathematical
point of view is that of dimension. Roughly speaking, a dimension is a (usually non-negative real)
number which gives some geometric information concerning how the fractal set fills up space on small
scales. There are many different notions of dimension and these notions often come in pairs. In this
section we will give a rigorous account of the six notions of dimension that we will be concerned with
in this thesis and compare some of their basic properties. These six notions are grouped naturally
into three sets of two and so we thus divide this section accordingly. For a more detailed account
of dimension theory and the interplay between the different notions, the reader is referred to the
now standard texts [F8, Mat] and, for the less well-known Assouad and lower dimensions, the papers
[Lu, Fr4].

The dimensions described here are very much metric quantities and, as such, throughout this
section we will work in a metric space (X,d), which we assume to be compact for convenience,
although this is not necessary. Other, non-metric, notions of dimension exist, such as the topological
dimension, see [HW], although we will not concern ourselves with this here. Indeed, such non-metric
notions are not really suitable for studying fractals; a fact highlighted by the elegant result of
Luukkainen [Lu], which states that any non-empty separable metric space can be re-metrized with a
compatible metric in such a way as to make all the six notions of dimension discussed here equal to
the topological dimension and thus an integer. Luukkainen thus argues that there is no topological
reason for a set to be called a fractal.

Central to the theory developed in this section are the notions of covers and packings of a set
F C X at some scale 6 > 0. A collection {U;};cs of subsets of X will be called a d-cover of F if
each of the sets U; is open and has diameter less than or equal to 4, and F' is contained in the union
Uies Us. Similarly, a collection {U;}icr of subsets of X will be called a centered d-packing of F if
each of the sets U; are closed balls with radius less than or equal to  and centres in F'. Analysing
the behaviour of such covers and packings as § converges to zero will be crucial in developing the
theory of dimension.



1.2.1 Hausdorff and packing dimension

Hausdorff dimension, named after Felix Hausdorff, who introduced the notion in 1918 [Hau], is
intrinsically linked with packing dimension, named due to its use of packings rather than the covers
used to define Hausdorff dimension, which was introduced many years later in 1982 by Claude Tricot
[T]. These two dimensions have probably received the most attention in the literature on fractals and
have found their way into various different fields. They both have a convenient definition in terms of
measures, which leads to a mathematically beautiful theory but can often make them very difficult
to compute directly.

Let F' be a subset of X. For s > 0 and 6 > 0 we define the §-approximate s-dimensional
Hausdorff measure of F' by

H35(F) = inf { Z|Ul-|S : {U,}ier is a countable d-cover of F}
iel

and the s-dimensional Hausdorff (outer) measure of F' by H*(F) = lims_o H3(F). The Hausdorff
dimension of F is

dimHF:inf{520:'Hs(F):O}:sup{s20:H5(F):oo}.

If F is compact, then we may define the Hausdorff measure of F' in terms of finite covers. Packing
measure, defined in terms of packings, is a natural dual to Hausdorff measure, which was defined in
terms of covers. For s > 0 and § > 0 we define the §-approximate s-dimensional packing pre-measure
of F by
Pj s(F) = sup { Z:|U,»|S : {U,}ier is a countable centered d-packing of F}
iel

and the s-dimensional packing pre-measure of F' by Pg(F') = lims_o Pj 5(F). To ensure countable
stability, the packing (outer) measure of F is defined by

P*(F) = inf { > Py(Fi): FC UF}
i i
and the packing dimension of F' is
dimpF:inf{s >0:P*(F) :0} :sup{s >0:P(F) :oo}.

The extra step in the definition of packing measure and dimension often makes it considerably
more awkward to work with than Hausdorfl measure. In a certain situation, this awkwardness can
be overcome by an equivalent formulation of packing dimension given in the following section, see
Proposition 1.1.

It is possible to consider a ‘finer’ definition of Hausdorff and packing dimension. We define a
gauge function to be a function, G : (0,00) — (0, 00), which is continuous, monotonically increasing,
and satisfies lim;_,0 G(t) = 0. We then define the Hausdorff measure, packing pre-measure and
packing measure with respect to the gauge G as

HE(F) = gi_% inf { ZG(|U1\) : {U, }ier is a countable d-cover of F},
iel

PS(F) = ;i_r)r(lj sup { Z G(|Uil) : {Ui}ier is a countable centered d-packing of F}
iel

and

PE(F) = inf{ZPOG(Fi) . F C UF}



respectively. Note that if G(¢) = t° then we obtain the standard Hausdorff and packing measures.
The advantage of this approach is that, in the case where the measure of a set is zero or infinite
in its dimension, one may be able to find an appropriate gauge for which the measure is positive
and finite. For example, with probability 1, Brownian trails in R? have Hausdorff dimension 2, but
2-dimensional Hausdorff measure equal to zero. However, with probability 1, they have positive and
finite H“-measure with respect to the gauge G(t) = t?log(1/t) logloglog(1/t), see [F8, Chapter 16],
and the references therein.

For a given gauge function G and a constant ¢ > 0 we define

_ .. G(et) B G(ct)
D™ (G,c) = t1r>1£ 0 and DY (G,c) = Egg 0N

Notice that, if ¢ < 1, then DT (G, c) < 1. It is easy to see that if 0 < D™ (G, ¢) < DT(G,c) < oo for
some ¢ > 0, then 0 < D™(G,¢) < DV(G,¢) < oo for all ¢ > 0 and in this case we say that the gauge
is doubling. The standard gauge is clearly doubling, with D~ (G, c) = DT(G,c) = ¢°.

For a more detailed discussion of this finer approach to dimension, see [F8, Section 2.5] or
[Rog, Chapter 2].

1.2.2 Box dimensions

A less sophisticated but nevertheless very useful notion of dimension is box dimension. The lower and
upper box dimensions of a set F' C X are defined by

log Ns(F — log Ns(F
dimp F' = lim inf Ld() and dimg F' = lim sup Lﬁ()
5§50 —logd 550 —logd

)

respectively, where Ns(F') is the smallest number of sets required for a d-cover of F. If
dimpF' = dimpF, then we call the common value the box dimension of F' and denote it by
dimp F. Tt is useful to note that we can replace Ny with a myriad of different definitions all based
on covering or packing the set at scale 4, see [F8, Section 3.1]. For example, N,.(F) can be taken
as the maximal size of a centered é-packing of F. We will usually denote this particular alternative
definition by Mjs. If defining box dimension in a non-compact space, then usually one restricts to
totally bounded sets in order to preclude the situation where Ngs(F') = co.

One undesirable property of the box dimensions is that they are not countably stable, see
Section 1.2.4. In order to remedy this, one could try to redefine box dimension by breaking the set
up into countably many bits, taking the supremum of the box dimension of the bits and then taking
the infimum over the different ways of splitting the set up. Amazingly, this new definition simply
returns the packing dimension. We obtain

dimp F' = inf { supdimpF; : F C U Fi}
i i=1

where the infimum is taken over all countable partitions {F;}; of F, see [F8, Chapter 3.4]. This
alternative definition for packing dimension has the following very useful consequence.

Proposition 1.1. Let F' C X be a compact set such that for every open set U C X which intersects
F, we have dimp(F NU) = dimgF. Then dimp F = dimpF'.

For a proof of this see [F8, Chapter 3.4]. Finally we note that what we call the box dimension is
sometimes referred to as the box-counting dimension, Minkowski dimension, or entropy dimension.



1.2.3 Assouad and lower dimension

If the dimensions described in the previous two sections give fine, but global, geometric information,
then the Assouad and lower dimension give coarse, but localised, geometric information. As such we
find their interplay with the other dimensions particularly fascinating.

The Assouad dimension was introduced by Patrice Assouad in the 1970s [Al, A2], see also
[Lal]. The Assouad dimension of a non-empty subset F of X is defined by

dimy F' = inf { a : there exist constants C, p > 0 such that,

for all 0 < r < R < p, we have sup N,,(B(I,R)QF) < C’<R> }
TzEF r

Although interesting in its own right, the importance of the Assouad dimension thus far has been
its relationship with quasi-conformal mappings and embeddability problems rather than as a tool
in the dimension theory of fractals, see [He, Lu, MT, Ro]. However, this seems to be changing,
with several recent papers appearing which study Assouad dimension and its relationship with the
other well-studied notions of dimension: Hausdorff, packing and box dimension; see, for example,
[Fr4, KLV, M, O5, Ols]. The lower dimension is a natural dual to the Assouad dimension, and
was introduced by Larman [Lal], where it was called the minimal dimensional number, but it has
been referred to by other names, for example: the lower Assouad dimension by Kdenmaki, Lehrbéck
and Vuorinen [KLV] and the uniformity dimension (Tuomas Sahlsten, personal communication). We
decided on lower dimension to be consistent with the terminology used by Bylund and Gudayol
in [ByG], but we wish to emphasise the relationship with the well-studied and popular Assouad
dimension. The lower dimension of F' is defined by

dimg, FF = sup { «a : there exist constants C, p > 0 such that,

R «@
for all 0 < r < R < p, we have inlfm NT(B(:E,R) OF) > C() }
xTE T
Indeed, the Assouad dimension and the lower dimension often behave as a pair, with many of their
properties being intertwined. The lower dimension has received little attention in the literature on
fractals, but despite this, we believe it is a very natural definition and should have a place in the study
of dimension theory and fractal geometry. We summarise the key reasons for this below:

e The lower dimension is a natural dual to the well-studied Assouad dimension and dimensions
often come in pairs. For example, the rich and complex interplay between Hausdorff dimension
and packing dimension has become one of the key concepts in dimension theory. Also, the
popular upper and lower box dimensions are a natural ‘dimension pair’. Dimension pairs are
important in several areas of geometric measure theory, such as the dimension theory of product
spaces, see the discussion on products in Section 1.2.4.

e The lower dimension gives some important and easily interpreted information about the fine
structure of the set. In particular, it identifies the parts of the set which are easiest to cover and
gives a rigorous gauge of how efficiently the set can be covered in these areas.

e One might argue that the lower dimension is not a sensible tool for studying sets which are highly
inhomogeneous in the sense of having some exceptional points around which the set is distributed
very sparsely in comparison with the rest of the set. For instance, sets with isolated points have
lower dimension equal to zero. However, it is perfect for studying attractors of iterated function
systems (IFSs) as the IFS construction forces the set to have a certain degree of homogeneity.
In fact the difference between the Assouad dimension and the lower dimension can give an
insight into the amount of homogeneity present. For example, for self-similar sets satisfying the
open set condition the two quantities are equal, indicating that the set is as homogeneous as



possible. However, in Chapter 3 we will demonstrate that, for more complicated self-affine sets
and self-similar sets with overlaps, the quantities can be, and often are, different.

The Assouad dimension and lower dimensions are much more sensitive to the local structure of the set
around particular points, whereas the other dimensions give more global information. The Assouad
dimension will be ‘large’ relative to the other dimensions if there are points around which the set is
‘abnormally difficult’ to cover and the lower dimension will be ‘small’ relative to the other dimensions
if there are points around which the set is ‘abnormally easy’ to cover. This phenomenon is best
illustrated by an example. Let X = {1/n:n € N} U{0}. Then

dim;, X = 0,

dimp X = dimgpX = 1/2

and
dimA X =1.

The lower dimension is zero due to the influence of the isolated points in X. Indeed the set is locally
very easy to cover around isolated points and it follows that if a set, X, has any isolated points, then
dimp, X = 0. This could be viewed as an undesirable property for a ‘dimension’ to have because it
causes it to be non-monotone and means that it can increase under Lipschitz mappings. We are not
worried by this, however, as the geometric interpretation is clear and useful.

Finally, note that we can replace N, in the definition of the Assouad and lower dimensions
with any of the standard covering or packing functions, see [F8, Section 3.1]. For example, if F' is a
subset of Euclidean space, then N,.(F') could denote the number of squares in an r-mesh orientated
at the origin which intersect F' or the maximum number of sets in an r-packing of F. We also obtain
equivalent definitions if the ball B(x, R) is taken to be open or closed, although we usually think of
it as being closed.

1.2.4 Basic properties of the dimensions and some notation

In this section we will describe some basic properties which one might hope for a ‘dimension’ to
satisfy and we will then summarise which of these properties are satisfied by the dimensions discussed
in this chapter. In order to do this we need to introduce the notion of Lipschitz maps and the
Hausdorff metric, which will be used throughout the thesis.

Let (X,dx) (Y,dy) and be compact metric spaces. For a map T : X — Y define

Lip  (T) = inf and LipH(T) = su
P ( ) z,yEX, dX(‘T,y) P ( ) w,yEI;(, dX(xay)
TAY TFY

If Lip™(T) < oo, then we say T is Lipschitz and if, in addition, Lip~(T) > 0, then we say T is
bi-Lipschitz. If Lip™ (T) < 1, then we say T is a contraction and if Lip~ (T) = Lip™ (), then we write
Lip(T) to denote the common value and say that T is a similarity.

Write K(X) to denote the set of all non-empty compact subsets of X and endow K(X) with
the Hausdorff metric, dy, defined by

dy(E,F)=inf{e >0: EC F. and F C E.}

for E, F € K(X) and where E. denotes the e-neighbourhood of E. It turns out that (K(X),dy) is a
complete metric space. The following is a list of basic properties which dimensions may satisfy:

Monotonicity: dim is said to be monotone if E C F' = dim E < dim F for all £, F C X.

Finite stability: dim is said to be finitely stable if dim(E U F) = max{dimF, dim F'} for all
E,FCX.



Countable stability: dim is said to be countably stable if dim|J, F; = sup; dim E; for all countable
collections of sets {E;} in X.

Stability under Lipschitz maps: dim is said to be stable under Lipschitz maps if dim f(F) < dim E
for all £ C X and all Lipschitz maps f on X.

Stability under bi-Lipschitz maps: dim is said to be stable under bi-Lipschitz maps if dim f(F) = dim E
for all E C X and all bi-Lipschitz maps f on X.

Stability under taking closures: dim is said to be stable under taking closures if dim = dimE
for all F C X.

Open set property: dim is said to satisfy the open set property if for any bounded open set
UcCR" dimU = n.

Measurability: dim is said to be measurable if it is a Borel measurable function from (K (X), dy) to R.

The following table summarises which properties are satisfied by which dimensions.

Property dimy | dimp | dimp dimp | dimy, | dima
Monotone v v v v X v
Finitely stable v v X v X v
Countably stable v v X X X X
Stable under Lipschitz maps v v v v X X
Stable under bi-Lipschitz maps v v v v v v
Stable under taking closures X X v v v v
Open set property v v v v X v
Measurable v X v v v v

For proofs of these facts, see [F'8, Chapters 2-3] which gives details on the first seven properties for
the Hausdorff, packing and box dimensions. For details on the Assouad dimension, see [Lu, Frd4],
and for the lower dimension, see [Fr4]. The measurability property is somewhat more involved. For
the Hausdorff, packing and box dimensions see [MM], and for the lower and Assouad dimensions see
[Fr4].

One further geometric property that will be relevant in this thesis is how dimension behaves
under taking the product of two metric spaces, (X, dx) and (Y, dy). There are many natural ‘product
metrics’ to impose on the product space X x Y, but any reasonable choice is bi-Lipschitz equivalent
to the metric dxxy on X X Y defined by

dxxy ((x1,91), (#2,y2)) = max{dx (z1,22), dy (y1,2)},

for example, and so we need not specify which precise metric we use. ‘Dimension pairs’ are intimately
related to the dimension theory of products and there is a pleasant symmetry in the formulae. We
have

dimp X + dimpY < dimpg(X xY) < dimpX + dimgY < dimp(X xY) < dimgX + dimgY

and
dimp, X + dimp Y < dlmL(X XY) < dimp, X +dimpa Y < dlmA(X XY) < dimp X + dimy Y.

The Hausdorff-packing result is due to Howroyd [How], the box dimension result is easily derived
from the definition, and the lower-Assouad result was proved in [Fr4] - apart from the final inequality



which is due to Assouad. Finally, we summarise the relationships between our six dimensions. For a
set FF C X, we have
dimp, F' < dimgF < dimpF < dimg F.

In general the lower dimension is not comparable to the Hausdorff dimension or packing dimension.
However, if F' is compact, then dimy, F < dimg F. This was proved by Larman [Lal, La2]. In
particular, this means that the lower dimension provides a practical way of estimating the Hausdorff
dimension of compact sets from below, which is often a difficult problem. For compact F', we have

dimp F
& Ay
. L
@BF

1.3 Iterated function systems
1.3.1 General iterated function systems and the symbolic space

Let (X,d) be a compact metric space. One of the most important ways of constructing fractals
is via dterated function systems. An iterated function system (IFS) is a finite collection {S;}iez of
contracting self-maps on X. It is a fundamental result in fractal geometry, dating back to Hutchinson’s
seminal 1981 paper [Hut], that for every IFS there exists a unique non-empty compact set F, called
the attractor, which satisfies
F=Jsi(F).
i€T
This can be proved by an elegant application of Banach’s contraction mapping theorem. Define a map
¢ : K(X) — K(X) by
oK) = | Si(K).
ieZ
It follows from the fact that each of the maps S; is a contraction on (X, d) that ® is a contraction on
(K(X),dy) and hence ® has a unique fixed point F' € £(X).

If an IFS consists solely of similarity transformations, then the attractor is called a self-similar set.
Likewise, if X is a Euclidean space and the mappings are all translate linear (affine) transformations,
then the attractor is called self-affine. These classes of sets will be the fundamental objects of study
in this thesis and will be discussed in more detail in Sections 1.3.2-1.3.3.

Often an attractor of an IFS has a more complicated structure and is more difficult to anal-
yse if the pieces {S;(F)}iez overlap too much. As such, separation conditions are often imposed to
make calculations easier. The following separation condition is fundamental in the theory of IFSs.

Definition 1.2. An IFS, {S;(F)};cz, with attractor F satisfies the strong open set condition (SOSC),
if there exists a non-empty open set, U, with F NU # () and such that

U S;(U)cU

ieT
with the union disjoint.

A celebrated result of Schief [Scl] is that the SOSC is equivalent to the weaker open set condition
(0SC) if X C R? and the maps in the IFS are similarities. The OSC is the same as the SOSC but
without the requirement that F NU # ().
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Figure 2: Two attractors of IFSs. Left: The Sierpiriski Triangle. Right: An attractor of a nonlinear
IFS. Observe that each of the attractors pictured above is made up of three scaled down copies of itself.
The mappings used on the left are strict similarities and thus the Sierpinski Triangle is self-similar,
whereas the mappings used on the right are more complicated nonlinear contractions.

Frequently in the study of attractors of IFSs, one uses a symbolic space built from the index set Z.
The reason for this is that often it is more convenient to work with the geometry of this symbolic space
than the actual geometry of the attractor and there is a straightforward way to transfer information
from one space to the other. We will now briefly describe this technique and fix some notation which
will be used throughout the thesis whenever a fixed IFS indexed by Z is present. Let 7* = Uk>1 F
denote the set of all finite sequences with entries in Z and for

1= (7;1,1'27...,ik) er*
write
Si:SZ'lOSiQO"'OSZ'k.

Write ZV to denote the set of all infinite Z-valued strings and for i € Z% or T! with | > k write 4|, € ZF
to denote the restriction of 4 to its first k& entries. Let II : ZV — F be the natural surjection from the
‘symbolic’ space to the ‘geometric’ space defined by

1(3) = ) Sif, (X).

keN

For 4,5 € Z*, we will write ¢ < j if j| = © for some k < |j|, where |j| is the length of the string j.
For
1= (ihig,...,ik_l,l'k) cI*

let a
1= (il,ig, R ,ikfl) SYANT| {w},

where w is the empty word. For notational convenience the map S, is taken to be the identity map.



1.3.2 Self-similar sets

This thesis is primarily concerned with self-affine sets, however, self-similar sets in Fuclidean space
are a very special class of self-affine sets and so we will briefly discuss some of their key properties.
Non-Euclidean self-similar sets will also crop up in a few contexts in later chapters.

The key reason why self-similar sets are so much easier to deal with than self-affine sets and
more general attractors is that the images of the set under compositions of maps from the IFS form
natural covers for the original set since everything scales down uniformly. This leads to a beautiful
and simple formula for the dimensions of a self-similar set. Given an IFS, {S;}icz, consisting
of contracting similarities, the similarity dimension is defined to be the unique solution to the
Hutchinson-Moran formula

> Lip(8,)* = 1. (1.1)

ieT
The similarity dimension is always an upper bound for the upper box dimension of the attractor (but
not the Assoaud dimension, see the example in Section 3.4.1). However, if the IF'S satisfies the SOSC,
then all of the dimensions discussed in this thesis are equal to the similarity dimension, see [F8,
Section 9.3] and [Fr4] for the Assouad and lower dimension case. This formula first appeared in [Mo]
(see also [E2, Chapter 13]) and later in [Hut] giving the Hausdorff dimension of Euclidean self-similar
sets. For the non-Euclidean case, see [Sc2]. Furthermore, if the SOSC is satisfied then both the
Hausdorff and packing measure of the attractor are positive and finite in the critical dimensions.

The case when the OSC is not satisfied is far from understood. In R™, a ‘dimension drop’
can occur if different iterates of maps in the IFS overlap exactly, but it is a major open problem to
decide if this is the only way the dimension can drop, see for example [PS]. Recently an important
step towards solving this conjecture has been made by Hochman [Ho|]. Hochman verifies that the
only cause for a dimension drop is exact overlaps, provided we are working in R and the defining
parameters for the IFS are algebraic.

1.3.3 Self-affine sets

Self-affine sets are attractors of IFSs where all of the maps are contracting affine self-maps on
some Euclidean space. An affine map is simply a map consisting of two parts: a linear part and
a translation. Self-affine sets are notoriously difficult to handle in comparison with self-similar sets
and there are still many fascinating open problems in the area. The study of the dimension theory
of self-affine sets has really taken off in the literature since the early works of Mandelbrot in the
mid-1980s. Since then, the study of self-affine sets has split into two parts: the generic case and
the specific case. The generic case was pioneered by Falconer, beginning with the seminal papers
[F2, F4] from 1988 and 1992 respectively. Here the linear parts of the mappings are fixed and the
translates allowed to vary, and Falconer computed the dimensions for generic translations. The
specific case began with the work of Bedford [Bel] and McMullen [McM] in 1984, where a much less
general special case was considered, a class now known as the Bedford-McMullen carpets. The lack
of generality in this specific case had the advantage that the simplicity of the model allowed exact
calculation of the dimensions. This strategy led on to various different classes of self-affine carpet
being introduced, with increasing levels of generality. We will describe both lines of research in detail
in this section. The recent survey paper [F10] also describes both approaches as well as other areas
connected with the dimension theory of self-affine sets.

The generic case: The singular values of a linear map, A : R™ — R", are the positive
square roots of the eigenvalues of AT A. Viewed geometrically, these numbers are the lengths of
the semi-axes of the image of the unit ball under A. Thus, roughly speaking, the singular values
correspond to how much the map contracts (or expands) in different directions. For s € [0,n] define
the singular value function ¢*(A) by

?*(A) =aqaz... a(s],lo{;;{s]ﬂ (1.2)
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where a1 > ... > «a,, are the singular values of A. This function has played a vital role in the study
of self-affine sets over the past 25 years. Let {A; : ¢ € Z} be a finite collection of contracting linear
self-maps on R™, write m = |Z| and let

d=d(A;:ieT)= mf{ qub : 1k)<oo}. (1.3)

k=1 Tk

This number is called the affinity dimension of F' and is always an upper bound for the upper box
dimension of F, see [F2] and also [DO], but not the Assouad dimension of F, see Chapter 3. Moreover,
Falconer proved the following celebrated result in the 1988 paper [F2]. We write L™ to denote the
m-fold product of n-dimensional Lebesgue measure, supported on the space x;czR™.

Theorem 1.3. Suppose each of the linear maps {A; : i € T} has Lipschitz constant strictly less than
1/2. Then, for L™"-almost all (t1,...,tm) € X;ezR"™, the unique non-empty compact set F' satisfying

m
F=|])(4+t)

1=

—

has
dimp F' = dimp F = dimp F' = min{n, d}.

In fact, the initial proof required that the Lipschitz constants be strictly less than 1/3 but this was
relaxed to 1/2 by Solomyak [So], who also noted that 1/2 is the optimal constant, based on an example
of Przytycki and Urbanski [PUJ.

4 e
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Figure 3: Three self-affine sets with the same linear part but different translations. Falconer’s theorem
implies that they all have the same Hausdorff dimension, unless of course we have been very unlucky
and chosen some ‘exceptional parameters’.

Despite the elegance of the above result, it seems difficult to calculate the exact dimension of
a self-affine set in general. That being said, some work has been done on establishing sufficient
conditions for the validity of Falconer’s formula: see [Frl, HL, KS] and Corollary 2.6 in Chapter 2,
for example.

Given Theorem 1.3, a natural question is: can one remove the condition that the Lipschitz
constants be strictly less than 1/2 by adding more randomness in the construction? This question
was asked by Jordan, Pollicott and Simon [JPS], and moreover they gave a positive answer in the
case where one randomly perturbs the translations at each stage of the construction. Indeed, the
Lipschitz condition can be completely removed with the only requirement being that the maps are
contractions. This idea was recently used by Falconer to study Bernoulli measures on such sets [F9],
where the phrase ‘almost self-affine set’ was coined to describe these systems.

11



The specific case: We first recall the construction introduced independently by Bedford and Mc-
Mullen in 1984. Take the unit square, [0,1]2, and divide it up into an m x n grid for some m,n € N
with 1 < m < n. Then select a subset of the rectangles formed by the grid and consider the IFS
consisting of the affine maps which map [0,1]? onto each chosen rectangle, preserving orientation.
Bedford [Bel] and McMullen [McM] independently obtained explicit formulae for the box-counting,
packing and Hausdorff dimensions of the attractor and, more recently, Mackay [M] computed the
Assouad dimension. In general the Hausdorff dimension and box dimension can be different and can
be strictly less than the affinity dimension. However, if the maps are chosen such that the projection
onto the horizontal axis is an interval (having dimension 1), then the box dimension equals the affinity
dimension. Our results, Corollaries 2.6 and 2.7 in Chapter 2, help to formalise this observation for a
much larger class of self-affine sets. We will briefly recall the dimension formulae given by Bedford,
McMullen and Mackay. For a Bedford-McMullen IFS {S;};cz with attractor F, let N be the number
of maps in the IFS and for the ith column, let N; be the number of maps chosen in that column and,
finally, let Ng = #{i=1,...,m: N; # 0}.

Theorem 1.4 (Bedford-McMullen, Mackay). Let F' be a Bedford-McMullen carpet. Then

IOg N() + log(N/N())

dimg F' = dimp F' =
logm logn

m logm/ logn
log > 21 V;

dimH F =

logm

and
log No log ZVz
4+ max ——

logm  i=L,..,m logn

Note that s; = lﬁ)g fo is the dimension of the projection of I onto the horizontal axis and lffg]x i is the
dimension of the self-similar attractor of the one-dimensional IFS induced by the ith column. These

numbers can be computed via the Hutchinson-Moran formula (1.1). As such the box dimension of F

satisfies

Z(mlfl)sl (nfl)dimB F—s1 _ 1.

s
This version of the formula for box dimension is particularly useful to keep in mind whilst reading
this thesis. Finally note that the Hausdorff, packing and box dimensions are equal if and only if N; is
constant whenever it is non-zero. In this case we say that the construction has uniform vertical fibres.
In particular, in the typical situation, the Hausdorff, packing and Assouad dimensions are different, in
stark contrast to the self-similar setting. Another important difference between self-affine carpets and
self-similar sets satisfying the OSC is that the packing and Hausdorff measures need not be positive
and finite. Indeed, Peres [P1, P2] proved that in the uniform vertical fibres case the measures are
positive and finite, but in all other cases the measures are both infinite in the critical dimensions.

Figure 4: A self-affine Bedford-McMullen carpet with m = 4, n = 5. The shaded rectangles on the
left indicate the 6 maps in the IFS. Note that this construction has uniform vertical fibres and thus
the attractor has equal Hausdorff and packing dimension.

12



Gatzouras and Lalley [GL1] generalised the Bedford-McMullen construction by allowing the columns
to have varying widths and be divided up, independently, with the only restriction being that the base
of each chosen rectangle had to be strictly greater than the height. If we relax the ‘strictly greater
than’ to ‘greater than or equal’ then we obtain a slightly more general class, not studied by Lalley
and Gatzouras, which we will refer to as the extended Lalley-Gatzouras class. In the non-extended
case they found an explicit formula for the box dimension and gave a variational principle for the
Hausdorff dimension. Mackay [M] computed the Assouad dimension for this class. Baranski [B2]
studied another class where he divided the unit square up into an arbitrary mesh of rectangles by
slicing horizontally and vertically a finite number of times (at least once in each direction). Again
he gave an explicit formula for the box dimension and gave a variational principle for the Hausdorff
dimension. Also, Feng and Wang [FeW] considered a construction where the rectangles did not have
to be ‘aligned’ as in the Baraniski type IFSs. This added complication meant that the box dimension
of the attractor was given in terms of the dimensions of its projection onto the horizontal and vertical
axes, which may be difficult to compute as they are self-similar sets which no longer need to satisfy
the OSC. The biggest difference between the Lalley-Gatzouras class and the Baranski class is that
for the Baranski class the maps can sometimes contract more in the vertical direction and sometimes
more in the horizontal direction. This property makes this class much more difficult to deal with and
will be a common theme of this thesis. It is interesting to note that Bedford-McMullen obtained an
explicit formula for the Hausdorff dimension, whereas in the other classes the Hausdorfl dimension
is only given via a variational principle and may be difficult to compute or even estimate. We do
not present the results found by Lalley-Gatzouras, Baranski and Feng-Wang here, but we will discuss
some of them later in the thesis when they are especially relevant for our proofs.

Figure 5: Three examples of IFSs of the types considered by Lalley-Gatzouras, Baranski and Feng-
Wang, respectively. The shaded rectangles represent the affine maps.

Baraniski [B2] also computes the Hausdorff, box and packing dimensions of a more general class of
sets which he calls ‘rectangle-like constructions’. These are not strictly self-affine, but their dimension
theory can be modeled by a self-affine Baranski type carpet; for example the flexed Sierpiniski triangle,
see [B2, Section 7] and [B1].

The Bedford-McMullen and Lalley-Gatzouras classes are discussed in some detail in [Pe], Sec-
tion 16, as well as a generalisation known as ‘geometric constructions with rectangles’. These are
usually not self-affine, but display some of the same characteristics as the Lalley-Gatzouras class
while allowing the rectangles in the construction to be slightly rotated. We note here that, although
the rectangles can be slightly rotated, the construction forces the rotations to become less significant
at later stages in the construction.

In all of the aforementioned examples the affine maps are orientation-preserving. In Chapter
2 of this thesis we relax this requirement by allowing the maps to have non-trivial rotational and
reflectional components. We refer to the attractors of such systems as “box-like” sets and give
their formal definition in Section 2.1.1. In Section 2.2 we compute the packing and box-counting
dimensions by means of a pressure type formula based on the singular values of the maps. As in
[FeW] the dimension of projections will be significant. In Chapter 3 we compute the Assouad and
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lower dimensions of the Lalley-Gatzouras and Baranski carpets.

1.3.4 Inhomogeneous iterated function systems

Inhomogeneous iterated function systems are generalisations of the IFSs described above. Indeed, one
might call the attractors of the standard systems homogeneous attractors. Let (X,d) be a compact
metric space, let I = {S;},cz be a standard IFS, and fix a compact set C C X, sometimes called the
condensation set. Analogous to the homogeneous case, there is a unique non-empty compact set, F¢,
satisfying

Fo=|]JSi(Fo) U C, (1.4)

i€l

which we refer to as the inhomogeneous attractor (with condensation C). Note that homogeneous
attractors are inhomogeneous attractors with condensation equal to the empty set. From now on we
will assume that the condensation set is non-empty. Inhomogeneous attractors were introduced and
studied in [BD] and are also discussed in detail in [Ba2] where, among other things, Barnsley gives
applications of these schemes to image compression. Define the orbital set, O, by

0 =cu | sio),

1€I*

i.e., the union of the condensation set, C, with all images of C' under compositions of maps in the
IFS. The term orbital set was introduced in [Ba2] and it turns out that this set plays an important
role in the structure of inhomogeneous attractors and, in particular,

Fo = Fyu0 = O, (1.5)

where Fj is the homogeneous attractor of the IFS, L.
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Figure 6: A flock of birds from above (left). The ‘flock’ is represented by an inhomogeneous self-similar
set. The large bird in the middle is the condensation and there are three similarity mappings in the
IFS all with contraction ratio 1/3. The corresponding homogeneous attractor is shown on the right.
This is a totally disconnected self-similar set with all the dimensions equal to 1.

The relationship (1.5) was proved in [Sn, Lemma 3.9] in the case where X is a compact subset of
R? and the maps are similarities. We note here that their arguments easily generalise to obtain the
general case stated above. When considering the dimension dim of F, one expects the relationship

dim Fe = max{dim Fy, dim C} (1.6)
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to hold. Indeed, if dim is countably stable, monotone and stable under Lipschitz maps, then

max{dim Fp, dimC} < dimFe = dim(FyUO)

= max{dimF@, C u U Si(C)}

1€L*
< max{dim Fp, dim C}

and so the formula holds trivially. Thus, studying the Hausdorff and packing dimensions of inhomoge-
neous attractors is equivalent to studying the Hausdorff and packing dimensions of the corresponding
homogeneous attractor, and thus is not an interesting problem in its own right. However, the upper
and lower box dimensions, Assouad dimension and lower dimension are not countably stable and
so computing these dimensions in the inhomogeneous case is interesting and (perhaps) challenging,
although one may still expect, somewhat naively, that the relationship (1.6) should hold for these
dimensions.

In this thesis, we wish to investigate inhomogeneous attractors where the corresponding homo-
geneous attractor is a self-affine carpet. Since the Hausdorff and packing dimensions are easy to
compute we will focus on the box dimensions, and in Chapter 5 we compute the box dimensions of
inhomogeneous self-affine carpets in the Baranski and Lalley-Gatzouras class. Despite our primary
interest being the self-affine case, there are still some interesting open questions in the self-similar
case and so to put our results on inhomogeneous self-affine carpets into context, we first investigate
inhomogeneous self-similar sets in Chapter 4. Moreover, some of our results in the self-affine case
rely on our results in Chapter 4.

The box dimensions were considered by Snigireva and Olsen. In [OSn, Corollary 2.6] and [Sn,
Theorem 3.10 (2)] it was proved that if X C RY; each of the S; are similarities; and the sets
S1(Fe),...,Sn(Fc),C are pairwise disjoint, then

dimBFC = max{ﬁBF@, dlmBO}
The authors then asked the following question, see [OSn, Question 2.7] and [Sn, Question 3.12].

Question 1.5. Does the above formula for upper box dimension remain true if we relax the separation
conditions to only the inhomogeneous open set condition (I0SC)?

In Chapter 4 we give an affirmative answer to this question and, furthermore, prove that it holds
assuming only that the IFS, I, satisfies the strong open set condition (which is equivalent to the open
set condition if X C RY), see Corollary 4.2, and even without assuming any separation conditions
it holds generically, see Corollary 4.3. We remark here that the definitions of the IOSC given in
[OSn, Sn] are slightly different. Rather than give both of the technical definitions we simply remark
that we are able to answer Question 1.5 using significantly weaker separation conditions than either
version of the IOSC. In particular, the condensation set can have arbitrary overlaps with the basic
sets in the construction of the homogeneous attractor.

In [OSn, Sn] the authors also point out that they are not aware whether the corresponding
formula holds for lower box dimension. The following question is asked in [Sn, Question 3.11].

Question 1.6. If X C R%, each of the S; are similarities and the sets S1(F¢),...,Sn(Fc),C are
pairwise disjoint, then is it true that

dimp Fo = max{dimp Fy, dimgC'}?

We prove that the answer to this question is no, see Theorem 4.9 and Proposition 4.12 (2). We also
give some sufficient conditions for the answer to be yes, see Corollary 4.6, Corollary 4.11, Theorem
4.10 and Proposition 4.12 (1).
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1.3.5 Random iterated function systems

Random iterated function systems (RIFSs) are another generalisation of the standard IFSs and are
based on fixing a finite set of IFSs and then ‘randomly choosing’ which one to use at each stage in
the construction. There are many different ways of defining this randomisation, in particular, see the
work on V-variable fractals by Barnsley, Hutchinson and Stenflo [BHS1, BHS2]. To keep in line with
this terminology we point out that in this thesis we are only concerned with 1-variable randomness,
which we will now describe in detail.

Let (X,d) be a compact metric space. We define a random iterated function system (RIFS)
to be a set I = {I,...,Iny}, where each I; is a deterministic IFS, I, = {S; ;}ez,, for a finite index
set, Z;, and each map, S; ;, is a contracting self-map on X. We define a continuum of attractors of I
in the following way. Let D = {1,..., N}, Q = D" and let w = (w1, ws,...) € Q. Define the attractor
of T corresponding to w by

Fw = m U Swl,il O"'oka,ik(X)'

k ilele,...,ikeIwk

So, by ‘randomly choosing’ w € Q, we ‘randomly choose’ an attractor F,. Attractors of RIFSs can
enjoy a much richer and more complicated structure than attractors of IFSs. We provide some pictures
to help illustrate this construction; see also Section 6.5.3.
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Figure 7: The attractors of deterministic IFSs I; (top-left) and Iy (top-right) along with two ran-
dom attractors of I = {I;,I} corresponding to w = (1,2,2,1,1,1,...) (bottom-left) and w =
(2,2,1,2,1,2,...) (bottom-right). The attractor on the top-left is a variant of the Sierpiriski Tri-
angle and the attractor on the top-right is a Bedford-McMullen carpet.

We wish to make statements about the generic nature of F,,. In particular, what is the generic dimen-
sion of F,? The most common approach to studying random fractals is to associate a probability mea-
sure with the space of possible attractors and then make almost sure statements. For some examples
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based on conformal systems, see [F1, LW, O1, BHS1, BHS2, Ba2]; and for non-conformal (self-affine)
systems, see [GuLil, GuLi2, GL2, O6, FO]. Associate a probability vector, p = (p1,...,pn), with L.
Then, to obtain our random attractor, we choose each entry in w randomly and independently with
respect to p. This induces a probability measure, P, on 2 given by

N
P=1] > nid,

N =1

where ¢; is the Dirac measure concentrated at ¢ € D = {1,...,N}. We say that a property of the
random attractors is generic (in a probabilistic sense) if it occurs for P-almost all w € Q. This approach
has attracted much attention in the literature with the ergodic theorem often playing a key role in
the analysis, utilising the fact that P is ergodic with respect to the left shift on 2. We give a couple of
examples for which we will need to generalise the standard OSC to the RIFS situation in the following
way.

Definition 1.7. We say that I satisfies the uniform open set condition (UOSC), if each deterministic
IFS satisfies the SOSC and the open set can be chosen uniformly, i.e. there exists a non-empty open
set U C X such that, for each i € D, we have

U s cu
J€EL;
with the union disjoint.

The UOSC also appears in [BHS1], for example.

Theorem 1.8 ([Ha, BHS1)). Let I = {Iy,...,Ix} be an RIFS consisting of similarity maps on R"
with associated probability vector p = (p1,...,pn). Assume that I satisfies the UOSC and let s be the

solution of
pPi
( > Lip(si,jﬁ) =1 (1.7)

i=1 \jez;

Then, for P-almost all w € Q, dimy F,, = dimp F, = dimp F, = s.

N

Equation (1.7) should be viewed as a randomised version of the Hutchinson-Moran formula (1.1).
Here the almost sure dimension is ‘some sort of weighted average’ of the dimensions of the attractors
of I;. For a proof of Theorem 1.8, see [Ha, BHS1] or alternatively [Ba2, Chapter 5.7] and the
references therein.

Self-affine sets often provide examples of strange behaviour not observed in the self-similar
setting. We will now describe a random Bedford-McMullen carpet, a construction which will be
used to provide several interesting examples in Chapter 6. Take N deterministic IFSs, I;, built by
dividing the unit square into an m; x n; grid with m; < n; and an associated probability vector
p = (p1,...,pn). The following dimension formula was given in [GuLi2] and can also be derived
from results in [FO].

Theorem 1.9 ([FOJ, [GuLi2]). Forj=1...my, let N; ; € {0,...,m;} denote the number of rectangles
chosen in the jth column in the ith IFS. Let

vy =mit - omiY and vo =ni"t - nkY.

Then, for P-almost all w € 2,

N m;
. 1 - log v1/ log va
dimy Fy, = E Pi (ngllog ( E :Nz‘,j :
i=1 j=1
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We note that in [FO] a higher dimensional analogue of Theorem 1.9 was obtained where one begins
the construction with the unit cube in R? rather than the unit square. Notice that if m; = m and
n; = n for all 4, then the above dimension formula simplifies to

N m N

. 1 logm/logn

dimyg F, = E Di (k)gmlog (E NP /loe )) = E Di Si
=1 =1

j=1

where s; is the Hausdorff dimension of the attractor of I; given by Bedford and McMullen, see
Theorem 1.4. In this case, the almost sure Hausdorff and box dimension were computed in [GuLil].
If the m; and n; are not chosen uniformly, then we have a nonlinear dependence on the probability
vector p. An example using Theorem 1.9 will be given in Section 6.4.3.

In Chapter 6, we will study random self-affine carpets using an alternative notion of random-
ness, where w is chosen according to the topological properties of €2, rather than the probabilistic
properties. This approach leads to a starkly different theory and in fact allows us to consider much
more general systems than simply those based on self-affine carpets, although self-affine carpets will
be used to demonstrate some key phenomena.
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2 Box-like self-affine sets

2.1 Introduction

The aim of this chapter is to unify and generalise the classes of exceptional self-affine set described in
Section 1.3.3 by considering a more general construction which, in particular, allows the generating
maps to have non-trivial rotational and reflectional components. Our motivation is not simply gener-
ality for generality’s sake but also to reconcile the ‘exceptional constructions’ with Falconer’s almost
sure formula. As such, we introduce a modified singular value function and use it to compute the
packing and box-counting dimensions assuming a natural separation condition.

2.1.1 Box-like self-affine sets and notation

We call a self-affine set boz-like if it is the attractor of an IFS consisting of contracting affine maps
which take the unit square, [0,1]?, to a rectangle with sides parallel to the axes. The affine maps
which make up such an IFS are necessarily of the form S =T o L +t, where T is a contracting linear

map of the form
a 0
(5 4)

for some a,b € (0,1); L is a linear isometry of the plane for which L([—1,1]?) = [-1,1]?; and t € R?
is a translation vector. Note that there are 8 possible choices for L and if, for all maps in the IFS, we
let L be the identity map, then we obtain the class of self-affine sets considered by Feng and Wang
[FeW].

Let {S;}icz be an IFS consisting of maps of the form described above for some finite index
set Z, with |Z| > 2, and let F' be the corresponding attractor, i.e., the unique non-empty compact set
satisfying
F=]JSi(F).
ieT
We refer to F' as the box-like self-affine set. It is clear that we may choose a compact square Q C R?
such that | ;.7 Si(Q) € Q. Without loss of generality we will assume throughout that we may choose
Q =[0,1]2. Let
Za = {i € Z:S; maps horizontal lines to horizontal lines}

and
Ip ={i € Z:S; maps horizontal lines to vertical lines}.

If Zp = 0, then we will say F is of separated type and otherwise we will say that F is of non-separated
type. It will become clear why we make this distinction in the following section.
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Let a1(i) > ao(3) be the singular values of the linear part of the map S;. Note that, for all
i € TI*, the singular values, a;(i) and (), are just the lengths of the sides of the rectangle
S([0,1]?). Finally, let

min = min{as(i) : ¢ € 7}

and
Omax = max{ai(i) : i € I}.
2.2 Results

In this section we will state our main results of this chapter. The dimension formula, which relies on
the knowledge of the dimensions of the projection of F' onto the horizontal and vertical axes, will be
given in Section 2.2.1. In Section 2.2.2 we will discuss the problem of calculating the dimensions of
the relevant projections.

2.2.1 The dimension formula
Let 71,72 : R? — R be defined by 71 (x,y) = o and 7 (z, y) = y respectively. Also, let
S1 = dimB 7T1(F)

and
S9 = dimB 7T2(F).

It can be shown that both dimp 71 (F) and dimp m2(F) exist using the ‘implicit theorems’ found in
[F3, McL], or, alternatively, sce Lemma 2.8 in Section 2.2.2. For ¢ € Z*, let b(z) = |m1(S;([0,1]?))]
and h(i) = [m2(S;([0,1]?))| denote the length of the base and height of the rectangle S;([0,1]?)
respectively and define 7; : R2 — R by

m  if ¢ € T4 and b(3) = h(%)

B mo if 2 € T4 and b(’L) < h(l)
Te=\ m ifi€Zpand b(s) < h(i
) = h(

)
T ifi € Zp and b(i i)

Finally, let s(¢) = dimp m;F. In fact, s(¢) is simply the box dimension of the projection of S;(F)
onto the longest side of the rectangle S; ([O, 1]2) and is always equal to either s; or ss.

For s > 0 and ¢ € 7%, we define the modified singular value function, ¥*, of S; by

W*(S1) = aa (i) ag(i)* 0, (2.1)
and for s > 0 and k € N, we define a number ¥} by
F= D U8
i€k

Lemma 2.1 (multiplicative properties).
a) For s 20 and i,j € Z* we have

al) If s < s1+ sa, then ¢*(S;0 S;) < ¥*(S;) ¢¥*(S;);

a2) If s = s1 + sa, then ¢*(S;0 S;) = ¥°(S;) ¥*(S;);

a3) If s > s1 + sq, then ¥*(S; 0 .S;) = ¥°(S:) ¥°(S;).
b) For s 20 and k,1 € N we have

b1) If s < 51+ s, then W3, < U U,

b2) If s = 51+ s, then Wj ; = Vi U};
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b3) If s > s1 + s9, then U; ., > U5 U7,

k+l =

We will prove Lemma 2.1 in Section 2.4.2. It follows from Lemma 2.1 and standard properties of sub-
and super-multiplicative sequences that we may define a function P : [0,00) — [0, 00) by
P(s) = lim (\Ils)l/k
k—o0

where, in fact,
infren (U5)V/F  if s € 0,51 + s9)

Jim (05)!/F = 14 if s = 51+ 52
—00

supgey (U3)/Fif 5 € (51 + 89,00)

Our function P is related to the notion of topological pressure in dynamical systems and in particular
non-additive topological pressure. Although the spirit of this chapter is not dynamical, we can view
our self-affine attractors as repellers of certain expanding dynamical systems (provided we have some
separation conditions). For example, if a box-like self-affine set F satisfies the strong separation
condition, then we can define an expanding map, f, on F' such that the inverse branches of f coincide
with the contractions in the defining IFS. Assuming s < s; + s and writing D, f™ to denote the
Jacobian of f™ at x € F, the sequence {log ® ((D ™~ )} gives a subadditive valuation on F' and
a simple calculation yields

log P(s) = Prop (f, { log ¥* (Dof")™")})

where Prop (f, { log1* (D f™)™1)}) is the topological pressure of the sequence { log¥*((Dy f™)~*) }n
with respect to f in the sense of Falconer [F5]. Non-additive versions of the thermodynamic formalism
have attracted substantial attention over the last 15 years. For more details the reader is referred to,
for example, [Pe, Ba, FHJ.

Lemma 2.2 (Properties of P).

(1) For all s,t > 0 we have
P(s+1) < aqaxP(1)

mln ( )
s > 0 we have

VoA

and furthermore, setting t = 0, for all

0 < apinP(0) < P(s) € o

maxP(0) < oo,
where P(0) € [|Z|,00) is a constant;

(2) P is continuous on [0,00);

(3) P is strictly decreasing on [0,00);

(4) There is a unique value s = 0 for which P(s) =

We will prove Lemma 2.2 in Section 2.4.3. The following separation condition, which we will need to
obtain the lower bound in our dimension result, was introduced in [FeW].

Definition 2.3. An IFS {S;}, satisfies the rectangular open set condition (ROSC) if there exists a
non-empty open rectangle, R = (a,b) x (¢, d) C R?, such that {S;(R)}™, are pairwise disjoint subsets
of R.

We can now state our main result concerning the packing and box-counting dimensions for box-like
self-affine sets.

Theorem 2.4. Let F be a box-like self-affine set. Then dimp F' = dimpF < s where s > 0 is the
unique solution of P(s) = 1. Furthermore, if the ROSC is satisfied, then dimp F' = dimp F' = s.

We will prove Theorem 2.4 in Section 2.5. We will now give two corollaries of Theorem 2.4 which
show that the dimension formula can be simplified in certain situations. The first of which deals with
the case where s = s3. This will occur, for example, if F' is of non-separated type (see Lemma 2.8).
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Corollary 2.5. Let F' be a boz-like self-affine set which satisfies the ROSC and is such that s; =
so =: t. Then dimp F' = dimpg F = s, where s satisfies

Jim. ( > (i) ag(i)s_t>l/k =1

€Tk

The second corollary deals with the case where s; = so = 1. Some easily verified sufficient conditions
for this to occur are given in Lemma 2.9.

Corollary 2.6. Let F' be a boz-like self-affine set which satisfies the ROSC and is such that s; =
so = 1. Then

where d is the affinity dimension (1.3).

To prove Corollary 2.6 simply observe that, if s; = sy = 1, then our modified singular value function
(2.1) coincides with the singular value function (1.2) in the range s € [1,2]. Furthermore, it is clear
that the dimension lies in this range and therefore the unique value of s satisfying P(s) = 1 is the
affinity dimension. The converse of Corollary 2.6 is not true. In particular, it is not true that, if both
s1 and so are strictly less than 1, then the packing dimension is strictly less than the affinity dimension
(for example, some self-similar sets). However, it is possible to give simple sufficient conditions for the
packing dimension to drop below the affinity dimension. For example, if both s; and s, are strictly
less than min{1, d}, where d is the affinity dimension, and there exists a constant n € (0,1) such that
for all K € N and all i € Z%, as(i) < n¥ay(4), then the packing dimension of the attractor is strictly
less than the affinity dimension. To see this let ¢ = min{1, d} — max{s1, s2} > 0 and d be the affinity
dimension and note that

P(d) = inf < > w(si))l/k < inf (

1€TF

e\ /K
S 6(Si) (;‘Ei)) <<l

1ETF

from which it follows that dimp F' < d.

Since dimpF < $1 + So, it is clear that the solution of P(s) = 1 always lies in the range
[0,s1 + s2]. Even in the case where s; and s can be computed it still may be very difficult to
compute the solution of P(s) = 1 explicitly. However, since the solution lies in the submultiplicative
region, it can be numerically estimated from above by considering the sequence {§j}reny where
each §j is defined by \Ilzk = 1 and is an upper bound for the dimension. Unfortunately, without
establishing some sort of ‘quasimultiplicativity’ for the sequence {¥%}, it is difficult to say anything
about the rate of convergence of the sequence {§;}. In [FS] this problem was addressed in the case
where standard singular value functions are used in place of modified singular value functions and a
quasimultiplicativity condition was derived, provided that a certain technical condition was satisfied
by the linear parts of the mappings.

We will now present one final corollary of Theorem 2.4 which shows that for a certain class of
box-like self-affine sets of separated type the dimension may be calculated explicitly due to the
modified singular value function being multiplicative for all s rather than sub- or supermultiplicative.

Corollary 2.7. Let F be a box-like self-affine set of separated type which satisfies the ROSC. Fur-
thermore, assume that each map, S;, in the IFS has singular values oy (i) = as(i) where the larger
singular value, ay (i), corresponds to contracting in the horizontal direction. Then

dimp FF=dimg F = s

where s is the unique solution of

D ar (i)™ ag(i)* T =1

i€l

Furthermore, if s = 1, then s is the affinity dimension.
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Proof. Tt may be gleaned from the proof of Lemma 2.1 (al), case (i), that, in the situation described
above, the modified singular value function is multiplicative. It follows that the unique solution of
P(s) =1 satisfies ¥§ = 1. O

Corollary 2.7 is similar to Corollary 1 in [FeW] but our result covers a much larger class of sets
since we allow the maps in the IFS to have non-trivial reflectional and rotational components
(whilst ensuring that F is of separated type). Although in a different context, a problem related to
Corollary 2.7 was studied in [Hu]. There the author proved a version of Bowen’s formula for a class
of non-conformal C? expanding maps for which the expansion is stronger in one particular direction.

The idea to study box-like self-affine sets came from the paper [FO]. There the authors con-
sider self-similar sets and, in particular, how varying the rotational or reflectional component of
the mappings affects the attractor. Their approach relies on various group theoretic techniques.
One thing to note is that, given the OSC, changing the rotational or reflectional component of
the mappings in an IFS of similarities does not change the dimension. As we have shown (and
unsurprisingly) the situation is more complicated in the self-affine case, see the examples below.
It would be interesting to conduct an analysis similar to that found in [FO] in the self-affine case
with the added complication that one could consider changes in dimension as well as changes in the
symmetry of the (self-affine) attractor.

Finally, we remark that our dimension formula gives nothing but an upper bound for the
Hausdorff dimension of box-like self-affine sets. It would be of great interest to investigate the
Hausdorff dimension in more detail, especially in the non-separated case. Also, it would be interesting
to allow our maps to include rotations other than multiples of 7/2. In this situation the basic sets
in the construction would cease to be rectangles and the non-separated/separated dichotomy would
become more complicated as one might have to look to the dimension of projections in many different
directions.

2.2.2 Dimensions of projections

The dimension formula given in Section 2.2.1 depends on knowledge of s; and ss, i.e., the dimensions
of the projections of F' onto the horizontal and vertical axes, respectively. A priori, s; and sy are
difficult to calculate explicitly, or even to obtain good estimates for. In this section we examine this
problem and show that it is possible to compute s; and sy explicitly in a number of cases.

Lemma 2.8. If F is of separated type, then m (F) and m2(F) are self-similar sets. If F is of non-
separated type, then w1 (F) and wo(F) are a pair of graph-directed self-similar sets and, moreover, the
associated adjacency matrix for the graph-directed system is irreducible. In this second case, it follows
that s; = sq.

We will prove Lemma 2.8 in Section 2.4.1. It follows from Lemma 2.8 that the box dimensions
of the projections exist and so s; and s; are well-defined. The problem with calculating the
dimension of 71 (F') and mo(F') is that the IFSs alluded to in Lemma 2.8 may not satisfy the open
set condition (OSC), or graph-directed open set condition (GDOSC). However, in certain cases we
will be able to invoke the finite type conditions introduced in [JY, LN, NW] and generalised to
the graph-directed situation in [NWD]. In this situation, despite the possible failure of the OSC
or GDOSC, we can view the projections as attractors of alternative IFSs or graph-directed IFSs
where the necessary separation conditions are satisfied. We can then compute s; and s, using a
standard formula, see, for example, [F7, Corollary 3.5]. An example of this will be given in Section
2.3.1. For more details on graph-directed sets, see [F7, Chapter 3]; [E1, Chapters 4 and 6], and [MW2].

There is one further situation where, even if the previously mentioned finite type conditions
are not satisfied, we can still compute s; and so. In this case we will say that F' is of block type.
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Lemma 2.9 (block type). Let H be any closed, path connected set which contains F and is not
contained in any vertical or horizontal line. If

™ ( U Si(H)) — 1 (H) (2.2)

i€l

and

@( U Si(H)> = mo(H), (2.3)

€T

then s1 = so = 1.

Proof. This follows immediately since, by (2.2) and (2.3), 71 (F') and mo(F) are intervals. O

2.3 Examples

In order to illustrate our results we will now present two examples and compute the packing and box
dimensions. We will also examine what effect the rotational and reflectional components have on the
dimension. In both cases it will be clear that the ROSC is satisfied, taking R = (0,1)2. All rotations
are taken to be clockwise about the origin and all numerical estimations were calculated in Maple
using the method outlined at the end of Section 2.2.

2.3.1 Non-separated type

In this section we consider an example of a box-like self-affine set of non-separated type. Let F' be
the attractor of the IFS consisting of the maps which take [0,1]? to the 3 shaded rectangles on the
left hand part of Figure 3, where the linear parts have been composed with: rotation by 270 degrees
(top right); rotation by 90 degrees (bottom right); and reflection in the vertical axis (left).

Figure 8: Levels 1, 3 and 7 in the construction of F.

Here, 71 (F) and my(F') are a pair of graph-directed self-similar sets of finite type. It is easy to see
that in fact
m(F) = (8 = m(F) U (m(F) + 5)

and
ma(F) = (3m(F)) U (3m2(F) + 1) U (1 = 3m(F)).

with the GDOSC satisfied for this system. The associated adjacency matrix is
3" @)

2(3)" (1)

A®) —
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and solving p(A®) = 1, where p(A®) is the spectral radius of A®), for ¢ yields s; = sp =: t ~
0.890959, see [F'7, Corollary 3.5]. Theorem 2.4 now gives that dimp F' = dimg F' = s where s > 0 is

the unique solution of
1/k
: 2\t \s—t _
klingo ( Z a1(2)" aa(2) ) =1.

i€k
If we considered the same construction but with no rotations or reflections, then we would have a
self-affine set of the type considered by Baranski. In this case, results in [B2] give us that the box
dimension is approximately 1.11349, which is strictly larger than the dimension we obtained for our
construction. To see this we computed $19 = 1.09557 ... which is an upper bound for s. In fact, our
numerical estimates, {33}, appear to converge to about 1.09.

2.3.2 Block type

In this section we consider an example of a box-like self-affine set of block type. Let F' be the attractor
of the IFS consisting of the maps S7, S and S3 defined by

o g )eme (1)
S:<2 OR+ 5
! 0o 3 ! 1
1/4
Jom+( aho ).
1
s=(d§)emr(s)
5

where R; is reflection in the horizontal axis, Rs is rotation by 90 degrees and Rj is reflection in the
vertical axis.

N
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Figure 9: Levels 4, 5 and 6 in the construction of F'. The boxes in the first image on the left indicate
the mappings.

It is clear that F is of block type, taking H = [0,1]? in Lemma 2.9, and so s; = s = 1. Theorem 2.4
now gives that dimp F' = dimp F' = s where s > 0 is the unique solution of

i (X (i) a2<i>81)1/k —1,

i€k

which, by Corollary 2.6, coincides with the affinity dimension. Again, let us consider the same con-
struction but with no rotational or reflectional components in the mappings. In this case we have
a self-affine set of the type considered by Feng and Wang and results in [FeW] give that the box
dimension is approximately 1.18405, which is again larger than for our construction. To see this we
computed §19 = 1.17348 ... which is an upper bound for s. In fact, our numerical estimates, {3y},
appear to converge to about 1.16.

25



2.4 Proofs of preliminary lemmas

Note that we prove Lemma 2.8 before Lemma 2.1 because we will use Lemma 2.8 in the proof of
Lemma 2.1.

2.4.1 Proof of Lemma 2.8

Let Iy, 15 : [0,1] — [0,1)2 be defined by
l(z) = (z,0)

and
Also, for i € 7 and a,b € {1,2}, we define a contracting similarity mapping S‘f’b :[0,1] — [0, 1] by

Sf’b:ﬂaoSio]Ib.

For certain choices of a, b and i the image S’f’b([O, 1]) is a singleton, but we will not be interested in
these maps. Also, let X = 71 (F) and Y = mo(F). It is clear that

X = ( U ngl(X)) U ( U Sij(Y)) (2.4)
1€LA i€LR
and
Y = ( U §§=2(Y)> U ( U S”Z.Q’I(X)). (2.5)
1€ZA i€Ip
It follows that if Zp = @, then X and Y are the self-similar attractors of the IFSs {S}"'};cz and
{51'2 72}iEI respectively and if Zg # (), then X and Y are a pair of graph-directed self-similar sets
with an associated adjacency matrix defined by (2.4-2.5). This matrix is clearly irreducible since the
existence of an element in Zp ensures that we can find a directed cycle in the associated directed
graph which contains both vertices. This proves Lemma 2.8. O

2.4.2 Proof of Lemma 2.1

We will first prove part (a) by a case by case analysis. Part (b) will then follow easily.

Proof of (a).

al) Let s € [0,s1 + s2) and let 4,5 € Z*. Firstly, assume that F is of non-separated type. It
follows from Lemma 2.8 that s; = sy =: t. We have

P*(Sio8;) = au(if) (i)’

(O‘l(ij) az(ij))s_t i ()%

(m(i) az(i)a(g) OZg(j)) o an (i)

2t—s

(o) Mi))“ (al(j)ag(j)fit (18 o) since 2t — 5 > 0

N

= () v (S))

proving (al) in the non-separated case. Secondly, assume that F' is of separated type and assume, in
addition, that b(¢) > h(%), recalling that b() and h(i) are the lengths of the base and height of the
rectangle S; ([0, 1]%) respectively. The case where b(i) < h(i) is analogous. We now have the following
three cases:
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(i) b(3) = h(g) and b(%) = h(if);

The key property that we will utilise here is that, since F' is of separated type, b(ij) = b(¢) b(j) and
h(ij) = h(i) h(j). Note that this precludes the case: b(§) = h(j) and b(4§) < h(4j). To complete the
proof of (al) we will show that, in each of the above cases (i-iii), we have

P°(Si 0 55)
AT
(i) We have
¥*(S; 0 5;) b(dg)" h(zg)* =

P(8i) ¥o(S5)  b(i)h(i)*==b(g)h(j)

(ii) Similarly

QZ}S(SZ ° SJ) _ b(lj)sl h(ij)s—sl _ (b(_j) >s1+szs o
(S U(S5)  b(6)* (i) h(z)=2b(3)* > \h(}) =
(iii) Finally
W(Sz o SJ) _ h(lj)SQb(lj)3_92 _ (h(i)>81+82_s -
1/}5(51')1/)5(Sj) b(i)mh(i)s—sl h(j)szb(j)sf@ b('L) <

The proofs of (a2) and (a3) are similar and, therefore, omitted.

Proof of (b).

This follows easily by noting that, for all k£, € N, we have
b= > U(S) =) Y W(SioS))
eIk +! i€Zk jeTt
and
Uy U = ( > wS(S») (Z w%)) =D Y (S v (Sy)
i€k €Tl i€Zk jeTt

and applying part (a). O

2.4.3 Proof of Lemma 2.2
(1) Let s,t € [0,00). We have

1/k
P(S+t) Z al(i)s(i) a2(i)s+t—s(i)>

1€Tk

1/k
< lim <a§féx Z o (1) ag(i)t_s(i)>

k—o0
1€Tk

|
T
ig
A/

= o’ P(t).

max

The proof of the left hand inequality is similar. Furthermore, note that

1/k 1/k
. 0\1 _ _ . -\ s() -\ —s5(1) . _
00 > ég%(\lfk)k = P(0) = kli)r&(Z o1 (4)*@ ay(4) ) > lim < > 1) = |7

i€T” icTk
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and together with setting ¢ = 0 above gives the second chain of inequalities.
(2) The continuity of P follows immediately from (1).
(3) Let t,e > 0. Since P(t +¢), P(t) € (0,00), by (1) we have

P(t+e¢) o

< <1
P(t) amax

and so P is strictly decreasing on [0, 00).

(4) Tt follows from (1) that P(0) > |Z| > 1 and that P(s) < 1 for sufficiently large s. These
facts, combined with parts (2) and (3), imply that there is a unique value of s for which P(s) = 1.
O

2.5 Proof of Theorem 2.4

We will now prove our main result, that the packing and box-counting dimensions of F' are equal
to the unique s which satisfies P(s) = 1. We will prove this in the box dimension case and it is
well-known that, since F' is compact and every open ball centered in F' contains a bi-Lipschitz image
of F, dimp F' = dimgF, see [F8, Corollary 3.9] or Proposition 1.1 .

Let s > 0 be the unique solution of P(s) = 1. For § € (0,1] we define the §-stopping, Zs, as
follows:

Is={i €T :as(3) <0 < az(%)}.

Note that for 7 € Zs we have
Qmin 0 < 042(’1:) < 4. (26)

Lemma 2.10. Lett > 0.

(1) If t > s, then there exists a constant K(t) < oo such that

> v(S) < K()
i€ZLs
for all 6 € (0,1].
(2) Ift < s, then there exists a constant L(t) > 0 such that
> v(8) > L)
i€Ls
for all 6 € (0,1].
Proof. (1) Let t > s and 6 € (0,1]. We have
DHS) <D PHS) =YD WIS =) Tl <o
i€Zs ieT* k=14icTh k=1

since limy 00 (U})1/% = P(t) < 1. The result follows, setting K (t) = Y po, Wt.

(2) Let t < s. Consider two cases according to whether ¢ is in the submultiplicative region
[0,81 + s2], or supermultiplicative region (s; + s2,00). We will be able to deduce retrospectively
that s < s1 + s2 and so the second case is, in fact, vacuous. It would be possible to prove part
(2) only in the submultiplicative case and then deduce that the dimension is min{s, sy + s2}, but
in order to conclude that the dimension is simply s, we include the proof in the supermultiplicative case.
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(i) 0 <t < s1 + s2. We remark that an argument similar to the following was used in [F2].

Let 6 € (0,1] and assume that

PEACHESE (2.7)

i€Ls

To obtain a contradiction we will show that this implies that ¢ > s. Let k(d) = max{|i| : ¢ € Zs},
where |7] denotes the length of the string ¢, and define Zs 5, by

I&k:{il...im : i;€sforallj=1,...,m,

|i1. .. %m| < Kk but |¢1 ... 4mimy1| > k for some 441 € Ly}

For all 4 € Z* we have, by the submultiplicativity of v?,

D oW(Si) <Y (S ¢H(Sy)

J€Ls JELs
= (S:) Y V(S))
J€ZLs
< PH(Si)
by (2.7). It follows by repeated application of the above that, for all k¥ € N,
PRUCHESE (2.8)
1€Ls K

Let 4 € Z% for some k € N. Tt follows that 4 = j, j, for some j; € Zs ) and some j, € Z* U {w} with
72| < k(8) and by the submultiplicativity of ¢,

PH(Ss) = ¢S, 4,) < (S5, '(S5,) < cww) ¥'(Sh,),

where c(5) = max{y'(S;) : |¢| < k(0)} < oo is a constant which depends only on §. Since there are
at most |Z|*(O)+1 elements j, € T* U {w} with |j,| < k(5) we have

\IJ?€ = Zwt(sl) < |I|k(5)+1ck(5) Z V(S < |I‘k(6)+1ck(6)
ieTk €Lk

by (2.8). Since this is true for all k£ € N we have
P@) = 1m (¥4)"" <1
k—o0
from which it follows that ¢ > s. So, if t < s1 + $2, then we may set L(t) = 1.

(ii) t > s1 + s2.

Since t < s it follows that Y, 7« 9'(S;) — oo as k — oco. Therefore, we may fix a k € N

such that
> S > L (2.9)
i€k
Fix § € (0,1] and define
Tps={t1...0m : 1 eTFforall j=1,...,m,

(%1 ... 8m) =0 but as(1 ... imimi1) < 6 for some i1 € IV}
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For all 4 € Z* we have, by the supermultiplicativity of ¢,

DoUNSi) = D Uh(S)UN(S))
JELE JELE
= (S D ¢Sy
jezr
> P'(Ss)

by (2.9). It follows by repeated application of the above that

> ph(S) =1 (2.10)

1€Lk,5

Let ¢ € Zs. It follows that ¢ = j,j, for some j; € Zy 5 and some j, € Z*. Since as(¢) > § min by
(2.6) and az(j,) < da_ ¥ we have

az(jy) < az(d)ag ™V < as(jy)alizlag Y (2.11)

which yields |j,| < (k + 1)128%min  Setting ¢ = min{wt(Si) e < (B + 1)M} > 0, it follows

log rmax log crmax

from (2.11), (2.10) and the supermultiplicativity of ¢ that

STtz Y US>

i€Ts i€Tk.s

We have now proved part (2) setting L(¢) = min{l, ¢} = ¢x. Note that although L(¢) appears to
depend on k, recall that we fixed k at the beginning of the proof of (2)(ii) and the choice of k depended
only on t. 0

We are now ready to prove Theorem 2.4. It follows immediately from the definition of box dimension
that for all € > 0 there exists a constant C. > 1 such that for all § € (0, a1, ] we have

& 0T CNy(mF) < C.om /2 (2.12)

and
G- 07522 <Ny (moF) < CL 6702 /2, (2.13)

For ¢ € T*, we will write F; = S;(F).
Upper bound (assuming no separation conditions)

Let ¢ > 0, 6 € (0,1] and suppose that, for each ¢ € Zs, {Uivj};v:‘;iﬂ) is a d-cover of F;. Since
F' = ez, Fi it follows that

Ns(Fi)
U U (v}
1€Zs jJ=1

is a d-cover for F'. Hence,

0 < 6%TNs(F)

N

sste Z N (Fz)

1€Ls
R Z N5 /o, (i) (mi F) since ao(i) < 6

1€Ls

. 5 —s(i)—e/2
ey C <a1(i)> by (2.12-2.13)

1€l

N
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< C. a=5T¢ Z al(i)s(i)+s/2a2(i)ersfs(i)fs/Q by (26)

min
1€Ls

< Coagin Y @234
1€Ls
< Coai7° K(s + %)

min

by Lemma 2.10 (1). It follows that dimgF < s+ ¢ and, since ¢ > 0 was arbitrary, we have the desired
upper bound.

Lower bound (assuming the ROSC)

Let € € (0,5), 6 € (0,1] and U be any closed square of sidelength 6. Also, let R be the open
rectangle used in the ROSC and let r_ denote the length of the shortest side of R. Finally, let

M = min {n eEN:n = (amnr_) "+ 2}.

Since {S;(R)}iecz, is a collection of pairwise disjoint open rectangles each with shortest side having
length at least auyindr_, it is clear that U can intersect no more than M? of the sets {F;}iez,. It
follows that, using the J-mesh definition of N5, we have

> Ns(Fi) < M? N5(F).
1€Ls

This yields

555 N5(F)

WV

57 3k Y Ns(F)

1€ls
= 85 ) Nojou(oy (miF) since ap(4) <

1€Ls

5 —s(i)+e/2
53_61@12201( ) by (2.12-2.13)

= (%)

WV

WV

e Y 00(6) 7 aumin 02 (i) T OF2 0y (4) (D72 by (2.6)
1€

= M+CE Omin Z Oq(i)s(")*‘f/2 aQ(i)Sfe/Qfs(i)
i€Ls

arier Omin ) ¥ (4)

1€Ls

WV

2 ﬁéaminL(s_%)

by Lemma 2.10 (2). It follows that dimpF > s — € and, since € € (0, s) was arbitrary, we have the
desired lower bound. O
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3 Assouad and lower dimensions of self-
affine carpets

3.1 Introduction

In this chapter we continue to investigate the dimension theory of the standard self-affine carpets.
Recently, Mackay [M] computed the Assouad dimension for the Lalley-Gatzouras class which contains
the Bedford-McMullen class. We will compute the Assouad dimension and lower dimension for the
Baraniski class, which also contains the Bedford-McMullen class, and we will complement Mackay’s
result by computing the lower dimension for the Lalley-Gatzouras class. We also devote some time to
comparing these new dimension formulae with the formulae for the Hausdorff and packing dimensions.

3.2 Dimension results for self-affine carpets

In this section we state our main results on the Assouad and lower dimensions of self-affine sets.
Self-affine sets often exhibit a high degree of inhomogeneity because the mappings can stretch by
different amounts in different directions. We will only consider self-affine carpets which are attractors
of IFSs in the Lalley-Gatzouras or Baranski class, which have at least one map which is not a
similarity. The reason we assume that one of the mappings is not a similarity is so that the sets
are genuinely self-affine. The dimension theory for genuinely self-affine sets is very different from
self-similar sets and we intentionally keep the two classes separate, see [Fr4] for more details on the
self-similar situation. We will divide the class of self-affine carpets into three subclasses, horizontal,
vertical and mized, which will be described below.

In order to state our results, we need to introduce some notation. Throughout this section F'
will be a self-affine carpet which is the attractor of an IFS {S;};cz for some finite index set Z, with
|Z| > 2. The maps S; in the IFS will be translate linear orientation-preserving contractions on [0, 1]?
of the form

Si((z,y)) = (cix, diy) + t;

for some contraction constants ¢; € (0,1) in the horizontal direction and d; € (0,1) in the vertical
direction and a translation ¢; € R2. We will say that F is of horizontal type if ¢; > d; for all i € T;
of wertical type if ¢; < d; for all i € Z; and of mized type if F falls into neither the horizontal or
vertical classes. We remark here that the horizontal and vertical classes are equivalent as one can just
rotate the unit square by 90° to move from one class to the other. The horizontal (and hence also
vertical) class is precisely the Lalley-Gatzouras class and the Baranski class is split between vertical,
horizontal and mixed, with carpets of mixed type being considerably more difficult to deal with and
represent the major advancement of the work of Barariski [B2] over the much earlier work by Lalley
and Gatzouras [GL1].
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Let m; denote the projection mapping from the plane to the horizontal axis and ms denote
the projection mapping from the plane to the vertical axis. Also, for i € 7 let

Slice ;(F') = the vertical slice of F' through the fixed point of S;

and let
Slices ; (F') = the horizontal slice of F' through the fixed point of S;.

Note that the sets 71 (F'), mo(F), Slice ;(F) and Slices ;(F) are self-similar sets satisfying the open
set condition and so their box dimension can be computed via the Hutchinson-Moran formula. We
can now state our dimension results.

Theorem 3.1. Let F be a self-affine carpet. If F is of horizontal type, then

dimp F' = dimp 71 (F) + max dimgp Slicey ;(F');
(S

if F is of vertical type, then

dimp F' = dimpgm(F) + max dimgp Slices ; (F');
1€
and if F is of mized type, then

dimy ' = max max (dimB m;(F) + dimg Slicej,i(F)).
i€ j=1,2

We will prove Theorem 3.1 for the mixed class in Section 3.6.2 and for the horizontal and vertical
classes in Section 3.6.3. If F' is in the (non-extended) Lalley-Gatzouras class, then the above result
was obtained in [M].

Theorem 3.2. Let F be a self-affine carpet. If F' is of horizontal type, then

dimp, FF = dimg 71 (F) + ng%l dimp Sliceq ;(F);

if F' is of vertical type, then

dimp, F = dimp m(F) + Inel%l dimp Sliceg ;(F);
K3
and if F' is of mixed type, then

dimp, F = min min (dimB 7 (F) + dimp Slicej7i(F)).
i€ j=1,2

We will prove Theorem 3.2 for the mixed class in Section 3.6.4 and for the horizontal and vertical
classes in Section 3.6.5. We remark here that the formulae presented in Theorems 3.1 and 3.2 are
completely explicit and can be computed easily to any required degree of accuracy. It is interesting to
investigate conditions for which the dimensions discussed here are equal or distinct. Mackay [M] noted
a fascinating dichotomy for the Lalley-Gatzouras class in that either the Hausdorff dimension, box
dimension and Assouad dimension are all distinct or are all equal. We obtain the following extension
of this result.

Corollary 3.3. Let F' be a self-affine carpet in the horizontal or vertical class. Then either
dimp, F < dimyg F' < dimp F' < dimp F

or
dimy, F' = dimyg F = dimpg F' = dimy F.

We will prove Corollary 3.3 in Section 3.6.6. It is natural to wonder if this dichotomy also holds for
the mixed class. In fact it does not and in Section 3.4.2 we provide an example of a self-affine set in
the mixed class for which dimy, F' < dimpg F' = dimp F' = dima F'. We do obtain the following slightly
weaker result.
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Corollary 3.4. Let F be a self-affine carpet. Then either
dimL F < dlmB F

or
dimy, F' = dimyg F = dimpg F' = dimy F.

We will prove Corollary 3.4 in Section 3.6.7. Theorems 3.1-3.2 provide explicit means to estimate,
or at least obtain non-trivial bounds for, the Hausdorff dimension and box dimension. The formulae
for the box dimensions given in [GL1, B2] are completely explicit, but the formulae for the Hausdorff
dimensions are not explicit and are often difficult to evaluate. As such, our results concerning lower
dimension provide completely explicit and easily computable lower bounds for the Hausdorff dimen-
sion. Finally we note that, despite how apparently easy it is to have lower dimension equal to zero,
it is easy to see from Theorem 3.2 that the lower dimension of a self-affine carpet is always strictly
positive, indeed, bigger than or equal to min{dimg 71 (F), dimp 72(F)}. A set with strictly positive
lower dimension is called uniformly perfect and we note that in fact all self-affine sets which are not
just a singleton are uniformly perfect, see [XYS].

3.3 Dimension results for quasi-self-similar sets

In this section we take a short detour to investigate the Assouad and lower dimensions of sets displaying
some degree of quasi-self-similarity, in particular, self-similar sets. We do this for two reasons: to put
our results on self-affine sets into context; and because we will use the results in this section to portray
interesting phenomena later in the chapter. We will be particularly interested in conditions which
guarantee the equality of certain dimensions. Throughout this section (X, d) will be a compact metric
space. Recall that (X, d) is called Ahlfors regular if dimpg X < oo and there exists a constant A > 0
such that, writing H4™# X to denote the Hausdorff measure in the critical dimension,

%rdimHX g HdimHX(B(l'ﬂ")) g )\TdimHX

for all z € X and all 0 < r < diam(X), see [He, Chapter 8]. A metric space is called locally Ahlfors
regular if the above estimates on the measure of balls holds for sufficiently small r > 0. It is easy to
see that a compact locally Ahlfors regular space is Ahlfors regular. In a certain sense Ahlfors regular
spaces are the most homogeneous spaces. This is reflected in the following proposition.

Proposition 3.5. If (X,d) is Ahlfors regular, then
dimp, X = dima X.

For a proof of this see, for example, [ByG]. We will now consider the Assouad and lower dimensions
of quasi-self-similar sets, which are a natural class of sets exhibiting a high degree of homogeneity. We
will define quasi-self-similar sets via the implicit theorems of Falconer [F3] and McLaughlin [McL].
These results allow one to deduce facts about the dimensions and measures of a set without having
to calculate them explicitly. This is done by showing that, roughly speaking, parts of the set can be
‘mapped around’ onto other parts without too much distortion.

Definition 3.6. A non-empty compact set F' C (X, d) is called quasi-self-similar if there exists a > 0
and ro > 0 such that the following two conditions are satisfied:

(1) for every set U that intersects F with |U| < 1o, there is a mapping g : FNU — F satisfying
alU]7H |z —y| < |g(z) - g(y)] (z,y € FNU)

(2) for every closed ball B with centre in F' and radius r < 1o, there is a mapping g: F — FN B
satisfying
arlz—y| < lg(z) —g(y)| (z,y € F)
Writing s = dimg F, it was shown in [McL, F3] that condition (1) is enough to guarantee that
H*(F) = a® > 0 and dimp F' = dimgF = s and it was shown in [F3] that condition (2) is enough to
guarantee H*(F) < 4°a~* < oo and dimp F = dimpF = s. Also see [F7, Chapter 3]. Here we extend
these implicit results to include the Assouad and lower dimensions.
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Theorem 3.7. Let F' be a non-empty compact subset of X.
(1) If F satisfies condition (1) in the definition of quasi-self-similar, then
dimp, FF < dimg F = dimp F = dimg F' = dimp F.

(2) If F satisfies condition (2) in the definition of quasi-self-similar, then
dimp, F = dimg F = dimp F' = dimg F < dimy F.

(8) If F satisfies conditions (1) and (2) in the definition of quasi-self-similar, then we have
dimLF = dlmHF = dimpF = dimBF = dimAF
and moreover, F' is Ahlfors reqular.

The proof of Theorem 3.7 is fairly straightforward, but we defer it to Section 3.7. We obtain the fol-
lowing corollary which gives useful relationships between the Assouad, lower and Hausdorff dimensions
in a variety of contexts.

Corollary 3.8. The following classes of sets are Ahlfors regular and, in particular, have equal Assouad
and lower dimension:

(1) self-similar sets satisfying the open set condition;
(2) graph-directed self-similar sets satisfying the graph-directed open set condition;
(3) mizing repellers of C*T conformal mappings on Riemann manifolds;
(4) Bedford’s recurrent sets satisfying the open set condition, see [Be2].

The following classes of sets have equal Assouad dimension and Hausdorff dimension:
(5) sub-self-similar sets satisfying the open set condition, see [F6];
(6) boundaries of self-similar sets satisfying the open set condition.

The following classes of sets have equal lower dimension and Hausdorff dimension regardless of sepa-
ration conditions:

(7) self-similar sets;
(8) graph-directed self-similar sets;
(9) Bedford’s recurrent sets, see [Be2];

Proof. This follows immediately from Theorem 3.7 and the fact that the sets in each of the classes
(1)-(4) are quasi-self-similar, see [F3]; the sets in each of the classes (5)-(6) satisfy condition (1) in the
definition of quasi-self-similar, see [F3, F6] and the sets in each of the classes (7)-(9) satisfy condition
(2) in the definition of quasi-self-similar, see [F3]. O

We do not claim that all the information presented in the above corollary is new. For example,
the fact that self-similar sets satisfying the open set condition are Ahlfors regular dates back to
Hutchinson, see [Hut]. Also, Olsen [O5] recently gave a direct proof that graph-directed self-similar
sets (more generally, graph-directed Moran constructions) have equal Hausdorff dimension and
Assouad dimension. Corollary 3.8 unifies previous results and demonstrates further that sets with
equal Assouad dimension and lower dimension should display a high degree of homogeneity.

Finally, we remark that Theorem 3.7 is sharp, in that the inequalities in parts (1) and (2)
cannot be replaced with equalities in general. To see this note that the inequality in (1) is sharp
as the unit interval union a single isolated point satisfies condition (1) in the definition of quasi-
self-similar, but has lower dimension strictly less than Hausdorff dimension; and the inequality in
(2) is sharp because self-similar sets which do not satisfy the open set condition can have Assouad
dimension strictly larger than Hausdorff dimension and such sets satisfy condition (2) in the definition
of quasi-self-similar. We will prove this latter fact in Section 3.4.1 by providing an example.
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3.4 Examples

In this section we give two examples and compute their Assouad and lower dimensions. Each example
is designed to illustrate an important phenomenon.

3.4.1 A self-similar set with overlaps

Self-similar sets with overlaps are currently at the forefront of research on fractals and are notoriously
difficult to deal with. For example, a recent paper of Hochman [Ho] has made a major contribution to
the famous problem of when a ‘dimension drop’ can occur, in particular, when the Hausdorff dimension
of a self-similar subset of the line can be strictly less than the minimum of the similarity dimension
and one. In this section we provide an example of a self-similar set F' C [0, 1] with overlaps for which

dimp, F = dimg F = dimg F' < dimp F.

This answers a question of Olsen [O5, Question 1.3] which asked if it was possible to find a graph-
directed Moran fractal F' with dimg F' < dima F. Self-similar sets are the most commonly studied
class of graph-directed Moran fractals, see [O5] for more details. We also use this example to show
that Assouad dimension can increase under Lipschitz maps and, in particular, projections. Although
this example is slightly incongruous with the material in this chapter, we note that constructing
‘weak tangents’ to sets will be an important technique for us in the coming sections and so we in-
clude this section to give a straightforward example of the power of weak tangents in a simpler setting.

Let o, 8,7 € (0,1) be such that (log8)/(loga) ¢ Q and define similarity maps Si,S2,S53 on
[0,1] as follows

S1(z) = ax, Sa(x) = Bx and S3(z) =vx+ (1 —7).

Let F be the self-similar attractor of {S7,S2,53}. We will now prove that dimy F = 1 and, in
particular, the Assouad dimension is independent of «, 3, provided they are chosen with the above
property. We will use the following proposition due to Mackay and Tyson, see [MT, Proposition 6.1.5].

Proposition 3.9 (Mackay-Tyson). Let X C R be compact and let F be a compact subset of X. Let Tk,
be a sequence of similarity maps defined on R and suppose that T (F)NX —q,, I for some non-empty
compact set F' € K(X). Then dimp F' < dimpa F. The set F' is called a weak tangent to F'.

We will now show that [0,1] is a weak tangent to F' in the above sense. Let X = [0,1] and assume
without loss of generality that o < 8. For each k € N let T}, be defined by

Tk(l‘) = ﬁ_kl‘.
We will now show that T3, (F) N[0, 1] —4,, [0,1]. Since
Ep = {a"B":meNne{-k,—k+1,...,00}} N[0,1] C Tu(F)N[0,1]

for each k it suffices to show that Ej —4,, [0,1]. Indeed, we have

Ey —dy U Ep N [0, 1]
keN

= H{ampr:meN,neZ}nlo,1]

= [0.1l.

It now follows from Proposition 3.9 that dims F' = 1. To see why {a™f" : m € N,n € Z}N[0,1] = [0, 1]
we apply Dirichlet’s Theorem in the following way. It suffices to show that

{mloga+nlogf:meN,neZ}
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is dense in (—00,0). We have

1
mloga +nlog B = nloga(m + 0gﬁ>
n  loga

and Dirichlet’s Theorem gives that there exists infinitely many n such that

log 8
log v

’@ + ‘ < 1/n?
n
for some m, see [Sch, Theorem 1A, Corollary 1B]. Since log 5/ log « is irrational, we may choose m, n
to make |

0 < |mloga+ nlog | < [log o]

n

with n arbitrarily large, and thus make mloga + nlog arbitrarily small. We can therefore find
arithmetic progressions {ek : k = —1,-2,...} C {mloga + nlogf : m € N,n € Z} for arbitrarily
small € > 0, which gives density and completes the proof.

Clearly we may choose «,f,v with the desired properties making the similarity dimension
arbitrarily small. In particular, the similarity dimension is the unique solution, s, of

Ols+,35+’)/821

and if we choose «, 3,7 such that s < 1, then it follows from Corollary 3.8 (7), the above argument,
and the fact that the similarity dimension is an upperbound for the upper box dimension of any
self-similar set, that

dimp, F' = dimyg F = dimg F' < s <1 =dimy F.

We give an example with s ~ 0.901 below.

Figure 10: The first level iteration and the final attractor for the self-similar set with o = 2*\/5,
B =1/2 and v = 1/10. The tangent structure can be seen emerging around the origin.

The construction in this section has another interesting consequence. Let «, 8,7 € (0,1) be chosen as
before and consider the similarity maps 7,75, T3 on [0,1]? defined as follows

Ti(z,y) = (ax,ay),  Ta(w,y) = (Br,By) + (0,1 -B) and  Tz(z) = (yz,vy) + (1 —7,0)

and let E be the attractor of {T1,T5,T5}. Now if a, 8,y are chosen such that a+ 3, 8+v,a+v < 1 and
with the similarity dimension s < 1, then {77, T%, T3} satisfies the open set condition and therefore by
Corollary 3.8 (7) the Assouad dimension of E is equal to s defined above. However, note that F is the
projection of E onto the horizontal axis but dimp F' > dima E. This shows that Assouad dimension
can increase under Lipschitz maps. This is already known, see [Lu, Example A.6 2], however, our
example extends this idea in two directions as we show that the Assouad dimension can increase under
Lipschitz maps on Fuclidean space and under projections, which are a very restricted class of Lipschitz
maps.
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Figure 11: The set E and its projection F for o = 27V3, g = 1/2 and v = 1/10.

3.4.2 A self-affine carpet in the mixed class

In this section we will give an example of a self-affine carpet in the mixed class for which
dimp, F' < dimyg F = dimg F' = dima F. This is not possible in the horizontal or vertical classes by
Corollary 3.3 and thus demonstrates that new phenomena can occur in the mixed class. In particular,
the dichotomy seen in Corollary 3.3 does not extend to this case.

For this example we will let {S;}icz be an IFS of affine maps corresponding to the shaded
rectangles in Figure 1 below. Here we have divided the unit square horizontally in the ratio 1/5:4/5
and vertically into four strips each of height 1/4.
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—
E—:
=
E.=
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e R —
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=
—
E:

Figure 12: The defining pattern for the IFS (left) and the corresponding attractor (right).

It is easy to see that
dimp 71 (F) = dimg mo(F) = 1,

dimgp Slice; ;(F') = 0.5 and dimgp Slices ;(F) = 0

for all ¢ € 7 and therefore by Theorems 3.1-3.2, we have dimp, F' = 1 and dima F' = 1.5. Furthermore,
the formulae in [B2] plus a simple calculation gives dimp F' = dimy F' = 1.5.
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3.5 Open questions and discussion

In this section we will briefly outline what we believe are the key questions for the future and discuss
some of the interesting points raised by the results in this chapter.

There are many natural ways to attempt to generalise our results on the Assouad and lower
dimensions of self-affine sets. Firstly, one could try to compute the dimensions of more general
carpets.

Question 3.10. What is the Assouad dimension and lower dimension of the more general self-affine
carpets considered by Feng and Wang [FeW] and Fraser [Fri]?

Whilst the classes of self-affine sets considered in [FeW, Frl] are natural generalisations of the Lalley-
Gatzouras and Baranski classes, one notable difference is that there is no obvious analogue of ap-
proximate squares, on which the methods used in this chapter heavily rely. In order to generalise
our results one may need to ‘mimic’ approximate squares in a delicate manner or adopt a different
approach. Perhaps the most interesting direction for generalisation would be to look at arbitrary
self-affine sets in a generic setting.

Question 3.11. Can we say something about the Assouad dimension and lower dimension of self-
affine sets in the generic case in the sense of Falconer, see [F2] and Theorem 1.3, or Jordan-Pollicott-
Simon, see [JPS]?

An interesting consequence of Mackay’s results [M] and Theorem 3.1 is that the Assouad dimension,
unlike the upper box dimension, is not bounded above by the affinity dimension (1.3). Are the
Assouad and lower dimensions almost surely equal? If they are, then this almost sure value must
indeed be the affinity dimension. If they are not almost surely equal, then are they at least almost
surely equal to two different constants?

In the study of fractals one is often concerned with measures supported on sets rather than
sets themselves. Although their definitions depend only on the structure of the set, the Assouad and
lower dimensions have a fascinating link with certain classes of measures. Luukkainen and Saksman
[LuS] (see also [KV]) proved that the Assouad dimension of a compact metric space X is the infimum
of s > 0 such that there exists a locally finite measure p on X and a constant c¢s > 0 such that for
any0<p<l,ze Xandr >0

W(B(e,r) < cop *n(Bla, pr)). (3.1)

Dually, Bylund and Gudayol [ByG] proved that the lower dimension of a compact metric space X is
the supremum of s > 0 such that there exists a locally finite measure p on X and a constant ds > 0
such that forany 0 < p <1,z € X and r >0

w(B(x,r)) 2 dsp™*pu(B(z, pr)). (32)

As such, our results give the existence of measures supported on self-affine carpets with useful scaling
properties. In particular, if F' is a self-affine carpet, then for each s > dima F' there exists a measure
supported on F satisfying (3.1) and for each s < dimy, F' there exists a measure supported on F
satisfying (3.2). It is natural to ask if ‘sharp’ measures exist.

Question 3.12. Let F be a self-affine carpet. Does there exist a measure supported on F satisfying
(8.1) for s = dimp F and a measure supported on F satisfying (3.2) for s = dimy, F'?

As mentioned above, it is interesting to examine the relationship between the Assouad and lower
dimensions and the other dimensions discussed here. In particular, for a given class of sets one can
ask what relationships are possible between the dimensions? For example, for Ahlfors regular sets
all the dimensions are necessarily equal. The following table summarises the possible relationships
between the Assouad and lower dimensions and the box dimension for the classes of sets we have been
most interested in.
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Configuration horizontal /vertical class | mixed class | self-similar class

dimp, FF = dimg F' = dimp F possible possible possible
dimp, FF = dimg F < dimp F not possible not possible possible
dimp, FF < dimg F' = dimp F not possible possible not possible
dimp, FF < dimg F' < dimp F possible possible not possible

The information presented in this table can be gleaned from Corollary 3.8, Corollary 3.3, Corollary 3.4
and the examples in Sections 3.4.1 and 3.4.2. Interestingly, the configuration dimy, F < dimg F' =
dimp F' is possible for self-affine carpets, but not for self-similar sets (even with overlaps) and the
configuration dimy, ¥ = dimg F < dima F' is not possible for self-affine carpets, but is possible
for self-similar sets with overlaps. Roughly speaking, the reason for this is that the non-uniform
scaling present in self-affine carpets allows one to ‘spread’ the set out making certain places easier to
cover and thus making the lower dimension drop and one can use overlaps to ‘pile’ the set up making
certain places harder to cover and thus raising the Assouad dimension. It would be interesting to add
Hausdorff dimension to the above analysis, but there are some configurations for which we have been
unable to determine if they are possible or not.

Question 3.13. Are any of the entries marked with a question mark in the following table possible in
the relevant class of sets? The rest of the entries may be gleaned from Corollary 3.8, Corollary 3.3,
Corollary 3.4 and the examples in Sections 3.4.1 and 3.4.2.

Configuration horizontal/vertical class | mixed class | self-similar
dimp, F' = dimg F' = dimg F' = dimp F possible possible possible

dimp, F = dimg F = dimgp F' < dima F not possible not possible possible

dimp, F' = dimg F' < dimg F' = dimp F not possible ? not possible
dimp, FF = dimg F' < dimg F < dimp F not possible ? not possible
dimp, F' < dimg F' = dimg F' = dimp F not possible possible not possible
dimp, F' < dimg F' = dimg F' < dimp F not possible ? not possible
dimp, F' < dimg F' < dimg F' = dimp F not possible ? not possible
dimp, F' < dimg F < dimg F' < dimp F possible possible not possible

3.6 Proofs

3.6.1 Preliminary results and approximate squares

In this section we will introduce some notation and give some basic technical lemmas. Let F be a
self-affine carpet, which is the attractor of an IFS {S;}icz. We will assume that F' is not contained
in a horizontal or vertical line, as otherwise it is self-similar and the results are obvious. Write
a1(%) > aa(1) for the singular values of the linear part of the map S;. Note that, for all 4 € Z*, the
singular values, o1 (i) and a(i), are just the lengths of the sides of the rectangle S;([0,1]%). Also, let

Qmin = min{ae (i) : i € T}

and
Qmax = max{ay (i) : 1 € I}.

A subset Zy C Z* is called a stopping if for every ¢ € Z* either there exists j € Zy such that ¢ < j or
there exists a unique j € Zy such that j < 2. An important class of stoppings will be ones where the
members are chosen to have some sort of approximate property in common. In particular, r-stoppings
are stoppings where the smallest sides of the corresponding rectangles are approximately equal to 7.
For r € (0,1] we define the r-stopping, I, by

I, ={i €T :as(3) <r < ax(%)}.
Note that for ¢ € Z,. we have
Omin T < ag(2) < 7. (3.3)

We will now fix some notation for the dimensions of the various projections and slices we will be
interested in. Let
S1 = dimB 7'('1(}7)7

40



So = dimB 7'('2(F’)7
t; = max dimgp Slicey ;(F),
i€z
to = max dimg Slices ;(F),
i€
VY lice: - (F
u1 = min dimp Slicey ;(F),
and
ug = min dimg Sliceg ;(F).
i€z

Note that all of these values can be easily computed as they are the dimensions of self-similar sets
satisfying the open set condition. We will be particularly interested in estimating the precise value of
the covering function NNV, applied to the projections. It follows immediately from the definition of box
dimension that for all £ > 0 there exists a constant C. > 1 such that for all r € (0, 1] we have

e r TN (m F) < Corm e (3.4)

and
(,% 7752 KN (moF) < Cor™ 527, (3.5)

Since the basic rectangles in the construction of F' often become very long and thin, they do not
provide ‘natural’ covers for F', unlike in the self-similar setting. For this reason, we need to introduce
approximate squares, which are now a standard concept in the study of self-affine carpets. The basic
idea is to group together the construction rectangles into collections that look roughly like a square.
Let i € ZV and r > 0. Let k;(4,7) equal the unique number k € N such that

Cilpyr <T < Cis,

and ko(%,7) equal the unique number k& € N such that

d <T<di\k~

4|41

Finally, we define the approximate square Q(%,r) ‘centred’ at II(%), with ‘radius’ r in the following
way. If k1(3,7) < ka(¢,7), then

Qi,r) = Sij,, iy (0,11%) N {:z: € 0,1]*: m(x) € m (S, ., ([0, 1]2))},

if k1(4,7) > ko(2,7), then

Qi,7) = Sij,, ., (0,1]%) N {a: € [0,1]*: mo(2) € ma(Si, .., ([0, 1]2))},

and if k1 (,r) = ka(4,7) = k, then
Q(i,r) = S, ([0,1]%).

We will write ‘ '
IQ(i,r) _ {_7 e gmax{ki(i,r), ka(ir)} | S; (F) C Q(Z,T)}

The following lemma gives some of the basic properties of approximate squares.

Lemma 3.14. Let i€ IN and r > 0.

(1) If ki(4,7) = ka(3,7), then for j€ Ty we have
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(8) The approximate square Q(i,7) is a rectangle with sides parallel to the coordinate azes and
with base length in the interval [r el 7] and height in the interval [r,d L, 7], so is indeed
approximately a square.

(4) We have
Q(i,r) € B(IL(4), V2 api, ).

(5) For any x € F, the ball B(x,r) can be covered by at most 9 approximate squares of radius r and
the constant 9 is sharp.

Proof. These facts follow immediately from the definition of approximate squares and are omitted. [

Note that (4) and (5) together imply that we may replace N,.(B(z,R)) with N,.(Q(%,R)) in the
definitions of Assouad and lower dimension. Barariski [B2] defined the numbers D 4 and Dp to be the
unique real numbers satisfying

g crdPAaT =1 and g ds2cPrms2 = 1
i€ i€T

respectively. He then proved that dimg F' = max{D4, Dg}. The following lemma relates the numbers
D4 and Dpg to the numbers si, So, u1, ug, t1 and to.

Lemma 3.15. We have
si+u < Dy < 51+t

and
sg+uz < Dp < s +to.

Proof. We will prove that s; +u; < Dy. The other inequalities are proved similarly. Suppose that
D4 < s1+ up. Write m and n for the number of non-empty columns and rows respectively, counting
columns from the left and rows from the bottom, and for ¢ € {1,...,m} write

Ci={j €Z:8;([0,1]?) is found in the ith non-empty column of the defining pattern}
and for i € {1,...,n} write
Ri;={j €Z:5;([0,1)?) is found in the ith non-empty row of the defining pattern}.

A useful consequence of splitting Z up into columns and rows is that if 4,5 are in the same column,
then ¢; = ¢; and if ¢, j are in the same row, then d; = d;. As such, for ¢ € {1,...,m} we will write ¢

for the common base length in the ith column and for ¢ € {1,...,n} we will write d; for the common
height in the ith row. We have

m m
_ s1 7Da—s1 s1 gs1tur—s1  __ AS1 Uy AS1
1 = E c;'d; > E c;'d; = E C; E dj > E ¢t =1
ieT ieT =1 jeC i=1
which is a contradiction. O

Lemma 3.16. Let Zy be a stopping. Then

s1 JDaA—s1 _ s2 Dp—sa __
E c;td; = g d}*c; =1

i€Zy i€ZLo
Proof. This follows immediately from the definitions of D4 and Dg. O

Let » > 0 and i = (i1,i2,...) € IV. We call Zy C I* a Q(i,r)-pseudo stopping if the following
conditions are satisfied.

(1) For each j € Zy, we have &yin{k, (i,r),ka(i,r)} = J>

(2) For each j € Zy, we have |j| < max{ky(¢,7), k2(2,7)},
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(3) For every i’ € gmaxtki(6r):k(6r)} there exists a unique j € Zy such that j < 4.

The important feature of a Q(%,r)-pseudo stopping, Zp, is that the sets {S;([0,1]?)};ez, intersect
the approximate square Q(%,r) in such a way as to induce natural IFSs of similarities on [0,1]. For
instance, if max{k1(4,7), k2(4,7)} = k1(%,7), then each of the base lengths of the sets {S;([0, 1]?)}jez,
are greater than or equal to the base length of the approximate square. We then focus on the vertical
lengths and, after scaling these up by the height of Q(%,r), use these as similarity ratios for a set of 1-
dimensional contractions on [0, 1]. It is easy to see that in this ‘vertical case’, the similarity dimension
of the induced IFS lies in the interval [u1,¢;]. This trick is illustrated in the following lemma and will
be used frequently in the subsequent proofs.

Lemma 3.17. Let r > 0, i € IV and let Zy be a Q(3,7)-pseudo stopping and assume that kyi(i,r) >
ka(2,7). Then, for any t > t1, we have

D (di/r)t < dhy
Jj€Zo

and for any u < uy, we have

> (di/r)t = 1.

J€Lo

Proof. This proof is straightforward and we will only sketch it. Let ¢t > ¢; and let ky = ki (i,7) >
ka(2,7) = ko. We have

> (d/r)

> (i, ody 1) (g - dy,)!

J€Zo J€Lo
< dpty > (g, oo dj,)t by Lemma 3.14 (2)
J€Loy
< dui

since viewing the (dj, ., ...d;, ) as contraction ratios of a 1-dimensional IFS of similarities and noting
that this IF'S has similarity dimension less than or equal to ¢1, yields

z:(dM+1 Ldy )t <L

1€Zy

The second estimate is similar. For u < uy, we have

Z(dj/r)u Z(djd : "djk2 /T)u (djk2+1 "'djkl )u

J€To J€Lo
> Y (dj,,,---dj,)" by Lemma 3.14 (2)
1€Zy
> 1

since viewing the (dj, ., ...d;, ) as contraction ratios of a 1-dimensional IF'S of similarities and noting
that this IF'S has similarity dimension greater than or equal to uq, yields

Z (djk2+1 s djkl )u z L
J€Lo

This completes the proof. O

Note that there are obvious analogues of the above Lemma in the case ki(%,7) < ko(2,r), but
we omit them here. Two natural examples of Q(%,r)-pseudo stoppings are the ‘extreme cases’
{8 min{k: (i,r), k(3,3 b @0d Zg(iry. We give an example of an intermediate Q(,7)-pseudo stopping
in the following figure.
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Figure 13: A binary tree giving a graphical representation of a pseudo stopping, Zy, with black dots
representing the elements of the pseudo stopping (left) and an indication of how the grey rectangles
{8;([0,1]%)}jez, intersect the approximate square Q(%,r) (right).

3.6.2 Proof of Theorem 3.1 for the mixed class

Upper bound. The key to proving the upper bound for dima F' is to find the appropriate way to
cover approximate squares. Fix ' € ZN, R > 0 and 7 € (0, R) and consider the approximate square
Q(i', R). Without loss of generality assume that ki(i’, R) > ko(i', R) and to simplify notation let
k = ki(¢',R). Furthermore we may assume that there exists ji,j2 € Z such that ¢;, > dj, and
¢j, < dj, as otherwise we are in the horizontal or vertical class, which will be dealt with in Section
3.6.3. Let s = max;ez max;—i (dimB 7;(F) + dimp Slicej,i(F)). It suffices to prove that for all
e € (0,1), there exists a constant C(g) such that

N, (Q(i', RN F) <Ce) (R>s+€.

.
Let € € (0,1). Writing
Io=Touw.r ={j €I": S;(F) CQ(i',R)},

we first split the approximate square Q(i’, R) up as

QU \R)nF =[] Si(p).

i€Zo

Secondly, we group together the sets S;(F') for which d; < r and cover their union separately. Within
the other sets, S;(F'), we iterate the IFS until one side of the rectangle Sy ([O, 1]2) D Sy (F) is smaller
than r. This is reminiscent of the techniques used in Chapter 2. We then cover each of the resulting
copies of F' individually. This is especially convenient because covering the part of F' which lies in
such a rectangle by sets of radius r is equivalent to covering a scaled down copy of the projection of
F onto either the horizontal or vertical axis. Finally, we split the sets S (F') which we are covering
individually into two groups according to whether the short side of Sj; ([O7 1]2) is vertical or horizontal.
We have

NT<Q(i’,R)ﬂF) < Nr< U si(F) ) + 3 ZNT<SZ-J~(F))

i€Lq i€lq: jeI™:
d;<r dizr e,
i€lqg:
d;<r
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+ > > Nr(Sij(F)> DY NT<S"J‘(F))

i€lg: JET™: i€lg  jEI™:
d;izr  GeTL,, dizr €L,
az(ij)=dy az(ij)=cy;
€Ty
d; <r
+ Z Z Nr/c,] 7Tl Z Z N'r/d ))
1€LQ: JEL™: 1€lg: jEI™:
di>r yely, di>r yely,
az(ij)=d;; az(4j)=cy

Now that we have established a natural way to cover Q(i’, R), we need to show that this yields the
correct estimates. We will analyse each of the three above terms separately. Write

5" = {ieTg:d;i <r}.

For the first term, we have

Nr< U Si(F) )
i€Zo:

di<r

Il
=2
/N
=
N

< Y N(S)nQ.R)
JETL,:
JEeIS", =i
= Z N, e, (ma(F))
JEL,:
JELS", =i
c s1+¢€
< X oa(®) by (3.4
jet, "
HzEIs"', Jj=<
R s1+t1+€
< Cocrl, <T> > (/R)" by Lemma 3.14(1)
JEL,:
JeIS", =i
R s1+ti1+e
< C.c?2 a7l (=2 /R .
~ £ cmax amm ( r > Z (dJ /R) by (3 3)
JET:
31’615"’, j=<
R s1+t1+e€
< G Cr;ix r:uln dmfrll <T>
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by Lemma 3.17 since {j € Z, :
Qi

Yo D Nyg(mE) <
i€lg: jeI™:
dizr e,
az(i)=d

<

<

<

<

<

by Lemma 3.17 since Zg is a Q(¢', R

Yo > Nygy(m(F) <
i€Lg: jeT*:
d;>r yeLy,
az(ij)=cy

<

YooY e

there exists ¢ € IST such that j < 4} is clearly contained in some

R)-pseudo stopping. For the second term, by (3.4), we have

)s1+s

i€Lq:  jET™:
di>r e,
az(4)=di;
1 s1te
- S1+¢€ S1
()7 T ey g
1€Lqg: JEI™:
di>r GEL,,
az(ij)=d;
1 s1+¢€
-1 s1+e —1
CE (7,) § (cmax R) E (d d T mln)
1€Lq: jeT*:
d;>r YEeL,,
az(ij)=d;;

by Lemma 3.14(1) and (3.3)

s1te t1
—2 —1 R 1 t1 s1 gt
C. Cmax ¥min (T‘) (T‘) E : dz 2 : Cj d]
i€Lq: jeL*:
di>r YEL,,
az(ij)=d;;

-2

€ “max

-1
min

C -2

r

—2 —1
CE Cmax

Z Z C. ( did;
i€lq  JET*:
YyEeLy,
az (if)=cy

Z deJrE

i€lq

1 So+€
;)
r

1 So+¢€ N
c (1 geee
<T> Z !

i€Tg
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s1t+ti1+e
(R
€ Cmax ¥min

az(i)=

R s1+t1+e
<r) > (iR > egrdPaT

i€Zlq JEL™:

GEL,

by Lemma 3.15

by Lemma 3.16

> (di/R)"

i€lg

R s1t+ti+e
a gt =
min “'min r

)-pseudo stopping. Finally, for the third term, by (3.5), we have

)32+e

2
> 4
JET*:
YyeLy,

Cij

> d (ceir T ag " by (33
J 3 =t min Y( . )

JET™:

yEL,

az(ij)=cy



1 1 e 1 2 +e .t t
_ - S2T€ 2 S2 2
- cal(s) (B) Tare ¥

i€Lq JEL*:
€L,
az(ij)=cy
1 So+ta+te b
-1 Sa+t€ s — s —s
< Ceagyy (r> R Z (di/R)* (crmaxR)" Z di? ey
1€Lg JET™:
iy,
by Lemma 3.14 (1) and Lemma 3.15
R sat+tate
< Cocpliant (r> Z (d;/R)* by Lemma 3.16
i€Lq
) R Sot+tate
< Calaghag ()
r

by Lemma 3.17 since Zg is a Q(i’, R)-pseudo stopping and sy > t;. Since both s; +¢; and sy +t5 are
less than or equal to s, combining the above estimates for the three terms appearing in the natural
cover for Q(4', R) which were introduced at the beginning of the proof yields

N, (Q(i/ R)OF) < 3C.c; 2 al dl <R>S+6
T ) X € Ymax ““min “min r

which upon letting ¢ — 0 gives the desired upper bound. O

Lower bound. The proof of the lower bound will employ some of the techniques used in
Mackay [M]. In particular, we will construct weak tangents with the desired dimension. Weak
tangents were used in Section 3.4.1 to find a lower bound for the dimension of a self-similar set with
overlaps. Here we require the 2 dimensional version, which also follows from [MT, Proposition 6.1.5],
which we state here for the benefit of the reader.

Proposition 3.18 (Mackay-Tyson). Let X C R? be compact and let F be a compact subset of X.
Let Ty _be a sequence of similarity maps defined on R? and suppose that T,(F) N X —q4, F. Then
dimpa F' < dimpy F.

The set F' in the above lemma is called a weak tangent to F. We are now ready to prove the lower
bound.

Proof. Let F' be a self-affine set in the mixed class. Without loss of generality we may assume that

max max (dimB ;i (F) + dimg Slicej,,-(F)) = dimp m; (F') + Sliceq ;(F)
1€l =1,

for some ¢ € Z which we now fix. Also fix j € Z with ¢; > d; which we may assume exists as otherwise
we are in the horizontal or vertical class, which will be dealt with in the following section. Let k € N,
let

i(k) =, j,...,4,i,0,...) € TV
N———
k times

and let X = [0,¢; '] x [0,1]. We will consider the sequence of approximate squares {Q(i(k),d5)} .
Note that for k € N, we have ky(i(k),d¥) = k and let ki (é(k),d5) = k + I(k) for I(k) € N satisfying

k1(F)

k)+1 ; .
(k) <d§<cjci

k
e

For each k € N, let Ty be the unique homothetic similarity on R? with similarity ratio d;k which
maps the approximate square Q(%(k), d¥) to [0, dj_kc’-“cé(k)] x [0,1] € X, mapping the left vertical side
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of Q(3(k), d") to {0} x [0,1].

Note that we may take a subsequence of the T} such that d;kcfc;(k) — 1. To see this ob-
serve that if log(d;/c;)/(loge;) € Q, then there exists a subsequence where d;kcfcé(k) = 1 for all

k and if log(d;/c;)/(logc;) ¢ Q, then the dj_kcfcé»(k) are uniformly distributed on (1,¢;'). Using
this and the fact that (IC(X )7d7.[) is compact, we may extract a subsequence of the Ty for which
Ti(F) N X converges to a weak tangent F' C X and dj_kcfclj(k) — 1.

Lemma 3.19. The weak tangent F constructed above contains the set m (F) x o (Slice ;(F)).

Proof. 1t suffices to show that T, (Q(i(k), d¥)NF) converges to w1 (F) xma (Slice; ;(F)) in the Hausdorff
metric. The IFS Z induces an IFS of similarities on the vertical slice through II(%) (which is the
fixed point of S;). It is easy to see that the attractor of this IFS is isometric to Slice; ;(F'). Let
E), denote the [(k)th level in the construction of Slice; ;(F') via the induced IFS. We claim that
the set Ty (Q(z(k),df) N F) will never be further away than dj_kcfcg(k) —1 + d"¥) from the set
m1(F) X mo(FE)) in the Hausdorff metric. To see this observe that if we scale T} (Q(z(k),cf) NF)
horizontally by d;?c;kcj_l(k) it becomes a set, m (F') x Hy, for some set Hy, C mo(F)) with the property
that Hj, intersects every basic interval in mo(E}). Since each basic interval in mo(Ej) has length no
greater than d'%). we have that 71 (F) X mo(F})) is contained in the a8, neighbourhood of 71 (F') x H,.
Hence

dyy (Tk(Q(i(k),dé?)ﬂF), 1 (F) % 7r2(Ek)> < dH(Tk(Q(i(k),d§)mF)), w1 (F) x Hk)

+ dy, (m(F) % Hy,, m(F) x WQ(Ek))

It follows from the claim that

dH(Tk(Q(i(k),d;?)mF), 7r1(F)><7r2(Slicej(F))) < dH(Tk(Q(i(k),dg?)mF), 7r1(F)><7r2(Ek)>

+ dy (7r1(F) x ma(Ey), m(F) % (Slicej(F)))

N

(d7eke® — 1+ aR) + d

3 Yty max

— 0

as k — oo, since

log(d.: /c:
k) > KBUY/S) g o and dReEd® L1
log ¢; J J
which completes the proof of Lemma 3.19. O

We can now complete the proof of the lower bound by estimating the Assouad dimension of F' from
below, using the fact that F' is a product of two self-similar sets.

dimg 71 (F) + dimg Slice; ;(F) = dimp (m(F) X 1o (sncel,i(F)))
< dimg F by Lemma 3.19
< dimp F < dimp F
by Proposition 3.18. O
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3.6.3 Proof of Theorem 3.1 for the horizontal and vertical classes

This is similar to the proof in the mixed case and so we only briefly discuss it.

Upper bound. We break up N, (Q(i,R) N F) in the same way except in this case we may
omit either the second or the third term as the smallest singular value always corresponds to either
the vertical contraction (in the horizontal class) or the horizontal contraction (in the vertical class).
The rest of the proof proceeds in the same way.

Lower bound. One can construct a weak tangent with the required dimension. The key dif-
ference to Mackay’s argument [M] is that, since we may be in the extended Lalley-Gatzouras case,
we may not be able to fix a map at the beginning to ‘follow into the construction’. Either one can
iterate the IF'S to find a genuinely affine map which one can ‘follow in’ to find a weak tangent with
dimension arbitrarily close to the required dimension, or one can follow our proof in the previous
section and choose a genuinely affine map for the first k£ stages and then switch to a map in the
correct column.

3.6.4 Proof of Theorem 3.2 for the mixed class

Upper bound. Since lower dimension is a natural dual to Assouad dimension and tends to ‘mirror’
the Assouad dimension in many ways, one might expect, given that weak tangents provide a very
natural way to find lower bounds for Assouad dimension, that weak tangents might provide a way
of giving upper bounds for lower dimension. In particular, in light of Proposition 3.18, one might
naively expect the following statement to be true:

“Let X C R? be compact and let F be a compact subset of X. Let T} be a sequence of simi-
larity maps defined on R* and suppose that Ty(F) N X —g4,, F. Then dimy, F' > dimy, F.”

However, it is easy to see that this is false as one can often find weak tangents with isolated
points, and hence lower dimension equal to zero, even if the original set has positive lower dimension.
However, we will now state and prove what we believe is the natural analogue of Proposition 3.18
for the lower dimension. Note that we also give a slight strengthening of Proposition 3.18 in that we
relax the conditions on the maps {Tj} from similarity maps to certain classes of bi-Lipschitz maps.
This change is specifically designed to deal with the lower dimension because we can now make the
weak tangent precisely equal to the limit of scaled versions of approximate squares. This is necessary
because lower dimension is not monotone and so an analogue of Lemma 3.19 would not suffice.
We include the statement for Assouad dimension for completeness. The key feature for the lower
dimension result is the existence of a constant 6 € (0, 1] with the properties described below. This is
required to prevent the unwanted introduction of isolated points or indeed any points around which
the set is inappropriately easy to cover. We call the ‘tangents’ described in the following proposition
very weak tangents.

Proposition 3.20 (very weak tangents). Let X C R™ be compact and let F be a compact subset of
X. Let Ty, be a sequence of bi-Lipschitz maps defined on R™ with Lipschitz constants ay,bi > 1 such
that

agle —y| < [Ti(2) = Th(y)l < bilz -yl (2,y €R")

and
sup by /ap = Cy < o0
k

and suppose that Ti(F) N X —q,, F. Then
dima £ < dima F.

If, in addition, there exists a uniform constant 6 € (0, 1] such that for all v € (0,1] and & € F, there
exists § € F' such that B(§,70) C B(&,7) N X; then

dimp, F < dimp, ' < dima F < dima F.
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Proof. Let F' C X be a compact set and assume that dimp, £ > 0. If dimy, F = 0, then the lower
estimate is trivial. Let F be a very weak tangent to F, as described above, and let «, 8 € (0, 00) with
a < dimp F < dimp F < . Tt follows from the fact that the T}, are bi-Lipschitz maps with Lipschitz
constants by > ar > 1 satisfying sup, br/ar = Cp < oo that there exists uniform constants
Cy,C4,p > 0 such that for all k €e Ny all 0 < r < R < p and all z € Ty(F) we have

—o (R\* 5 (R\’
01 C; <T) < N, (Bz, R)NTW(F)) < CyCf <r) .

Fix 0 <7 < R < pand fix & € F. Choose k € N such that dy(Ty(F) N X, F) < r/2. It follows
that there exists x € T)(F") N X such that B(Z, R) N I C B(x,2R) and hence, given any r/2-cover of
B(z,2R) N Ty (F), we may find an r-cover of B(Z, R) N F by the same number of sets. Thus

B B
No(B(# R) N E) < Nyjo(B(x,2R) NTu(F)) < CyCF (fj‘;) — CCP 4P (f)

which proves that dima F < dimp F.

For the lower estimate assume that there exists 8 € (0,1] satisfying the above property and
fix # € F. We may thus find j € F such that B(j, R9) C B(&,R) N X. Choose k € N such
that dy (Ti(F) N X, F) < min{r/2, R/2}. Tt follows that there exists y € Tp(F) N X such that
B(y, R9/2) C B(j, RA) C B(#, R) N X and hence, given any r-cover of B(&, R) N F, we may find an
2r-cover of B(y, RO/2) NTx(F)N X = B(y, RO/2) N Ti(F) by the same number of sets. Thus

N(B@R)NE) > N (Bl R0 0 TE) > CiCr (BE) — cvope o (£)

which proves that dimy, F > dimyg, F. O

We will now turn to the proof of Theorem 3.2. Let F' be a self-affine set in the mixed class. Without
loss of generality we may assume that

min min (dimB 7i(F) + dimp sncej,i(F)) = dimp 1 (F) + Slicey ; (F)

el =1,
for some i € Z which we now fix. Also assume that the column in the construction pattern which
contains the rectangle corresponding to ¢ contains at least one other rectangle. Why we assume this
will become clear during the proof and we will deal with the other case afterwards. Now fix j € Z

with ¢; > d; which we may assume exists as otherwise we are in the horizontal or vertical class, which
will be dealt with in the following section. Let k € N and let

i(k):(j’j7"'7j)i’i7"') EIN
——

k times

and let X = [0,1]2. We will consider the sequence of approximate squares {Q(z(k), d?)}k. For each
k € N, let T, be the unique linear bi-Lipschitz map on R? which maps the approximate square
Q(i(k),d?) to X, mapping the left vertical side of Q(i(k),d?) to {0} x [0,1] and the bottom side
of Q(i(k),d?) to [0,1] x {0}. Note that this sequence of maps {T}} satisfies the requirements of
Proposition 3.20 with Cy = o}, , say. Since (K(X),dy) is compact, we may extract a subsequence

of the Ty, for which T},(F) N X converges to a very weak tangent F' C X.

Lemma 3.21. The very weak tangent, F, constructed above is equal to m (F) x o (Slicel’i(F)) and,
furthermore, there exists 6 € (0,1] with the desired property from Proposition 3.20.

Proof. To show that F' = 7 (F)xmy (Slicey ;(F)), it suffices to show that T}, (Q(i(k), df)ﬂF) converges
to 1 (F) x my(Slice1 ;(F)) in the Hausdorff metric. This follows by a virtually identical argument to
that used in the proof of Lemma 3.19 and is therefore omitted. It remains to show that there exists
6 € (0,1] such that for all 7 € (0,1] and & € F, there exists § € F such that B(j,r0) C B(z,r) N X.
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We will first prove that the one dimensional analogue of this property holds for self-similar subsets
of [0,1]. In particular, let E C [0,1] be the self-similar attractor of an IFS consisting of N > 2
homothetic similarities with similarity ratios {ci,...,cny} ordered from left to right by translation
vector and write ¢, for the smallest contraction ratio. We will prove that there exists 8 € (0, 1] such
that for all » € (0,1] and = € E, there exists y € E such that B(y,r0) C B(z,r)N[0,1]. If E C (0, 1),
then we may choose § = inf,cp y=0.1|x — y| > 0 and then for any = € E, we may choose y = z. Thus
we assume without loss of generality that 0 € E and so ¢; is the contraction ratio of a map which fixes
0. Also, write z = sup,cg|z|. It suffices to prove the result in the case = 0 and r € (0, z]. Observe
that cfz € E for all k € Ny and let

k=min {l € Ny : chz<r(l— Cmin) }»
Y= c’fz € E and 6 = cyin(1 — ¢min)- To see that this choice of y and 6 works, observe that
Y+ 0r =ciz+ cmin(1 = cmin)7 < 7(1 = Cmin) + Cmin” =7
and
y—0r =cfz — cmin(1 — Cmin)r = c17(1 = Cmin) — Cmin(1 — Cmin)T = 7(1 = Cmin) (1 — Cmin) = 0

and so B(y,r8) C B(z,r)N[0,1] = [0,7). Finally, observe that our set F is the product of two self-
similar sets, F; and Fs, of the above form with constants 6; and 85 giving the desired one dimensional
property. Now let r € (0,1] and & = (z1,22) € F = E; x B». By the above argument, there exists
y1 € By and ya € E3 such that B(y1,761) € B(x1,7)N[0,1] and B(ys, r2) C B(x2,7)N[0,1]. Setting
U= (y1,y2) € F, it follows that B(g,rmin(6;,62)) € B(&,r)N[0,1]?, which completes the proof. [

We can now complete the Aproof of the upper bound by estimating the lower dimension of F from
above using the fact that F' is a very weak tangent to F' and is the product of two self-similar sets.
We have

dimg 71 (F) + dimg Slice; ;(F) = dimp (m(F) X 1o (snceLi(F)))
= dimp F by Lemma 3.21

> dimp, F > dimp F

by Proposition 3.20. Finally, we have to deal with the case where i corresponds to a rectangle which
is alone in some column in the construction. In this case we can construct a very weak tangent to F
as above, but we may not be able to find a constant 6 with the desired properties. In particular, if
the rectangle corresponding to i is at the top or bottom of the column, then the very weak tangent
will lie on the boundary of X. However, this problem is easily overcome. Let € > 0 and note that
by iterating the IFS we may produce a new IFS, corresponding to Z’, with the same attractor which
has some i’ € 7’ for which dimpg 71 (F') 4 Slicey ;(F') < dimp 71 (F') + Slice; ;(F) + ¢ and does not
correspond to a rectangle which is in a column by itself. We can then construct a very weak tangent
to F' in the above manner with dimension e-close to the desired dimension which is sufficient to
complete the proof of the upper bound.

Lower bound. The following proof is in the same spirit as the proof of the wupper bound in
Theorem 3.1. Fix i' € ZN, R > 0 and r € (0, R) and as before we will consider the approximate
square Q(i’, R). Without loss of generality assume that ki(i’, R) > ko(i', R) and let k = ki(i', R).
Furthermore we may assume that there exists ji, jo € Z such that ¢;, > d;, and ¢;, < d;, as otherwise
we are not in the mixed class. Let

$ = min min (dimB 7 (F) + dimp Slicej,i(F)).
i€ j=1,2

It suffices to prove that, for all € € (0, 1), there exists a constant C(e) such that

N, (Q(i', R)N F) > C(e) (R) o

r
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Let € € (0,1). As before, writing
Io = Tou.r) = {3 €TV : S;(F) CQ(#', R)},
and
I5" ={ielq:di<r},

we have

N,(Q(i’,R)mF) - NT< U siF) u | SiF) )
i€Ts" i€lq:
d;>r

At this point in the proof of the upper bound in Theorem 3.1, we iterated the IFS within each of the
sets {S;(F) : i € Ig s.t. d; > r} to decompose F' into small ‘rectangular parts’ with smallest side
comparable to r. If we proceed in this way here, then the ‘third term’ causes problems. In particular,
we end up with a term containing

> (/R

1€1q

which we wish to bound from below, but cannot as ss — ¢ may be too large. This problem does not
occur in the proof of the upper bound in Theorem 3.1 as the term

S (di/ Ry
i€To

can be bounded from above. This was a surprising and interesting complication. To overcome this
we need to engineer it so that the third term disappears. As such we will iterate only using maps S;
which have ¢; > d;. Fortunately we are able to do this by introducing a new IFS {S;};cz. with the
properties outlined in the following lemma.

Lemma 3.22. There exists an IFS {S;}icz. of affine maps on [0,1]? with attractor F. which has the
following properties:

(1) F¢ is of ‘horizontal type’, i.e., ¢; = d; for all i € I,
(2) I. is a subset of some stopping I' created from the original IFS,
(3) F. is a subset of F and is such that dimp F, > s1 +u; — €.

Proof. Let
Io={i€T":c;>d;and Bj <ist. j#iandc;>d;}

and let
Iy ={i €Iy : |i]| < k}.

It is clear that Zj, satisfies properties (1) and (2) and that k can be chosen large enough to ensure
that property (3) is satisfied. O

We treat Z. like Z and write (Z.)* = Uk>1(IE)k to denote the set of all finite sequences with entries
in Z, and
Qe min = min{OZQ('l:) 17 € Is} > O,

which clearly depends on €. We have

NT(Q(i’,R)ﬂF) - Nr< U (Sj(F)OQ(i’,R)) v U U su )

JEL,: i€Lg: JE(Z)*:
JeTs, di2r oy (i) <r<az(ij)
J=i
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Let U be any r X r closed square with sides parallel to the coordinate axes and let
M, =min{neN:n > a;}nin + 2}

Observe that each of the sets S;(F) N Q(¢', R) and S;;(F) inside the above unions lies in a rectangle
whose smallest side is of length at least o min” and the interiors of these rectangles are pairwise
disjoint. It follows from this that U can intersect no more than M2 of the sets S;(F) N Q(4’, R) and
S (F'). Hence, using the r-grid definition of N,

MEN,(QUE RINF) = Y N(simneiim) + Y Y N(su(p)

JEL,: i€lqg: JE(Ze)™:
JieZs", 2T o, (i) <r<on(i))
Jj=<i
> E NT‘/C]‘ (ﬂ-l(F)) + § E NT'/Ci]‘ (7T1(F))
JEL,: 1€LQ: JE(Ze)":
JeLs", 2T oy (i) <r<os (if)
j=<i

As before, we will analyse each of the above terms separately. For the first term, we have

Z Nyje;(m(F)) = Z c% (R> . by (3.4) and Lemma 3.14 (1)

X . T
JEL: JEL,:
c o< coT<r
EIzEIC2 , EIzEIQ R
j<1 j<i
+u;—e
R\*™
1 U1l
Z o (T > (r/R)

JEZL,:

f o<

HzEIQ s

j=i

Y. (/R by (33)
JEL,:

31’615"',
j=<i

WV
s
/N
E
N——
w
!

For the second term, we have

CiCi\51—¢
> Yo Nyey(mp) = Y > %(T]) by (3.4)
1€1q: JE(Ze)™: 1€1q: JE(Ze)™:
di27T oy (if)<r<as (i) 2T oy (i) <r<as(ij)
16 D SR D S
z |5 i i
1€Lg: JE(Z)™:
dizr s (if) <r<as(if)
R 81—¢€
1 s —1\u1
16 D S A
i€lor  je(T.)
2T (i) <r<aa (i)
by Lemma 3.14 (1) and since r > as(4j) = d;d;
R S1—€ 1 ul
1 u S1 Ju
=20 () Z e X g

1€1qg: JE(Ze)*:

dizr as (i) <r<as(if)
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R s14+u;—e .

) E (di/R)ul § : st.l d;_ilmB F.+e—s1
i€lq: JE(T)™:

di2’l‘

WV
o
7 N

= |

as (i) <r<as(if)

by Lemma 3.22 (3)

R Ss14+u;—e )
s ()T s g
1€1g: JE(Z)*:
dizr az(if) <r<as(if)
. R s—2¢ “
2 C. Qe min ? Z (dz/R)
1€Zq:
di>r

by Lemma 3.16 and the fact that d; > (r/d;) 0c min = (7/R) 0tz min. Combining the estimates for the
two terms introduced above yields

R s—e R s—2¢
2 -/ 1 u 1 u
MZ N, (Q(Z 7R) n F) > C. <’/‘> Z (dJ/R) o+ C. ®e,min (’I“) Z (dl/R) !
JEL,: 1€1qg:
Eielgr, di>r
Jj=i
R s—2¢ .
= C% Qe min (T) Z (dJ/R) B
J€ZLo
where
Ty = {Jj EIT:HiEIér st.j<i} U{iely:d; >}
Observe that Zy is a Q(i’, R)-pseudo stopping, and so by Lemma 3.17 we have
S (/R > 1
J€Lo
which yields
R S—¢g
N, (Q(Z/aR) N F) > ]\/1[2 C% Qe min <7’) .
It follows that dimp, F' > s — 2¢ and letting € — 0 completes the proof. O

3.6.5 Proof of Theorem 3.2 for the horizontal and vertical classes
This is similar to the proof in the mixed case, so we only briefly discuss it.
Upper bound. As in the mixed class, one can construct a lower weak tangent with the

required dimension. The proof is slightly simpler in that for the horizontal class, for example, we nec-
essarily have that s = dimp 7 (F') +Slicey ;(F') for some ¢ € Z and that there exists j € Z with ¢; > d.

Lower bound. The proof is greatly simplified in this case because we do not have the added

complication alluded to above. In particular, we do not have to introduce the ‘horizontal subsystem’
7., and we can just iterate using Z as before with no third term appearing.

54



3.6.6 Proof of Corollary 3.3

In this section we will rely on some results from [GL1] which, technically speaking, were not proved in
the extended Lalley-Gatzouras case. However, it is easy to see that their arguments can be extended
to cover this situation and give the results we require. Without loss of generality, let F' be a self-
affine attractor of an IFS in the horizontal class, and assume that dimp, F' < dima F. It follows from
Theorems 3.1 and 3.2 that

min dimg Slice; ;(F) < max dimg Slice; ;(F')

i€l €T
which means that we do not have uniform vertical fibres, and it follows from [GL1] that dimy F' <
dimg F'. We will now show that dimp, FF < dimy . We will use the formula for the Hausdorff
dimension given in [GL1], so we must briefly introduce some notation. Suppose we have m non-empty
columns in the construction and we have chosen n; rectangles from the ith column. For the jth
rectangle in the ith column, write ¢; for the length of the base and d;; for the height. Notice that the
length of the base depends only on which column we are in. Then the Hausdorff dimension of F is
given by

2i 2. Pijlogpij £ gloz 1 B 1
Yipijlogdyy =TT\ Y qiloge; 30,00 piglog dy

dimyg F' = max {

where the maximum is taken over all associated probability distributions {p;;} on the set {(27 j):ie
{1,....m},je{l,...,n;}} and ¢; = > Pij- Notice that this formula may be rewritten as

. i pijlog (ai/piy) X qilogai
2o 2o pijlog(diy)~" >, qilog e
which clearly demonstrates that if we continuously decrease a particular d;;, then the Hausdorff

dimension continuously decreases. Note that we may continuously decrease any particular d;; without
affecting any other rectangle in the construction.

If min;ez dimp Slicey ;(F) = 0, then the result is clear. However, if min;ez dimp Slice; ;(F) > 0, then,
although we have already noted that F' does not have uniform horizontal fibres, we may continuously
decrease the d;; to obtain a new IFS with index set Z;, with the same number of rectangles and the
same base lengths, which has an attractor F; where dimpg Slice; j(F1) = min;cz dimpg Slicey ;(F') for
each j € Z;. It follows from the above argument and Theorems 3.1 and 3.2 that

dimp, F' = dimy F; < dimg F.

It remains to show that dimp F' < dima F'. However, this follows from a dual argument observing
that the box dimension of F is given by the unique solution s of

m  n;

Z Z Cfldfj_Sl =1

i=1 j=1

(see [GL1] for the basic case or [FeW, Fr1] for the extended case), and so we may continuously increase
the d;; independently (while keeping d;; < ¢;) and, if necessary, add new maps to certain columns, to
form a new construction F5 with uniform vertical fibres and such that

dimp F' < dimg F5 = dimp F.
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3.6.7 Proof of Corollary 3.4

Let F' be in the mixed class. The result for the horizontal and vertical classes follows from Corollary
3.3. Suppose F is such that dimp, F' = dimg F. It follows from Lemma 3.15 that D4 = D =
dimy, F' < s; + dimp Slice; ;(F) for all j € {1,2} and i € Z. Hence, using the notation from the proof
of Lemma 3.15,

m
_ s1 3DaA—s1 ~51 dimp Slicey ; (F)
1 = E c;'d; > E C; g d; =1
i€T i=1  jec;
and
n . .
1 = E df2CiDB—52 > 2 :dAfz z :C?IIIIBSIICQQJ(F) -1
€L i=1 JER;

and so we have equality throughout in the above two lines which implies that

D = Dp = dimy, F = max max (dimB 7;(F) + dimg sncej’i(F)) = dimy F,
el g=1,

which completes the proof. We remark here that the key reason that a symmetric argument cannot be

used to show that if dima F' = dimp F', then dims F' = dimy, F), is that dims F' = dimg F only implies

that max{Da,Dp} > s; + dimg Slice, ;(F) for all j € {1,2} and i € Z. Indeed, such an implication

is not true, as shown by the example in Section 3.4.2.

3.7 Proof of Theorem 3.7

In this section we will prove Theorem 3.7. Let (X, d) be a metric space, and let F' be a compact subset
of (X,d). Tt follows immediately from the definition of box dimension that for all €, p > 0 there exists
a constant C; , > 1 such that for all » € (0, p] we have

g dms e CONL(F) < G Tmeie (3.6)

Recall that for a map f: A — B, for metric spaces (A,d4), (B,dp) we will write

Llp (f) B :c,lngA: dA(.’E, y) ’
Ty
Proof of (1). Suppose F satisfies (1) from Definition 3.6 with given parameters a,ry and write
s = dimg F = dimpF. Let 0 < r < R < r9/2 and # € F. By condition (1) in the definition of
quasi-self-similar, there exists an injection g; : B(z,r) N F — F with Lip~(g1) = a (2R) ™. If {U;} is
an ar/2R cover of gi(B(x,r) N F), then {g; }(U;)} is an r cover of B(z,r) N F. Tt follows from this
and (3.6) that

e R s+e
NT(B(‘T7T) ﬂF) < Na'r‘/QR(gl(B(va) ﬂF)) < Nar/2R(F) < Ce,a/2(2/a) + <7“>
which gives that dimp F' < s + ¢ and letting ¢ — 0 completes the proof. O

Proof of (2). Suppose F satisfies (2) from Definition 3.6 with given parameters a,rg and
write s = dimyg F' = dimp F. Let 0 <7 < R < 19/2 and = € F. By condition (2) in the definition of
quasi-self-similar, there exists an injection g2 : F' — B(z,r) N F with Lip™ (g2) > aR. If {U;} isan r
cover of go(F), then {g5 ' (U;)} is an r/aR cover of F. Tt follows from this and (3.6) that

3 R S—¢€
N (B(z,1) NV F) > Np(2(F)) > Npjar(F) > g’ (T)

which gives that dimp, F' > s — ¢ and letting ¢ — 0 completes the proof. O
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Proof of (3). Let F C (X,d) be a quasi-self-similar set with given parameters a,ro from Defi-
nition 3.6 and write s = dimyg F. Note that it follows from (1)-(2) above that dimp, F' = dimgp F;
however, it does not follow immediately that F' is Ahlfors regular, so we will prove that now. It
follows from the results in [F3] that

a® < H(F) < 4°a™". (3.7

Let r € (0, r9/2) and = € F and consider the set B(z,r) N F := B(z,r) N F. By condition (1) in the
definition of quasi-self-similar, there exists a map g1 : B(z,r) N F — F with Lip~(g1) > a (2r)~!. It
follows from this, (3.7) and the scaling property for Hausdor{f measure, that

H¥(B(z,r)NF) < Lip (q1) " H*(g1(B(z,r)NF)) < a*(2r)*H*(F) < 8 a > r". (3.8)

Furthermore, by condition (2) in the definition of quasi-self-similar, there exists a map go : F —
B(x,r) N F with Lip~ (g2) = ar. It follows from this, (3.7) and the scaling property for Hausdorff
measure, that

H¥(B(z,r)NF) > H*(g2(F)) > Lip (92)*H*(F) = a®r*H*(F) > a*r®. (3.9)

It follows from (3.8) and (3.9) that F is locally Ahlfors regular setting A = 8°a~2% and, since F is
compact, we have that it is, in fact, Ahlfors regular. O
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4 Inhomogeneous self-similar sets

4.1 Introduction

In this chapter we investigate the upper and lower box dimensions of inhomogeneous self-similar sets.
We extend some results of Olsen and Snigireva [OSn, Sn] by computing the upper box dimensions
assuming some mild separation conditions. We show that in our setting the upper box dimension
behaves in the same way as the countably stable dimensions, in particular the relationship (1.6)
holds. Secondly, we investigate the more difficult problem of computing the lower box dimension.
We give some non-trivial bounds on the lower box dimension and prove that it does not behave as
the other dimensions. In particular, the lower box dimension is not in general the maximum of the
lower box dimensions of the homogeneous self-similar set and the condensation set. We introduce a
quantity which we call the covering regularity exponent which is designed to give information about
the oscillatory behaviour of the covering function Ny and use it to study the lower box dimensions.
We believe the covering regularity exponent will be a useful quantity in other circumstances where
one needs finer information about the asymptotic properties of Ng, or indeed other function where
the asymptotic oscillations are important.

4.2 Results

In this section we will state our main results for this chapter. Let (X,d) be a compact metric
space. Fix an IFS I = {Sy,...,Sn} where each S; is a similarity on (X, d), fix a non-empty compact
condensation set C C X and let s denote the similarity dimension of Fj. Our results concerning upper
box dimension will be given in Section 4.2.1 and those concerning lower box dimension will be given
in Section 4.2.2. We will write B(z,r) to denote the open ball of radius r centered at z.

4.2.1 Upper box dimension

In this section we significantly generalise the results in [OSn, Sn] concerning upper box dimension,
which were obtained as Corollaries to results on the L9-dimensions of inhomogeneous self-similar
measures. Our proofs are direct and deal only with sets. Our first result bounds the upper box
dimension of an inhomogeneous self-similar set, without assuming any separation conditions.

Theorem 4.1. We have
max{dimpFy, dimpC} < dimpFe < max{s, dimpC}.

Although the bounds given in Theorem 4.1 are not tight in general, we can apply them in two useful
situations to obtain an exact result. The following Corollary answers Question 1.5 in the affirmative
and, in fact, proves something stronger in that the separation conditions can be severely weakened
and we can work in an arbitrary compact metric space.
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Corollary 4.2. Suppose that the IFS, 1, satisfies the SOSC. Then
diimBFC == maX{mBF@, dlimBC}

Proof. This follows immediately from Theorem 4.1 since if I satisfies the SOSC, then s = dimp F}, see
[Sc2]. O

Of course, if X C R% then the SOSC is equivalent to the OSC. We can also obtain an exact result in
a generic sense.

Corollary 4.3. Let d € N and fir linear contracting similarities, {T},...,Tn}, each mapping R?
to itself, and assume that Lip(T;) < 1/2 for all i and fix a compact condensation set C C Re. For

t = (t1,...,tn) € xR, et F ¢ denote the homogeneous attractor satisfying
N
Ft,q) = U (TZ(Ft,Q)) + tz)
i=1

and let Fy ¢ denote the inhomogeneous attractor satisfying

Fec = G(Ti(ﬂp)ﬂi) Sle]

i=1

LN for the N-fold product of d-dimensional Lebesque measure, we have

Then, writing
HBFt,C = maX{mBFt)@, dlimBC}
for LN -almost all t = (t1,...,ty) € x¥R™.

Proof. This follows immediately from Theorem 4.1 since, for L¥-almost all t = (¢y,...,ty) € valed,
we have that dimpFy} ¢ is equal to the solution of

N
> Lip(T)* =1
i=1

which is also the similarity dimension of F} y. This is a special case of Falconer’s theorem, Theorem
1.3. O

We conclude this section with two open questions:

Question 4.4. Is it true that
dimp Fo = max{dimgF, dimgC'}
even if dimpFy < s? In particular, such systems cannot satisfy the SOSC.
Question 4.5. Is it true that
dimp Fo = max{dimg F, dimpC}
even if Fo is a more general inhomogeneous attractor, i.e., if the contractions are not similarities?

We will address Question 4.5 in Chapter 5 for certain classes of inhomogeneous self-affine sets.
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4.2.2 Lower box dimension

In this section we examine the lower box dimension. Theorem 4.1 gives us the following immediate
Corollary which gives (basically trivial) bounds on the lower box dimension.

Corollary 4.6. We have
max{dimg Fy, dimpC} < dimpFe < dimpFe < max{s, dimgC}
and if I satisfies the SOSC, then
max{dimg Fpy, dimpC} < dimpFr < dimpFor < max{dimgFy, dimgC}.
So we can compute the lower box dimension in three easy cases:
(1) If the box dimension of C exists and dimg C > s, then

@BFC = diimBFC = dimB C;

(2) If the box dimension of C exists and 1 satisfies the SOSC, then

dimp Fo = dimp Fo = max{dimp Fy, dimg C};

(3) If 1 satisfies the SOSC and dimpC < s, then

MBFC = EBFC =S5 = dimB F@.

Note that in each of the above cases the answer to Question 1.6 is yes, i.e.,
dimp Fo = max{dimg Fy, dimzC}.

Even when I satisfies the SOSC, computing dimpg Fo appears to be a subtle and difficult problem if
max{s, dimpC'} < dimpC. We will now briefly outline the reason for this. Firstly, note that since
lower box dimension is stable under taking closures, it follows from (1.5) that

@BFC = @36 = @BO-

We can thus restrict our attention to the orbital set. However, computing the dimension of O is
difficult as it consists of copies of C scaled by different amounts. If the box dimension of C' does not
exist, then the growth of the function Ns(C) can vary wildly as 6 — 0. It turns out that the lower
box dimension of © depends not only on dimp, dimp and s, but also on the behaviour of the function
0 — N5(C). In order to analyse the behaviour of N5(C'), we introduce a quantity which we call the
covering regularity exponent (CRE). For ¢ > 0 and ¢ € (0,1], the (¢,0)-CRE of C' is defined as

pis(C) =sup{p € [0,1]: Ns»(C) = 67"} (4.1)
and the t-CRE is
pe(C) = liminf p; 5(C).
—0

Roughly speaking, p; s(C) tells you at scale § how much you have to ‘scale up’ to find a scale dg > &
where you need at least §; ! sets to cover C, i.e., how far back you have to go to find a scale where the
set is ‘hard’ to cover. In fact, the smaller p; 5(C) is, the further you have to go back. The constant
p+(C) tells you the ‘furthest away’ you ever are from a scale where your set is ‘hard to cover’, as you
let § tend to zero. The following Lemma gives some simple but useful properties of the CREs.
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Lemma 4.7.
(1) For all t,§ > 0, we have p, 5(C),p(C) € [0,1];
(2) pe(C) is decreasing in t and if t < dimgC, then p(C) =1 and if t > dimgC, then p;(C) = 0;

(3) For all 6 > 0 we have

N

spi.00 (C) 2 §Pes ()

i.e., the supremum in (4.1) is obtained;

(4) For allt > dimzC, we have

dimpC
pt(c) X % 1;
(5) For dimpC < s < t < dimpC we have
s
p(©) < Sl

(6) Suppose X is doubling, i.e. has finite Assouad dimension. For all t € (dimpC, dimgC), we
have
dimpC  dimp X — ¢

< .
P(C) S T G X — dimy©

4 s
A
] I 1 |
' 0.2 4
2 I [
I [
I [
I | 0.6 - .
[ [ }'Jt(C)
& : [ |
log Ns(C) | | "
—logd I | '
I [
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| | 024
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§ §Pt,6(6) i 02z 04 06 0z 1

i

Figure 14: Left: A plot of log Ns(C')/(—log ¢) for a set C' with distinct upper and lower box dimension.
A horizontal line is included at a value t between the upper and lower box dimensions. At the indicated
point, d, we have that N5(C) < §~* and so we have to ‘scale up’ to dy = 5Pt.5(C) to find a scale where
N5, (C) = 65", Right: A typical graph of p;(C) for a set C' with lower box dimension 0.2 and upper
box dimension 0.8.

We will prove Lemma 4.7 in Section 4.3.2. We will now use the CREs to obtain non-trivial bounds
on the lower box dimension of Fz. From now on we will assume that we are in the difficult case:
max{s, dimpC} < dimpC.

We adapt the SOSC to the case of inhomogeneous attractors in the following way.

Definition 4.8. An IFS, {S1,...,Sn}, together with a compact set C C X, satisfies the condensation
open set condition (COSC), if the IFS, {S1,...,Sn}, satisfies the SOSC and the open set, U, can be
chosen such that C C U.
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The following theorem gives a lower bound on the lower box dimension of Fo and gives some sufficient
conditions for the answer to Question 1.6 to be no.

Theorem 4.9. Suppose (X,d) is Ahlfors reqular and that 1 together with C satisfies the COSC. For
allt > 0 we have
dimgFo > pi(C)t + (1—p(C))s.

In particular, if for some t > max{s, dimpC} we have

@BC—S}

p(C) >max{0, P

then
dimp Fe > max{dimp Fp, dimpC}.

We will prove Theorem 4.9 in Section 4.3.4. The next theorem gives an upper bound on the lower box
dimension of F- and gives some sufficient conditions for the answer to Question 1.6 to be yes.

Theorem 4.10. For all t > max{s, dimpC'} we have
dimp Fe < max{t, s+ p(C) ¢}
and, in particular, if p;(C) =0 for t > max{s, dimgC'}, then
dimpFe < max{s, dimzC'}
and if, furthermore, the SOSC is satisfied, then
dimgFo = max{dimgFy, dimpC}.

We will prove Theorem 4.10 in Section 4.3.5. We obtain the following (perhaps surprising) corollary
in a very special case.

Corollary 4.11. If dimpC = 0 and 1 satisfies the SOSC, then

dimgFe = max{dimgFp, dimgC} = dimg Fy = s.

Proof. This follows immediately from Theorem 4.10 since Lemma 4.7 (4) gives that p,(C) = 0 for all
t>0. O

The following proposition proves the existence of compact sets with the extremal behaviour described
in Theorems 4.9-4.10. In particular, Proposition 4.12 (2) combined with Theorem 4.9 gives a negative
answer to Question 1.6.

Proposition 4.12. Let X = [0,1]¢ for some d € N.

(1) Forall0 < b <t < B <d, there exists a compact set C C X such that dimgC = b < B = dimgC
and pi(C) =0 for all t > b;

(2) For all 0 < b < B < d, there exists a compact set C C X such that dimgC = b < B = dimgC

and b dot
pt(c):g 1—b

for allt € (b, B). In particular, such a C shows that the upper bound in Lemma 4.7 (6) is sharp.

We will prove Proposition 4.12 in Section 4.3.6. Although we specialise to the case where X is the
unit cube, the result applies in much more general situations. However, as we only require them to
provide examples, we omit any further technical details.

The case where the condensation set is constructed as in Proposition 4.12 (2) is an interesting

case. Not only does it provide a negative answer to Question 1.6, but we also obtain an explicit
(non-trivial) formula for p;(C). We obtain the following corollary in this situation.
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Corollary 4.13. Let X = [0,1]¢, let T = {S1,...,Sn} be an IFS of similarities on X and fir a
non-empty compact set C C [0,1] such that

_ dimgC d—t

for all t € (dimgC, dimpC). Furthermore assume that 1 together with C satisfies the COSC. Then

dimpC  d—t
t d—dimgC

d—t
(t —s)+s < dimgFe < maX{t’ 5+di—mBC@}

for all t € (dimpC, dimgC).

Write L(t) and U(¢) for the lower and upper bounds for dimg Fe given in the above Corollary. We
will now provide a plot of these as functions of ¢ in two typical situations. Of course, the best lower
and upper bounds for dimp Fo are really the supremum and infimum of L(¢) and U (t) respectively. In
both cases we let X = [0,1]°. For the plot on the left, we let dimpC = 1, s = 1.5 and dimpC = 4.5.
For the plot on the right, we let dimyC' = s =1 and dimpC = 2. In the first case, the trivial bounds
from Corollary 4.6 have been improved from [1.5,4.5] to [1.756, 2.2] and, in the second case, the trivial
bounds have been improved from [1, 2] to [1.375, 1.8].

39 3

Figure 15: Two graphs showing the upper and lower bounds on the lower box dimension of F¢.
U(t) and L(t) are plotted as solid lines, and the trivial bounds from Corollary 4.6 are plotted as
dashed lines. We can clearly see a significant improvement on the trivial bounds, and in both cases
dimp Fe > max{dimg Fp, dimzC'}.

We will present one final corollary which summarises the ‘bad behaviour’ of the lower box dimension
of inhomogeneous self-similar sets.

Corollary 4.14. Regardless of separation conditions, the lower box dimension of Fe is not in general
given by a function of the numbers:

dimpC, dimgC, dimyg C, dimp C, dimp Fy and s.

This is in stark contrast to the situation for the countably stable dimensions and the upper box dimen-
siom.

Proof. This follows from the results in this section. O
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4.3 Proofs
4.3.1 Preliminary results and notation

Fix an IFST = {S,...,Sn} where each S; is a similarity and fix a compact condensation set, C C X.
Write Z = {1,..., N}, Lyin = min;ez Lip(S;) and Lyax = max;ez Lip(S;). For ¢ € (0,1], define a
d-stopping, Zs, by

Zs = {i € T* : Lip(S;) < 6 < Lip(S5)},

where we assume for convenience that Lip(S,,) = 1, where w is the empty word.

Lemma 4.15. For all § € (0,1], we have

57 < |Ts] < L5 6%.

Proof. Repeated application of the Hutchinson-Moran formula (1.1) gives
> Lip(S:)° =1
1€Ls

from which we deduce

1= Lip(8i)* = Y (6 Lunin)* = Zs] (8 Linin)” (4.2)

i€Ts =
and
1= Lip(S:)° < Y 6° =|Ts| 5" (4.3)
1€ls 1€ZLs
The desired upper and lower bounds now follow from (4.2) and (4.3) respectively. O

Lemma 4.16. For allt > s we have

> Lip(Sy)' = b < o0

ieT*
for some constant by depending only on t.

Proof. This is a standard fact but we include the simple proof for completeness and to define the
constant b;. Since t > s we have ), _; Lip(S;)" < 1. It follows that

00 00 k
> Lip(Si) =) > Lip(Si) =) (ZLip(Sm) < oo,

i€L* k=14eTk k=1 \ i€l

k
which proves the Lemma, setting by = > oo, (Ziel’ Lip(Si)t) : O
Lemma 4.17. For all 6 € (0,1), we have

log &
log Lmax

—S8

HieZ":§ <Lip(S)} <

Proof. Let ¢ € (0,1) and suppose @ € Z* is such that § < Lip(S;). It follows that § < Lﬁlax and hence

log &

| < ———.
|Z| = longax

(4.4)

Repeatedly applying the Hutchison-Moran formula (1.1) gives

log § .
Ty el D DR R > > Lip(si)®
lEN: lEN: 1eT!

log & log &
lg log Lmax lg log Lmax
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> > Y Lip(s)
LEN: ieT!:
IS il O<Lin(Si)
> > X’
leN: ieT!:
IS togFonae OSLiR(S:)
= [{ieT": 0 <Lip(Si)}6°
by (4.4), which proves the result. -

4.3.2 Proof of Lemma 4.7

Proof of (1): This follows immediately from the definition of p; 5(C) and the fact that the set
{p€0,1]: Nox(C) = 677}

is never empty as it always contains the point 0.

Proof of (2): Tt is clear that p;(C) is decreasing in ¢. If ¢ < dimpC, then there exists g € (0, 1] such
that for all § < dg we have
Ns(C) = 6t

which implies that if § < do, then p;s(C) = 1, which completes the proof. The proof that if
t > dimpC, then p;(C) = 0 is similar and omitted.

Proof of (3): Let t > 0 and § € (0,1] and without loss of generality assume that p;s(C) > 0.
Assume that the required supremum is not obtained and thus, by the definition of p; s(C), we may
choose arbitrarily small € € (07 pt’(;(C’)), such that

N

§Pt,5(C)—e (C) = 5—(pt,5(C)—e)t. (45)

It follows from this that

Ny, 50 (C) = N,

s (C) > §—@e,6(C)=e)t — 5—pi,5(O)E gt

and letting ¢ — 0 through values satisfying (4.5) proves the result by contradiction.

Proof of (4): Let t > dimgC and ¢ € (0,t — dimgC). By the definition of lower box dimen-
sion, there exists arbitrarily small § > 0 such that

Ns(C) < §—(dimpC+e)
Fix such a § € (0,1) and since Ns(C) increases as ¢ decreases,

5Pt (C)t <N

so0.50) (C) < Nj(C) < 6~ (AmaCe),

Taking logs and dividing by —tlogd yields

dim,C
pes(C) < ﬂ%ﬂ

and since we can find arbitrarily small ¢ satisfying the above inequality, the desired upper bound
follows.
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Proof of (5): Let dimpC < s < t < dimpC. It follows from Lemma 4.7 (4) above that p,(C) < 1
and so we may choose ¢ € (0,1 — p,(C)]. It follows that there exists § € (0,¢) such that p, s(C) <
ps(C) 4+ € < 1. This implies that

Nspooy1<(C) < 5= (0s(C)+e)s
Using this, Lemma 4.7 (3), and the fact that N;(C) increases as § decreases, we have

5P (C)t <N

57£,5(0) (C) < Nspe(oyte (C) < 6 (P=(O)te)s

Taking logs and dividing by —tlogd yields

pe,s(C) < —(ps(C) +¢)

~+ | ®»

and since we can find arbitrarily small § satisfying the above inequality, the desired upper bound
follows.

Proof of (6): Let t € (dimgC, dimgC) and € € (0,t — dimpC). Following the argument used
in the proof of Lemma 4.7 (4), we can find arbitrarily small § € (0,1) such that

diimBCﬁ’é‘

Ns(C) < 67 1meCFe) and  p;4(C) < ;

<1 (4.6)

Fix such a §. By the definition of Assouad dimension, it follows that there exists constants K > 1
and p € (0, 1] such that any ball of radius é < p can be covered by fewer than

J \ dima X
K (67)) (4.7)
balls of radius dp < d < p. Let
log K dimp X — dimpC — ¢
= 1 . 4.8
" maX{ * (dima X — t)logd dima X — ¢ } (48)

Let §' = 6% € (6™, 9) for some g € (1,m). A simple calculation combining (4.6, 4.7, 4.8) yields that

(;iq)dimAXNé(C) < K(%)dimAX

Note that if m = 1, then this is vacuously true, but indeed m > 1 for sufficiently small € and §. It
follows that

Ny (C) = Nsi(C) < K( §-impCte) o g-at — (5)~,

Ne:(C) < (0")7"
for all &' € (6™,8) U [§,6715(C)) = (6™, §P+-5(C)). This, combined with the fact that

N smyprs@/m(C) = Ny pier(C) 2 6P = (57) 7 @ra(©@)/mt

by the definition of p; s(C), yields that p; sm (C) = py.s5(C)/m. Hence

pr,5(C) dimpC + ¢ ( log K dima X — dimpC — ¢ -t
(

n(C) = <
peom (C) m t dimp X —¢)logd dimpy X — ¢
by (4.6, 4.8). Letting 6 — 0 through values satisfying (4.6) yields

©) < dimpC +¢ dimay X — ¢
b = t dima X — dimgC — ¢

and finally letting ¢ — 0 we have

dimpC dimay X — ¢

<
P(C) S T T X —dmyC

as required. O
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4.3.3 Proof of Theorem 4.1
By monotonicity of upper box dimension, we have max{dimgFy, dimgC} < dimpFc. We will now
prove the other inequality. Since upper box dimension is finitely stable, it suffices to show that

dimpO < max{s, dimgC}.

Let t > max{s, dimpC}. It follows from the definition of upper box dimension that there exists a
constant ¢; > 0 such that
Ns(C) < ¢ 57 (4.9)

for all § € (0,1]. Also note that since X is compact, the number of balls of radius 1 required to cover
X is a finite constant Nq(X). Let § € (0,1]. We have

N (c u Y s,(c))

i€L*

Ns(0)

< DY Ns(Si(0) + Na( U Si(0)> + N5(C)

i€L™: €™
< Lip(Si) §>Lip(S;)
< > Newipes)(©) + N5< U Si(X)> + N5(0)
€™ 1€ZLs
6<Lip(S:)
<> @ (0/Lip(S)) T+ Y. Nojmipsy(X) + 6" by (4.9)
€™ 1€ZLs
6<Lip(S;)
< ad ™t > Lip(S)' + Ni(X)|Zs| + ot
€™
6<Lip(S;)
< edt ZLip(Si)t + Ni(X)L 5 67% + ¢ 67" by Lemma 4.15
1€L*

< (Ct bt + Nl(X) L_S + Ct) 57t

min

by Lemma 4.16, from which it follows that dimg F = dimpO < t and since t can be chosen arbitrarily
close to max{s, dimpC'}, we have proved the theorem. O

4.3.4 Proof of Theorem 4.9

Suppose (X, d) is Ahlfors regular and that I, together with C, satisfies the COSC. We begin with two
simple technical lemmas.

Lemma 4.18. Let a,b > 0, let {U;} be a collection of disjoint open subsets of X and suppose that
each U; contains a ball of radius ar and is contained in a ball of radius br. Then any ball of radius r
intersects no more than .
9 (]_ +2b)d1mHX
A2 (=2
a
of the closures {U,}.

This is a trivial modification of a standard result in Euclidean space, see [F8, Lemma 9.2], but for
completeness we include the simple proof.
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Proof. For each i let B; denote the ball of radius ar contained in U; and note that these balls are
pairwise disjoint. Fix z € X and suppose B(z,r) N U; 7&79) for some i. It follows that U, C
B(ac, (1+ 2b)r). Suppose the number of ¢ such that B(z,r) NU; # 0 is equal to N. Then

N% (ar)dimH X < Z o dimn X (Bi) < Hdima X (B(x, 1+ 2b)r)) < A ((1 + 2b)7‘)dimH X
i:B(x,r)NU ; #0

and solving for IV proves the lemma. O

Lemma 4.19. Let § € (0,1] and i,j € Is with © # j. Writing U for the open set used in the COSC,
we have

S;(U)n S;(U) = 0.

Proof. This is a simple consequence of the COSC (in fact the OSC is enough) and the fact that neither
% nor j is a subword of the other. O

We now turn to the proof of Theorem 4.9.

Proof. If 0 < t < max{s,dimgC}, then the result is clearly true (and not an improvement on
Corollary 4.6) so assume that ¢ > max{s,dimgC} and let ¢ € (0,1]. Choose §y € (0, 1] such that
for all 6 € (0, o] we have p, 5(C) > p(C) —e. Fix 6 € (0,d0] and finally, to simplify notation, write
pr.s = pi,s(C) and p; = p,(C). We will now consider two cases.

Case 1: Assume that §17Pus L;iln <1

Let U be the open set used for the COSC and choose a,b > 0 such that U contains a ball of
radius @ and is contained in a ball of radius b. It follows that for each i € Z(§'~P+s Ll ) the image
S;(U) is an open set which contains a ball of radius a 617Pts and is contained in a ball of radius
bL ! §'~P+s. Furthermore, it follows from Lemma 4.19 that the sets

min

{8i(U) i e Z(6" 7 L)}

are pairwise disjoint. Since, for each i € Z('7P+s L 1), we have S;(C) C S;(U), it follows from
Lemma 4.18 that any ball of radius 6'~P+¢, and hence any set of diameter §, can intersect no more
than 1
K=\ <41 + QbLmin)dlmH X
a
of the sets

{S:(C) 15 e T(5 P L))

Hence

N5(0)2N5<Cu U S,(C)) > k! > Ns(Si(C))

iel* ieZ(s' Pt L]

min)

= w! > Ns/vip(s:) (C)

i€Z(8 TPt Lt

min)

> &' Y News(0)

S ACR Tl |
> kLoTPee (P Lo )| by Lemma 4.7 (3)
> gTLETIPe (P L1y by Lemma 4.15

I'i_l 5. &~ (Pt,5t+(1—1)t,6)s)
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> s g (Geara--es)

from which it follows that dimgFo = dimgO > (pr — &)t + (1 — (pr — €))s.
Case 2: Assume that §'—Pt.s L;liln > 1.

Note that our assumption implies that 1 > §—(1=Pe.s)s s It follows that

Ns(O) = Ngois(C) > 6 Prot > §5—(1=pe,5)s L3, 6Pt > LS. §” ((pt—a)t+(1—(pt—8))8)
from which it follows that dimpO > (pr — )t + (1 — (pr — €))s.

Combining Cases 1-2 and letting ¢ tend to zero proves the theorem. O

4.3.5 Proof of Theorem 4.10
We begin with a simple technical Lemma.

Lemma 4.20. Let t > 0. If p,(C) < 1, then for alle € (0,1—p,(C)), there exists § € (0,¢) such that
pi(C) —e <prs(C) <p(C)+e

and, for all 5y € [6,67(F)], we have
N5, (C) < 657"

Proof. Since py(C) < 1, it follows that for all € € (0,1 — p;(C)), there exists § € (0,¢) such that
p(C) —e < prs(C) < p(C) + e < 1. By the definition of p; s(C) this implies that for all §y €
[6, 67 (€)+¢] we have

N5, (C) < 65

which completes the proof. O
We will now turn to the proof of Theorem 4.10.

Proof. Let t > max{s, dimpC}. By Lemma 4.7 (4), we have p;(C) < dimzC/t < 1 and so by Lemma
4.20, for all € € (0,1 — p(C)), there exists 6 € (0,) such that

pi(C) —e <pes(C) < p(C) + ¢ (4.10)

and for all 4y € [4, 07(?)] we have

N5, (C) < 657" (4.11)
Fix e € (0,1—p.(C)) and choose 6 € (0,¢) satisfying (4.10, 4.11). Write p; s = pt,5(C) and p, = p(C).
We have

N5(0) = N(;(CU U Si(C))
ieT*
< Z N(;(Sl(C)) + Z N&(SZ(C))
i€T*: i€L™:
§1TPLsTE L Lip(S;) < 1 8 <Lip(S;) < ' Pt.6—¢
+ N; ( U Si(0)> + N;5(C)
i€T™:
Lip(Si)<5
< Z Ns /Lip(si) (C) + Z NsLip(si) (C)
i€T*: i€T*:
81 TPE6 7 L Lip(S;) <1 8 < Lip(S;) <8 Pt~ ¢
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+ Ns ( U Si(X)> + N;(C)

1€Ls
< > (6/Lip(5:)) ™" + 3 Npes+e(C)
€™ i€L*:
81 TPL,8 T L Lip(S;) < 1 5 < Lip(8;) < o' 7P ¢
+ D Nyjuipesy (X) + 67 by (4.10, 4.11)
1€l
< 0 > Lip(S)" + > 5ot 1 Ny (X) |Zs|
i€L*: i€T*:
§1TPE6 T L Lip(S;) < 1 5 < Lip(S;) < 81 Pt.67¢
+67" by (4.10, 4.11)
< 0P Lip(Si)' + [{i €76 < Lip(S)}| 6~ Prote)
ieT*
+ Ny(X)6 % + 67F by Lemma 4.15
—t 10g6 —s s—( +e)t
< (be+Ni(X)+1)07" + o8 Lo 575§ (Peo by Lemmas 4.16 and 4.17

log §
< (b 4+N(X)+1)678 4 —2—— g+t
( ! M 1( ) * ) N lOg Lmax

from which it follows that dimp Fo = dimgO < max{t, s+ (p;+2¢)t} and letting ¢ tend to zero yields
the desired upper bound. Note that we do not obtain an upper bound for the upper box dimension
here as we only find a sequence of s tending to zero for which the above estimate holds. O

4.3.6 Proof of Proposition 4.12

Let X = [0,1]? for some d € N and let 0 < b < B < d. We will first describe a general way of con-
structing sets C' C [0, 1]¢ which gives us the required control over the oscillations of the function Ns(C').

For k € N, let Qi be the set of closed 27% x --. x 27% cubes formed by imposing a 27% grid
on [0, 1]¢ orientated at the origin. For each k select a subset of these cubes and call their union Qy.
We assume that [0, 1]d D R1 2 Q2 D ... and that if a cube is chosen at the kth step, then at least
one sub-cube is chosen at the (k + 1)th stage. Finally, we set C' = NgenQp. Let My (C) denote the
number of cubes in Qf which intersect C'. We will only choose cubes at the kth level in two different
ways:
Method 1: at the (k 4 1)th stage we choose precisely one cube from each kth level cube;
and
Method 2: at the (k + 1)th stage we choose all sub-cubes from within each kth level cube.
For 6 € (0,1), let k(6) =max {k € NUO: 6 < 27*}. It is easy to see that

34 M-k (C) < Ns(C) € My—x(or414+a) (C).
Also, for all kK € N,

MQ—k(O) < MQ—(k+1) (C) S 2d M2—k (C)
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and these bounds are tight as if at the (k + 1)th stage we use Method 1, then we attain the left hand
bound, and if at the (k + 1)th stage we use Method 2, then we attain the right hand bound.

Figure 16: The first four steps in the construction of a compact set C' C [0, 1]? using Methods 2, 1, 2,
1 respectively.

Proof of (1): The key to constructing a compact set C' C X with p,(C) = 0 for all ¢ > b is to force
Ns(C) to be strictly smaller than §~° for increasingly long periods of time as § — 0. Let N(2,k)
denote the number of times we use Method 2 in the first & steps in the construction of C and let

— N2,k

N(2) = limsup 2.5)

k—o0

and %
N(2) = liminf 2, k).

7 k—o0

Observe that
M1 (C) = 20N (2HK)

and hence o o
dimpC = dN(2) and  dimpC = dN(2). (4.12)

Also observe that if 6 > 0 is such that N (2, k(6) +d + 1) < bk(d)/d, then
N5(C) € My sy s140 (C) = 2NV 2FE)+d+1) - 9bk(3) < 5=b, (4.13)

It is clear that we may alternate between Methods 1 and 2 when constructing C' in such a way as to
ensure that

N@) =B/d, N2 =b/d
and for infinitely many ko € N, we have, for all k = kq, ..., k3, that
N2, k+d+1) < bk/d.

It follows from (4.12) and (4.13) that such a compact set C' has the desired properties. To show that
pe(C) = 0 for all t > b it suffices to prove that p,(C) = 0 since p¢(C) is decreasing in ¢ (Lemma 4.7
(2)). To see that p,(C) = 0 observe that if § > 0 is such that k(J) = k3 for such a ko described above,
then

N5/ (C) < (8')7°

for all & € [§,27%0] by (4.13). Hence,
(2_1‘33)171;.6(0) > §Pv.5(C) > 9—ko

which yields py5(C) < 1/ko and letting ko tend to infinity (and thus ¢ tend to zero) proves that
pb(C) =0. O
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Proof of (2): The key to constructing a compact set C' C X with

b d—t
pe(C) = t d—b
for all t € (b, B) is to force N5(C) to oscillate as fast as possible as § — 0. We alternate between
choosing cubes according to Method 1 and 2 as fast as we can making sure that the lower box dimension
is b and the upper box dimension is B. Unfortunately, there is a bound on how quickly we can do
this (seen in Lemma 4.7 (6)). We construct C' in the following way. Use Method 1 from step 1 until
k1 where k1 € N is the first time that
My-x, (C) < kb

then change to Method 2 from step k1 + 1 until ko > k1 where ky € N is the next occasion where
My-k, (C) > 3428 ok2B

then change back to Method 1. Repeat this process as k — co to obtain an infinite increasing sequence
{kn}nen where

M.

—tan_1 (C) < 2k2n—1? (4.14)

and

My-ky, (C) > 342k B (4.15)

for each n € N. Furthermore, it is clear that
2702k < M, (C) < 34242k

for all k € N and it follows from this and (4.14, 4.15) that b = dimgC < dimpC = B. Let t € (b, B)
and observe that d_t

b
<2 =

by Lemma 4.7 (6). We will now show the opposite inequality. For each ks, above, let kz, be the
biggest integer less than or equal to Bt~ 'k,,, and let k2, be the smallest integer greater than or equal
to (d — B)(d — t)~tkg,. It follows that for each n € N we have

N, 5-(C) 2 37 My 5-(C) = 379 My 1,, (C) > 37939 2k2nB  ghant — (9=Fan) ™"

2—kan
and

N,

y-tn (C) = 374 My, (C) > 374 2lkza—han)d o () > 374 9lkza—hen)d3d ghanB 5 (9=kan) ™",

Clearly for ¢ € (Q*E, 27k2n) we have N5(C) > §~t. This implies that, asymptotically, p; s(C) cannot
be smaller than the case where § = 2 *20+1) and, writing p = P, yFatmin) @),

—ko(ny1)P _ o—kan
2 ZntDP = 927 Fen

ie. if p= E/kz(n+1). This yields

Fan Fan (B/t—1/k2n)
pe(C) = liminf > liminf
n—00 ka(ny1) n—=00 ka(ny1) ((d— B)/(d—t) + 1/k2(n+1))
> Bzt lim inf Fan (4.16)
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Fix n € N and observe that
9(k2(nt1) —kant1)d gkany1b—b < 9(k2(nt1) —kant1)d M27k2n+1 (C) < M27k2<n+1> (C) < 34 9d 9ka(nt1)B
< 23d+k2(n+1)3

from which it follows that

(k2(nt1) — kont1)d + kang1b —b < 3d + ky(ny1) B

and hence L B b+ 34
ol oy 22 + . (4.17)
Ea(n+1) d—b  kymin(d—0)
Also, we have
270 ohen =0 MLy 1) (C) = M1y, (C) < 3727 2kn B 93 Fkan B
from which it follows that
(kopy1 —1)b—b < 3d+ konB
and hence & b ohaad
oy 0 _BEsd (4.18)
k2n+1 B k2n+1B
It follows from (4.16, 4.17, 4.18) that
B d—t kon B d-t b d—B bd—t
C) > — —— liminf >- -2 -~ 22 2 _C
p(C) = g e 2 T d-BB d-b  td=b
which is the desired lower bound and completes the proof. O
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5 Inhomogeneous self-affine carpets

5.1 Introduction

In this chapter we continue to investigate inhomogeneous attractors, focusing on verifying or
disproving the relationship (1.6) for dimensions which are not countably stable. In particular, we
analyse inhomogeneous self-affine carpets of the Baranski and Lalley-Gatzouras class and consider
the box dimensions.

We find that the relationship (1.6) does not hold in general (even though the IFSs involved
satisfy the OSC) and give some specific conditions for (1.6) to hold, or not hold, depending on
the dimensions of the projections of the condensation set C. Thus the self-affine case displays new
phenomena not observed in the self-similar setting.

5.2 Results

In this section we will state our results. Let I = {S;};cz be an IFS in the Barariski or Lalley-Gatzouras
class and fix a compact condensation set C' C [0,1]2. We adopt the terminology used in Chapter 3 to
split up such self-affine carpets into horizontal, vertical or mixed classes and assume that at least one
of the mappings S; is not a similarity. If all the maps are similarities, then we are in the setting of
inhomogeneous self-similar sets, which was dealt with in the previous chapter. Also, as in Chapter 3,
we write ¢; and d; to denote the horizontal and vertical contractions of the map S;. Let Fj denote
the homogeneous attractor of I and Fo denote the inhomogeneous attractor of I together with C. We
will say that F is in the horizontal /vertical /mixed class if Fj is in the horizontal /vertical /mixed class.

As in the dimension theory of homogeneous self-affine carpets, the dimensions of orthogonal
projections play an important role. Let 7, 7o denote the orthogonal projections from the plane onto
the first and second coordinates respectively. Write

s1(Fp) = dimp 71 (Fp),
s2(Fp) = dimp m2(Fp),
$1(C) = dimpm (C),
51(0) 111]371'1(6’)7

55(C) = dimpm, (C)

and o
52(C) = dimpm2(C).
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Note that s1(Fp) and sa(Fp) exist and can be easily computed because they are the box dimensions of
self-similar sets satisfying the OSC, whereas the equalities s, (C) = 51(C) and s,(C) = 52(C) may not
hold, even if the box dimension of C' exists. Finally, let s4, Sa, s and Sp, be the unique solutions of

)

Z C;naX{Sl(Fm),él(c)}de—maX{ﬁ(Fw),él(C)} -1
i€l

ZC;nax{a(Fm)7§1(0)}d§A—max{81(Fm),gl(C)} -1

€T
Zd;nax{w(Fw)éz(C)}Cfs*max{82(Fw)7§2(C)} -1
€L

and B B B
Zd;‘[laX{SQ(FV))7S2(C)}CfB_maX{SQ(F®)7s2(C)} -1

ieT
respectively. If s, = 54 or sp = 5p, then write s4 and sp respectively for the common values.
Unfortunately, we need to make the following assumption to obtain a sharp formula for the upper
box dimension of Fe.

Assumption (A): dimy m;(C) < max{3;(C),s;(Fp)}, for i =1,2.

We can now state our results.

Theorem 5.1. Assume (A). If Fo is in the horizontal class, then
max{s 4,dimpC} < dimgFe < dimpFz = max{54,dimgC}.
If Fc is in the vertical class, then
max{sg,dimpC} < dimpFe < dimpFe = max{3sp,dimpC}.
If F¢ is in the mized class, then
max{s 4, sz, dimpC} < dimgFc < dimpFc = max{54,5p,dimpC}.

Furthermore, if we do not assume (A), then the same results are true but with the final equalities
replaced by greater than or equal to.

We will prove Theorem 5.1 in Section 5.4. It is regrettable that we need to assume (A) and we
certainly conjecture that it is not required. In a certain sense it is not important that we need this
assumption, because the main purpose of this chapter is to show that the expected relationship (1.6)
can fail for inhomogeneous carpets and, since we only need assumption (A) for the upper bound, this
does not change the situations where we can demonstrate this failure. Also, we note that without
assumption (A) our methods would yield an upper bound for dimgFz where we use the Assouad
dimensions of projects instead of upper box dimensions in the definition of sS4 and Sg, but we omit
further discussion of this.

Notice that we obtain a precise formula for the upper box dimension, but only estimates for
the lower box dimension. We saw in Chapter 4 that calculating the lower box dimension of
inhomogeneous attractors is a subtle and difficult problem, even in the simpler setting of self-similar
sets. To obtain better estimates here, one could analyse the behaviour of the oscillations of the
function § — Ns(C) using CREs, for example, but we do not pursue this and instead focus more
on the upper box dimension and, in particular, the fact that the relationship (1.6) can fail. The
following corollaries are immediate and include some simple sufficient conditions for the relationship
(1.6) to hold, or not hold.

75



Corollary 5.2. Suppose the box dimensions of C' and the orthogonal projections of C' exist and assume
(A). If F is in the horizontal class, then

dimp Fe = max{sa,dimg C}.
If Fc is in the vertical class, then

dimp Fe = max{sp,dimp C}.
If F¢c is in the mized class, then

dimp Fe = max{sa, sp,dimp C}.

Corollary 5.3. Assuming (A), the relationship (1.6) holds for upper box dimension, i.e.
dimpFe = max{dimpFy,dimgC'},
in each of the following cases:
(1) If Fe is in the horizontal class and 31 (C) < s1(Fp)
(2) If Fc is in the vertical class and 52(C) < s2(Fp)
(8) If Fo is in the mized class, 31(C) < s1(Fy) and 52(C) < s2(Fp)

Corollary 5.4. The relationship (1.6) fails for lower box dimension, i.e.
dimgFo > max{dimpFy, dimpC},
in each of the following cases:
(1) If F¢ is in the horizontal class, s, > dimgC and s,(C) > s1(Fy)
(2) If Fc is in the vertical class, sp = dimpC and s5(C) > s2(Fy)
(3) If Fe is in the mized class, max{s,, s} = dimpC, s,(C) > s1(Fp) and s5,(C) > s2(Fp).
Similarly, the relationship (1.6) fails for upper box dimension, i.e.
dimpFe > max{dimpFy, dimgC'},
in each of the following cases:
(1) If F¢ is in the horizontal class, 54 > dimpC' and 51(C) > s1(Fp)
(2) If Fc is in the vertical class, 5 > dimpC and 32(C) > s2(Fp)
(3) If Fc is in the mized class, max{34,54} > dimpC, 51(C) > 51(Fp) and 52(C) > so(Fp).

In a certain sense, Corollary 5.4 is the most interesting as it gives simple, and easily constructible,
conditions for the relationship (1.6) to fail. We will construct such an example in section 5.3.1.

Although the underlying homogeneous IFSs automatically satisfy the OSC, it is worth remarking
that our results impose no further separation conditions concerning the condensation set C. In
particular, C' may have arbitrary overlaps with Fj.

It would be interesting to extend the results in this case to the more general carpets intro-
duced by Feng and Wang or, indeed, the box-like sets we introduced in Chapter 2. However, there
are some additional difficulties in these cases. Indeed, the Feng-Wang case is intimately related to
the question of whether the relationship (1.6) holds for self-similar sets not satisfying the OSC, see
Question 4.4 in Chapter 4. In particular, the sets 71 (F¢) and 7o (F¢) are inhomogeneous self-similar
sets and knowledge of their dimension is crucial in the subsequent proofs. Furthermore, in the box-like
case, one would need to extend the results on inhomogeneous self-similar sets to the graph-directed
case. There is certainly scope for future research here, and it is easily seen that our methods give
solutions to the more general problem in certain cases and can always provide non-trivial estimates;
however, we omit further discussion.
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5.3 Examples
5.3.1 Inhomogeneous fractal combs

We give a construction of an inhomogeneous Bedford-McMullen carpet, which we refer to as an
inhomogeneous fractal comb which exhibits some interesting properties. The underlying homogeneous
IFS will be a Bedford-McMullen construction where the unit square has been divided into 2 columns
of width 1/2, and n > 2 rows of height 1/n. The IFS is then made up of all the maps which correspond
to the left hand column. The condensation set for this construction is taken as C' = [0,1] x {0}, i.e.
the base of the unit square. The inhomogeneous attractor is termed the inhomogeneous fractal comb
and is denoted by F§.

It follows from Theorem 5.1 that dimg Ft = MBFg is the unique solution of
n2 tnl=% =1

which gives -
dimg FG = dimpF5 = 2—1log2/logn > 1.

However, o o
max{dimpFy, dimpC} = 1

and thus our fractal comb provides a simple example showing that the ‘expected relationship’ for
upper box dimension (1.6) can fail for self-affine sets, even if the homogeneous IFS satisfies the OSC.
This is in stark contrast to the self-similar setting, see Corollary 4.2.

This example has another interesting property: it shows that HBFQ does not just depend
on the sets Fjy and C, but also depends on the IFS itself. To see this observe that Fj and C' do not
depend on n, but dimgFZ does. In fact Fy = {0} x [0,1], i.e. the left hand side of the unit square,
for any n. Again, this behaviour is not observed in the self-similar setting.

Finally, observe that, although the inhomogeneous fractal combs are subsets of R? and the ex-
pected box dimension is 1, we can find examples where the achieved box dimension is arbitrarily close
to 2, demonstrating that, in this case, there is no limit to how ‘badly’ the relationship (1.6) can fail.

Figure 17: Two fractal combs: the inhomogeneous fractal combs Fg, with box dimension 5/3 (left);
and F2, with box dimension 3/2 (right).
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5.3.2 A more exotic example

In this section we provide an example with a slightly more exotic looking structure. Despite this,
however, it is perhaps less interesting than the previous one as the relationship (1.6) holds. The
underlying homogeneous IFS will be in the mixed class and will consist of the mappings

3 0>
Slz<10 )
U

3
o-(t §)+(4)
10 10
and
a-(F 3)+(1)
3:
0 3 0

and the condensation set will be the Sierpinski triangle.

b

Y
LLL.__ B - : iﬁh

Figure 18: The homogeneous Barariski type carpet described above (left) and the corresponding
inhomogeneous carpet with condensation set based on the Sierpiriski triangle (right).

dddd
ad

One can easily see that s4 = sp = s is the solution of

s—1 - s—1 s—1
(36) (%) +(H)H) +(HE) =1
which is s = 1.2647 ... and it follows from Theorem 5.1 that

log 3

o
= 1.5849...
log 2

dimp Fo = dimp Fr = max{s, dimg C} = max{s, log3/log2} =

5.4 Proofs

5.4.1 Preliminary results
In this section we will introduce some notation and establish some simple estimates before beginning

the main proofs.

For ¢ € 7%, let
o m ife; > d;
YT my ife; < d;

' . Sl(F@) if ¢; > d;
Sl(Fw) - { SQ(F@) if ¢; < d;
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_ . 51 (C) if ¢; > d;
si(0) = { 5(C) if o < dy

. 5 (C) if ¢; > d;
§l(c) - { §2(O) if c; < dl

The sets 71 (O) and 72(O) are inhomogeneous self-similar sets with condensation sets 71 (C') and 7o (C')
respectively. The underlying IFSs (derived in the obvious way from the original IFS) satisfy the OSC
and so it follows from Corollary 4.6 that

max{s1(Fp),5;(C)} < dimpm (0) < dimpm(0) = max{si(Fy),51(C)}
and -

max{s2(Fp),s,(C)} < dimpma(O) < dimpme(O) = max{sy(Fp),352(C)}.
It follows that, for all e € (0, 1], there exists a constant C. > 1 such that for all 4 € Z* and all
§ € (0,01 ] we have

C‘;l(s_max{§i(c)75i(}?@)}+g < Né(m(@)) < O max{5i(C)5i(Fo)}—e (5.1)

For § € (0,1] we define the §-stopping, Zs, as follows:

Is = {7, eT": Oég(i) <6< 042(2)}
Note that for 7 € Zs we have
Qmin 0 < 042(’1:) < 4. (52)
5.4.2 Proof of the lower bound for the lower box dimension in Theorem 5.1

In this section we will prove that if F' is in the mixed class, then max{s,, sp,dimpC} < dimpFe.
The proof of the analogous inequality for the horizontal and vertical classes is similar and omitted.
Since lower box dimension is monotone, it suffices to show that max{s4, sp} < dimpF¢, and we will
assume without loss of generality that max{s,,sp} =s4.

Let € € (0,54), 0 € (0,1] and U be any closed square of sidelength §. Also, let

M:min{néN:n}oﬁl +2}.

min

Since {5; ([O, 1]2) }iez, is a collection of pairwise disjoint open rectangles each with shortest side having
length at least amind, it is clear that U can intersect no more than M? of the sets {Si(0)}iez, since
S;(0) € Si([0,1]?) for all 4 € Zy. It follows that, using the d-mesh definition of N5, we have

> Ns(Si(0)) < M? N5< U &(O)) < M?N;(0).

1€Ls 1€Ls

This yields

Y,
-

Ns(O)

Z N;5(8:(0))

1€7Ls

Z Ns o (i) (mi(0)) since @z (1) < &
1€Ls

. max{s;(C),s;(Fp)}—e

1€Ls

-
|

Y,
B

= M;CE §sate Zal(i)max{éi(c),Si(Fw)}(;éA—maX{ﬁi(C%sn‘(Fw)}

1€Ls
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> 7M2105 §sate Zal(i)max{ﬁi(c)1si(F®)}a2(i)ﬁA7max{§i(c)75i(Fw)}
i€ls

by (5.2). We now claim that for all 2 € Z5 we have

al(ri)nlax{ﬁi(c)vsi(Fm)}a2(i)ﬁA_Inax{éi(C)asi(FQ)} > c;nax{él(C)751(F0)}d§14_max{§1(C)’Sl(FQ))}.

If ¢; > d;, then we trivially have equality, so assume that ¢; < d;, in which case

al(i)max{gi(C),si(F@)}az(i)gA—max{gi(C),si(F@)} _ d;nax{§2(0),32(F@)}C?A—max{§2(C),32(Fm)}

c;'nax{ﬁl(0)751(F@)}di,q7max{§1(c)»sl(F$)}

d; max{s,; (C),s1(Fp)}+max{s,(C),s2(Fp)}—s4
)

C;.nax{§1(C)vsl(Fw)}df_A7max{§1(c)w‘sl(F(ll)}

WV

since it is easily seen that s, < max{s;(C),s1(Fp)} + max{s,(C), s2(Fp)}. Combining this with the
above estimate yields

N;(0) > M’}CE §sate Z c;nax{él(C),Sl(Fw)}de*max{él(c)’ﬁl(Fw)}
1€Ls

— M21C€ 5_(§A_5)

by repeated application of the definition of s,. This proves that dimpFo = dimgO > s, — ¢ and
letting € tend to zero gives the desired lower bound. O

5.4.3 Proof of the upper bound for the upper box dimension in Theorem 5.1

In this section we will prove that if Fo is in the mixed class and satisfies assumption (A), then
dimp Fe < max{34, 5p,dimpC }. The proof of the analogous inequality for the horizontal and vertical
classes is similar and omitted. Let s = max{34,5p,dimgC} and € > 0. Since Fc = O and upper box
dimension is stable under taking closures, it suffices to estimate dimg(®. We have

Ns(0) = M(US,-(O) v s,-(c*)>

i€l 1€Z"U{w}:
()(2(1:)>5

< ZNs(Si(O)) + Z N;5(S:(C)).
1€ls 1€Z"U{w}:
az(i)>6

We will analyse these two terms separately. For the first term

Z N (SZ-(O)) = Z Ns/a, (i) (m((’))) since as (i) < &
1€ 1€Ls
. max{3;(C),si(Fy)}+e
[0 4R
< ZC< 15( )) by (5.1)
1€Ls
_ OE §—s—¢ Z al(i)maX{Ei(C),s,—(F@)}6sfmax{§i(C),si(F@)}
i€l
< C. a;i?n 5S¢ Z 041(i)max{gi(C)’Si(F‘Z’)}OzQ(i)s_max{gi(c)’si(F‘z’)} by (5_2)
1€Ls
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min

< Coa? g (Z ({1 (C). 1 (F)} Ea—max{y(C). (Fi)}
1€Ls
+ Z d?ax{sz<0>,sz<F@>}chmax{w(CLsz(F@)})

1€7Ls

< 2C.a 2 56+

min

by repeated application of the definitions of S4 and sg. The second term is awkward as we have to
estimate Ns(S;(C)) for ¢ with various different values of a(z) > 6. This is the only occasion in the
proof where we require assumption (A).

Lemma 5.5. Assume (A), let € > 0 and let § € (0,1]. There exists a constant D. > 0 such that for
all i € T* U {w} such that a(3) > §, we have

Ns(S;(0)) < D, 67 6F8) o (a)max{BiC)silFo)} oy (5)sFe/2—max{5i(C)siFy) b

Proof. First take a cover of C' by fewer than

. (azéi))m

balls of diameter 6/as(), where D; . is a universal constant depending only on e. Taking images of
these sets under S; gives a cover of S;(C) by ellipses with minor axis § and major axis daq(%)/aa(%).
Projecting each of these ellipses under m; gives an interval of length day (2)/as(%), the intersection of
which with 7; (S;(C)) may be covered by fewer than

D <6a1<z’>/a2<i)>dm’“‘C”E/’Z

Oél(i)

- 2 (39

intervals of radius §, where D, . is a universal constant depending only on e. Pulling each of these
intervals back up to S;(C) and applying assumption (A) gives a § cover of S;(C) by fewer than

OéQ(i) s+eD Oél(i) dima 7;(C)+e/2
5 22\ ao(i)

) dimp 7;(C)+e/2

Dle

)

<Di.Dy. 5= (s+e) al(i)max{gi(C),si(F@)}QZ(i)s+5/2—max{§i(C),si(Fw)}

which proves the lemma. O

We can now estimate the awkward second term. We have

Z N (51(0)) < D, 5*(s+€) Z al(i)max{gi(C),si(Fw)}QQ(,L-)ers/meax{Ei(C),si(FQ,)}
1€ U{w}: 1€ U{w}:
az(1)>6 az(i)>8

by Lemma 5.5

N

D5~ te) Z aﬁl&a/f < Z c;nax{gl(C),sl(F@)}d?7max{§1(C),sl(Fw)}
k=0 i€k

+ Z dTaX{S2(C>,sZ(F@)}chmax{w(CLsz(F@})

€Tk

i k
< 2D.5 (st Z (aE/Q ) by the definitions of 54 and 5p

)
max
k=0
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2D,

~
e/2
1 705max

57(84’6)'

Combining the two estimates given above yields

min €/2
1 — amax

N5(0) < <2c€a2 + 2D€> 5= (sFe)

which proves that dimgFe = dimgpO < s+ ¢ and letting ¢ tend to zero gives the desired upper bound.

5.4.4 Proof of the lower bound for the upper box dimension in Theorem 5.1

In this section we will prove the lower bounds for the the upper box dimension of inhomogeneous
self-affine carpets, which, combined with the upper bound in the previous section, yields a precise
formula. We will begin by proving the result in a special case.

Proposition 5.6. Let Fo be in the horizontal class and assume that ¢; = c > d = d; for all i € T.
Then o o
dimp Fe > max{s4,dimgC}.

Proof. Since upper box dimension is monotone, it suffices to show that dimpFz > 54. Since
m1(0) is an inhomogeneous self-similar set which satisfies the OSC, we know from Corollary 4.2
that dimp7 (O) = max{s,(C), s1(Fy)}. It follows that for all £ > 0 we can find infinitely many k¥ € N
such that -

Niajeyt (11(0)) > ((dfe)k) "ot tfn=e) (5.3)
Fix such a k, let € € (0,5,), and U be any closed square of sidelength d*. Since {S;([0,1]%)};czx is a
collection of pairwise disjoint open rectangles each with shortest side having length d* which is strictly
less than the longer side, it is clear that U can intersect no more than 6 of the sets {S;(O)};ez+ since
S;(0) C S;([0,1]?) for all 4 € Z*. It follows that, using the d-mesh definition of Nj, we have

ZNd’C(Sz(O)) < 6Ndk< U SAO)) < 6 N4 (0).

1€Tk

This yields

Np(0) = 2> Nu(Si(0))

i€k
- % Z Naseyr (771(0)) since a (i) = d*
i€Tk
—(max{s1(C),s1(F, —
> % Z ((d/c)k) (max{31(C),s1(Fp)}—¢) by (5.3)
1€k
k
> é (dk)—§A+£ <ZCmax{sl(C),S1(F@)}dsA—max{sl(C)751(F®)}>
€T
> b )

by the definition of 54, which proves that dimgFo > dimgO > 54 — ¢ and letting € tend to zero gives
the desired lower bound. O

We will now use Proposition 5.6 to prove the result in the general case. The key idea is to approximate
the IFS ‘from within’ by subsytems which fall into the subclass used in Proposition 5.6. This approach
is reminiscent of that used by Ferguson, Jordan and Shmerkin when studying projections of carpets
[FJS, Lemma 4.3]. There the authors prove that for all € > 0 any Lalley-Gatzouras or Barariski
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system, I, has a finite subsystem J. C I"™ (for some m € N), with the following properties: J. consists
only of maps with linear part of the form

c 0

0 d

for some constants ¢,d € (0,1) depending on &; the Hausdorff dimension of the attractor of J. is no
more than ¢ smaller than the Hausdorff dimension of the attractor of I; and J. has uniform fibres
(either vertical or horizontal, depending on the relative size of ¢ and d). It is interesting to note that
one cannot approximate the box and packing dimensions ‘from within’ in the same way. To see this
observe that in the uniform fibres case the Hausdorff, box and packing dimensions coincide. As such
if these dimensions did not coincide in the original construction, then one cannot find subsystems for
which they coincide but get arbitrarily close to the box dimension. It is natural to ask if one can do
this if the uniform fibres condition is dropped. We have been unable to show this and it seems that the
problem is somehow linked to the fact that the packing dimension does not behave well with respect
to fixing prescribed frequencies of maps in the IFS. For examples of such bad behaviour, we note
that for Bedford-McMullen carpets there does not usually exist a Bernoulli measure with full packing
dimension and the packing spectrum of Bernoulli measures supported on self-affine carpets need not
peak at the ambient packing dimension (Thomas Jordan, personal communication). In contrast to
this, there is always a Bernoulli measure with full Hausdorff dimension and the Hausdorff spectrum
always peaks at the ambient Hausdorfl dimension, [Ki, JR]. Also, see the related work of Nielsen [N]
on subsets of carpets consisting of points where the digits in the expansions occur with prescribed
frequencies. Fortunately, for the purposes of this chapter, we do not need to approximate the box
dimension from within, but rather approximate the quantities sS4 and Sp, which we can do.

Proposition 5.7. Let Fo be an inhomogeneous self-affine carpet in the horizontal or mized class and
assume that 51(C) > s1(Fy). Then for all € > 0, there exists a finite subsystem J. = {S;}icy. for
some J. € I™ and m € N, with the property that for all i € J. we have ¢; = ¢, d; = d for some
constants c¢,d € (0,1) depending on €; and the number Sa defined by J. is no more than € smaller
than the number 54 defined by I.

Proof. We will use a version of Stirling’s approximation for the logarithm of large factorials. This
states that for all n € N\ {1} we have

nlogn —n < logn! < nlogn —n + logn. (5.4)

For i € Z, let
pi = Cfl(o)de—gl(C)
and for k € N, let
m(k) =Y _|pik] €N
ieT
and note that k — |Z| < m(k) < k. Consider the m(k)th iteration of Z and let

Te={d = Groeosdm) €T"® s {n s G = i} = pik] .

It is straightforward to see that
m(k)!
(il = (5.5)
HiEI Lpsz !

¢ = ]:[ci[pikJ =:c

€L

and for each 5 € Ji, we have

and
dj = [[d"™ = d.
ieT
Indeed, these facts were observed in [FJS]. We can now use this information to estimate the number
54 corresponding to Jg, which we will denote by 54(Jx) to differentiate it from the number 54
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corresponding to Z, which we will denote by 54(Z). Since Jj is a subsystem of Z and since 31(C) >
s1(Fy), it follows by definition that

1 1
WD) 3 ) = S (1o )

by (5.5)

logm(k)! = 3,7 log|pik]! _ log ¢
3 1 _
—logd + 51(C) logd

m(k) logm(k) — m(k) = Y,z (Lpik] loglpik] — |pik] + log|pik] )

>
—logd
+ 51(0) (1 - logc) by Stirling’s approximation (5.4)
logd
k)1 k) — k| 1 ik
— m( ) Ogm( ) ZzEIL J Ogl_ J + §1(C) 1— logc
—logd logd
I ZieI IOgl_ zkj
logd
S m(k)logm(k) — ;7 |pik] log k! C)dsA(I 50 + 501 loge
- —logd o1 logd
Ziez log|pik|
log d
> — Dicz|pik] IOgCSI C)dSA(I - + 5(0)(1- loge
- —logd o1 logd
L Zicrloglpik] — m(k) log(m(k)/F)
logd
o = icz|pik] loge; _ _ = icz|pik]logd;
= 50 —logd + (SA(I)_SI(C)> —logd
| ik| —m(k)l k)/k
s sy(ef1- 1EEY . Ticrloglpik] — m(k) log(m(k)/k)
logd logd
o logc _ _ _ _ loge
= S(O)eq * (540 - 51(0)) + 81(0)<1 e d)
L Lierloglpik] — m(k) log(m(k)/k)
logd
-1 ik k)l k
_ @+ ez log|pik] — m(k)log(m(k)/k)
log d
— §A(I)

as k — oo. It follows that for any € > 0, we can choose k large enough to ensure that the IFS
Jr = {S;}icg, satisfies the properties required by J., which completes the proof. O

We can now complete the proof of the lower bound for the upper box dimension in Theorem 5.1. We
will prove this in the case when F¢ is an inhomogeneous self-affine carpet in the horizontal class or
in the mixed class with 54 > Sp. The other cases can clearly be shown by a symmetric argument.

Proof. We wish to show that dimpFo > max{54,dimpC}. If 51(C) < s1(Fp), then the result follows
by the monotonicity of upper box dimension since in this case 54 < dimpF. If 51(C) > s1(Fp), then
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we may apply Propositions 5.6-5.7 in the following way. Let € > 0. Then by Proposition 5.7 there
exists a subsystem J. of the type considered in Proposition 5.6 for which the number 54 = 54(7;)
defined by the system 7. is no more than ¢ smaller than the number 54 = 54(Z) defined for the
original system Z. Writing F(J.) for the attractor of the IFS corresponding to 7z, it follows from
Proposition 5.6 that

dimpFe > dimpFo(J:) = 54(J:) = 54(Z) —¢

and letting € tend to zero completes the proof. O
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6 Dimension and measure for typical ran-
dom fractals

6.1 Introduction

In this chapter we consider the dimension and measure of typical attractors of very general random
iterated function systems (RIFSs). Much work has been done on computing the ‘almost sure’
dimensions of these random attractors, where ‘almost sure’ refers to a probability measure on
the sample space 2 induced from a probability vector associated with the finite list of IFSs, see
Section 1.3.5. Omne expects the dimension to be ‘some sort of weighted average’ of the dimensions
corresponding to the attractors of the deterministic IFSs. Here we consider a topological approach,
based on Baire category, to computing the generic dimensions and obtain results in stark contrast
to those obtained using the probabilistic approach. We are able to obtain very general results, only
requiring that our maps are bi-Lipschitz and assuming no separation conditions. We compute the
typical Hausdorff, packing and box dimensions of the random attractors (in the sense of Baire) and
also study the typical Hausdorff and packing measures with respect to different gauge functions.
Finally, we give a number of illustrative examples based on self-affine carpets.

We find that the dimensions of typical attractors behave rather well. In particular, the typi-
cal Hausdorff and lower box dimension are always as small as possible and the typical packing and
upper box dimensions are always as large as possible. In comparison, the typical Hausdorff and
packing measures behave rather badly. We provide examples where the typical Hausdorff measure in
the critical dimension is as small as possible and examples where it is as large as possible (with similar
examples concerning packing measure). We find that in the simpler setting of random self-similar
sets, the behaviour of the typical Hausdorff and packing measures is more predictable.

6.1.1 The topological approach to randomness

In this chapter we will investigate the generic dimension and measure of F,, from a topological point
of view using Baire category. In this section we will recall the basic definitions and theorems.

Let (X,d) be a complete metric space. A set N C X is nowhere dense if for all z € N and
for all 7 > 0 there exists a point y € X \ N and ¢ > 0 such that

B(y,t) € B(z,r)\ N.

A set M is said to be of the first category, or, meagre, if it can be written as a countable union of
nowhere dense sets. We think of a meagre set as being small and the complement of a meagre set as
being big. A set T C X is residual or co-meagre, if X \ T is meagre. A property is called typical if
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the set of points which have the property is residual. In Section 6.3 we will use the following theorem
to test for typicality without mentioning it explicitly.

Theorem 6.1. In a complete metric space, a set T is residual if and only if T contains a countable
intersection of open dense sets or, equivalently, T contains a dense Gy subset of X.

Proof. See [0x]. O

In order to consider typical properties of members of 2, we need to topologize 2 in a suitable way.
We do this by equipping it with the metric dg where, for u = (uy,us,...) # v = (v1,v9,...) € Q,

do(u,v) =27F

where k = min{n € N : u,, # v,}. The space (,dq) is complete. For a more detailed account of
Baire category the reader is referred to [Ox].

It is worth noting that one could also formulate the topological approach using the set {F,, : w € Q},
equipped with the Hausdorff metric, instead of 2. In fact, this leads to an equivalent analysis but,
since we do not use this approach directly, we defer discussion of it until Section 6.6 (9).

6.2 Results

In this section we state our results. In Section 6.2.1 we state results which apply in very general
circumstances, namely, the random iterated function systems introduced in Section 1.1. Theorem 6.2
is the main result of the chapter and gives the typical Hausdorff, packing and upper and lower box
dimensions of F,, and, furthermore, gives sufficient conditions for the typical Hausdorff and packing
measures with respect to any (doubling) gauge function to be zero or infinite. In Section 6.2.2 we
specialise to the self-similar setting.

6.2.1 Results in the general setting

Let I = {I4,...,In} be a RIFS where all the maps involved are bi-Lipschitz. This is a very general
setting and includes all random self-similar sets and random self-affine sets as well as many other
nonlinear examples. Our main result is the following.

Theorem 6.2. Let G : (0,00) — (0,00) be a gauge function.
(1) If infueq HE(F,) =0, then for a typical w € Q, we have HE(F,,) = 0;
(2) If G is doubling and sup,.q P (F,) = oo, then for a typical w € 2, we have PE(F,) = oo;
(8) The typical Hausdorff dimension is infimal, i.e., for a typical w € ), we have

dimyg F,, = inf dimgyg F;
ue]

(4) The packing dimension and upper box dimension are supremal and, in fact, for a typical w € €,
we have
dimpF,, = dimp F,, = sup dimgF,, = sup dimp Fy;
ueR u€e

(5) The lower box dimension is infimal, i.e, for a typical w € ), we have
QHQBPL :1Eg;QHQBFL~
We will prove Theorem 6.2 part (1) in Section 6.3.2; part (2) in Section 6.3.3; and part (5) in Section
6.3.4. Choosing G such that G(t) = t°, part (3) follows from part (1) and part (4) follows from part

(2) combined with the observation that the packing and upper box dimension coincide for all random
attractors, see Lemma 6.10.
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At first sight, it is slightly unsatisfactory that in Theorem 6.2 part (1) we do not get a pre-
cise value for the typical Hausdorff measure if the infimal Hausdorff measure is positive and finite;
and similarly, in part (2) we do not get a precise value for the typical packing measure if the supremal
packing measure is positive and finite. In keeping with the rest of the results and what is ‘usually’
expected when dealing with Baire category, one might expect that either: the typical Hausdorff
measure will be the infimal value and the typical packing measure will be the supremal value; or,
even though F,, will typically be ‘small’ in terms of Hausdorff dimension and ‘large’ in terms of
packing dimension, due to the influence of deterministic IFSs with non-extremal attractors, they will
be ‘large’ in terms of Hausdorff measure and ‘small’ in terms of packing measure. Surprisingly, both
of these phenomena are possible. In the following two theorems we identify a large class of RIFS
where the second type of behaviour occurs. Theorem 6.4 refers to Hausdorff measure and Theorem
6.5 refers to packing measure. Before stating the result, we need to introduce a separation condition.

Definition 6.3. Let u be a Borel measure supported on X. We say that 1 satisfies the p-measure
separated condition (u-MSC), if, for allw € Q, 1 € D and i,j € I; with i # j, we have

M(SH(FUJ) N SlJ (Fw)) =0.

The p-MSC means that p will be additive on the subsets of F,, corresponding to images of finite
(distinct) sequences of maps, S, - Suwpin- We will use the p-MSC with p equal to either the
Hausdorff or packing measure.

Theorem 6.4. Write h = inf,cq dimy F,, and assume that 1 satisfies the H"-MSC and that there
exists v = (v1,vg,...) € Q such that

lim > Lip ™ (Sy, 4, 0+ 0 Sy, j)" = 0. (6.1)

l—oo . .
J1€L0y 551 €Ly,

1,819

Then,

(1) If infueq H"(F,) = 0, then for a typical w € Q, we have H"(F,)) = 0;

(2) If inf,eq H"(F,) > 0, then for a typical w € Q, we have H"(F,) = oo.
Note that part (1) follows from Theorem 6.2 without the additional assumptions given above. We
will prove Theorem 6.4 (2) in Section 6.3.5. Although condition (6.1) seems a little contrived, what it
really means is that, for some v € ), we can give a simple lower bound for the Hausdorff dimension
of F, which is strictly bigger than the infimal Hausdorff dimension, h.
Theorem 6.5. Write p = sup,cq dimp F,, and assume that there exists v = (v1,v2,...) € Q such
that

B ST Lipt(Su g, 000 Su ) = 0. (6.2)
jl EIqu 7---7jkel-vk

Then,

(1) If sup,cq PP(Fy.) = oo, then for a typical w € Q, we have PP(F,) = oo;

(2) If sup,cq PP(F,) < 00, then for a typical w € Q, we have PP(F,) = 0.
Note that in Theorem 6.5 we do not require any separation conditions. Part (1) follows from Theorem
6.2 without the additional assumptions given above. We will prove Theorem 6.5 (2) in Section 6.3.6.
Similar to above, condition (6.2) seems a little contrived at first sight but what it really means is
that, for some v € (), we can give a simple upper bound for the packing dimension of F,, which is
strictly smaller than the supremal packing dimension, p.

With the previous two theorems in mind, one might be tempted to think that something
much more general is true. Namely, that for s > 0, we might have

(1) If infy,eq H®(Fy) > 0, then for a typical w € Q, we have H®(F,,) = sup,cq H*(Fu);
(2) If sup,cq P°(Fy,) < oo, then for a typical w € Q, we have P*(F,) = inf,cq P*(Fu).

However, this is false. We will demonstrate this by constructing two simple examples in Section 6.4.1.
This ‘bad behaviour’ of the typical packing and Hausdorff measures disappears to a certain extent if
the mappings in the RIFS are similarities. This idea will be developed in the following section.
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6.2.2 Results in the self-similar setting

In this section we extend the results of the previous section in the self-similar setting. It turns out
that for random self-similar sets we can obtain more precise information and, furthermore, many of
the strange phenomena which we observe in the general setting no longer occur. The first example of
this is that, given the UOSC, the dimensions of F,, are bounded by the dimensions of the attractors
of the deterministic IFSs. This allows us to get our hands on the extremal quantities, see Theorem
6.6. Unfortunately, this rather neat property does not always hold in the general situation. In Section
6.4.3 we will give an example of a RIFS satisfying the UOSC for which the infimal (and thus typical)
Hausdorff dimension is strictly less than the minimum Hausdorff dimension of the attractors of the
deterministic TFSs. Secondly, given the UOSC and certain measure separation, we can compute the
exact value of the typical Hausdorff and packing measure, see Theorem 6.7, which we are unable to
do in the general situation.

Throughout this section let I be a RIFS consisting of finitely many deterministic IFSs of simi-
larity mappings on R™. For each ¢ € D, let s; be the solution of

> Lip(Si;)T =1
JEL;
and write Spin = min;ep s; and Spax = MaX;cp S;.
Theorem 6.6. Assume the UOSC is satisfied. Then
(1) 0 < sup,,cq PP (F,) < oo;
(2) sup,cq dimp F, = sup,cq dimpF,, = Smax;
(8) 0 <inf,cq Hin(F,) < oo;
(4) inf,eq dimy F,, = inf,cq dimpgF,, = Smin-

We will prove Theorem 6.6 parts (1) and (3) in Section 6.3.7. Part (2) follows from part (1) and part (4)
follows from part (3). Given certain measure separation, we can also compute the exact packing and
Hausdorff measure for typical F,,. Write Hmin = inf,ecq H™* (F,,) and Pmax = supy,cqo P > (F,).

Theorem 6.7. Assume that I satisfies the UOSC and the P*=in-MSC. Then
(1) If Smin = Smax = S, then for a typical w € 2,
dimyg F, = dimp F, = s

and
0 < H*(Fu) = Hmin < Pmax = P°(F,) < o0;

(2) If Smin < Smax, then for a typical w € Q,
dlInH Fw = Smin < Smax = dlmP va

Hmin(F,,) = o0

and
Pomax(F,) = 0.

We will prove Theorem 6.7 (1) in Section 6.3.8. Note that part (2) follows immediately from
Theorems 6.4 and 6.5. In Section 6.5.1 we construct a simple example where we can apply Theorem
6.7.

It is worth noting here that it is possible to give easily checkable sufficient conditions for the

Pemin.MSC to hold. In particular, if we say that I satisfies the uniform strong open set condition
(USOSC) if the UOSC is satisfied and the open set U can be chosen such that, for every w € Q, we
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have U N F,, # 0, then we can use an argument similar to that used by Lalley in [L, Section 6], to
show that the P*min-MSC is satisfied. Unfortunately, the USOSC is not equivalent to the UOSC as
in the deterministic case, see [Scl].

We can also obtain a partial result concerning packing measure without assuming any separa-
tion conditions.

Theorem 6.8. Fach deterministic IFS, 1; € I, has an attractor with dimension d; and similarity
dimension s; > d;. Assume that smin < max;d;. Write p = sup,cq dimp F,,. Then, for a typical
w € Q, dimp F,, = p, but PP(F,) = 0.

Proof. This follows immediately from Theorem 6.5. O

6.3 Proofs
Throughout this section let G : (0,00) — (0,00) be a gauge function.

6.3.1 Preliminary observations

In this section we will gather together some simple preliminary results and observations which will
be used in the subsequent sections without being mentioned explicitly. The proofs are elementary (or
classical) and are omitted.

Lemma 6.9 (scaling properties). Let ¢ : X — X be a bi-Lipschitz map and F C X. Then
D™(G,Lip~ (¢)) H(F) < HY(¢(F)) < D¥(G, Lip" (¢)) HE(F),
D™ (G, Lip™(¢)) P5'(F) < P (¢(F)) < DT (G, Lip™ () P§ (F)

and
D™ (G, Lip~(¢)) PY(F) < PY(¢(F)) < D*(G,Lip*(¢)) PE(F).

In particular, using the standard gauge,
Lip™(¢)* H*(F) < H*(¢(F)) < Lip™ (¢)* H*(F),

Lip™(¢)° P5(F) < P§(¢(F)) < Lip™ (¢)* Py (F)
and

Lip~(¢)° P*(F) < P*(¢(F)) < Lip™ () P*(F).

Lemma 6.9, says that if the gauge is doubling, then mapping a set under a bi-Lipschitz map only
changes the measure by a constant. Clearly, if ¢ is bi-Lipschitz, then dim ¢(F') = dim F, where dim
can be any of the four dimensions used here. We can also deduce that, for all w € 2, the upper box
dimension and packing dimension coincide.

Lemma 6.10 (packing and upper box dimension). For all w € Q, dimp F,, = dimgF,,.

To prove this, simply note that all balls centered in F,, contain a bi-Lipschitz image of F,, w,,,...)
for some sufficiently large k£ and, furthermore, F,, can be written as a finite union of bi-Lipschitz
images of F(., w,.,,...) and since upper box dimension is finitely stable, ﬁBF(wk,wkﬂ,m) = dimgF,,
and the result follows. See the discussion on sufficient conditions for the equality of packing and
upper box dimension given in Section 1.2.4 and, in particular, Proposition 1.1.

The following lemma will allow us to approximate F, in K(X) by approximating w in €,
which will be of vital importance in the subsequent proofs.

Lemma 6.11 (continuity properties). The map ¥ : (9, dg) — (K(X),dy) defined by ¥(w) = F, is
continuous.

Finally, we will state a version of the mass distribution principle which we use to estimate the Hausdorff
and packing measures of random self-similar sets in Section 6.3.7.
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Proposition 6.12 (mass distribution principle). Let u be a Borel probability measure supported on a
Borel set F C R™ and let A € (0,00). Then

(1) Iflimsup,_,opu(B(z, 7)) r=° < X for allz € F, then H*(F) > A\™!;
(2) If liminf, o u(B(z,r))r== = X for all x € F, then P*(F) < \7'2°.
For a proof of this, see [F7, Proposition 2.2] or [Mat, Theorems 6.9 and 6.11].

6.3.2 Proof of Theorem 6.2 (1)
Suppose inf,cq ’HG(Fu) = 0. We will show that the set
H={weQ:HYEF,) =0}
is residual. Writing H,,, = {w € Q: H{), (F,) < 13, we have
H= () Hpun,
m,neN

so it suffices to prove that each H,,, is open and dense in (,dq). Fix m,n € N.
(1) Hp,n is open.
Let w € Hp,,. It follows that there exists a finite (1/m)-cover of F,, by open sets, {U;},
satisfying
Z G(|Ui]) < -
i

Let U = 8( U, Ui) be the boundary of the union of the covering sets, {U;}, and let

n= nin (z,y)

which is strictly positive by the compactness of F,,. Now choose r > 0 sufficiently small to ensure
that if v € B(w,r), then dy(F,, Fy,) < n/2. Let u € B(w, ) and observe that {U;} is a (1/m)-cover
for F,, giving that ’Hf/m(Fu) <Y G(U;|) < L. 1t follows that B(w,r) C H,y, ,, and that H,y, ,, is open.

(i) Hp,,p is dense.

Let w = (wy,wa,...) € Qand e > 0. Choose k € N such that 27% < ¢ and choose u = (u1, ug,...) €
such that

1/n
HE(F,) < ————.
|Zon |-+ | T |
Let v = (w1, ...,Wk, U1, Us, ... ). It follows that do(w,v) < e and, since
Fo= U SegiooSu(F),

jlele 7»--1jk€Iwk

it follows that

HE, () < HO(F,)

HG( U S‘Ulajl O"'Oka,jk(Fu)>

J1€Lwy - k€Twy,

< > HE (F,)
jlel-wly-“vjkel-wk
< |Iw1||Iwk|HG(Fu)
< 1/n
and so v € Hy, »,, proving that H,, ,, is dense. ]
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6.3.3 Proof of Theorem 6.2 (2)
Assume that G is a doubling gauge and that sup,.q P%(F,) = co. We will show that the set

P={weQ:PYE,) = o0}

is residual. The extra step in the definition of packing measure causes it to be more awkward to work
with than Hausdorff measure. To circumvent these difficulties, we need the following two technical
lemmas.

Lemma 6.13. Suppose F' C X is such that for all open V' which intersect F, P(?(Fm V) =o00. Then
PY(F) = 0.

Proof. Let {F;}; be a countable sequence of sets such that ' C U;F;. The Baire category Theorem
implies that for some i and some open set V, F NV C F; and hence, since packing pre-measure is
stable under taking closures, P (F;) = P§'(F;) = oo. This means that, for every countable cover of
F by closed sets, at least one of the closed sets must have infinite packing pre-measure, proving the
result. O

We will use Lemma 6.13 to prove the following Lemma, which will allow us to work with packing
pre-measure instead of packing measure.

Lemma 6.14. We have P = {w € Q : P§(F,) = oo}.

Proof. Tt is clear that P C {w € Q : P§(F,) = co}. We will now prove the opposite inclusion. Let
w € Q be such that P§(F,) = oo and let V be an open set which intersects F,,. Choose k large
enough to ensure that for some iy, € Z,,,, ..., % € I, we have

S‘Uhil 0---0 ka,ik (F(Wk+17w1c+27~-- )) CEFNV.

Write ¢ = Sy, .6, 0 - 08wy, and 4 = (Wgt1,Wkt2, - .. ). Since packing pre-measure is finitely additive,

we have
G
0
11€L0wy 51k €Ly

8
I
2
S
I
Ry,

< > PSR
i1€Iw1,...,ik€Iwk

< Tl 1 Zun| PS(Fu)

S w1 W 0 u

and therefore

PEENV) = PF(H(F))
> D (G,Lip (¢)) P§(Fu)

= o0.
Finally, by Lemma 6.13, we have that P%(F,,) = oo and hence w € P. O

Writing P, , = {w € Q: P(g;l/m(Fw) > n}, it follows from Lemma 6.14 that

P={weQ:Pf(F,)=0c}= () Pun

m,neN

so it suffices to prove that each P,, , is open and dense in (€2, dg). Fix m,n € N.

92



(1) P, is open.

Let w € P,,. It follows that there exists a finite centered (1/m)-packing of F, by closed
balls, {U;}, satisfying

ZG(|UZ»|) > n.

Let
o . d
n=mn min (z,y)
which is strictly positive since the sets U; are closed. Now choose r > 0 sufficiently small to ensure
that, if u € B(w,r), then dy(F,, Fy) < n/2 and fix such a u € B(w,r). It follows that we can find
a centered (1/m)-packing, {U;}, of F,,, where U; is centered in F, and has the same diameter as U;.
It follows that P(?l/m(Fu) > 3. G(|U;|) > n and therefore B(w,r) C Py, , proving that P, ,, is open.

(ii) Py p is dense.

Let w = (wy,wa,...) € Qand e > 0. Choose k € N such that 2% < ¢ and choose u = (uy,us,...) € Q
such that

n
P (Fu) = —
maxj, ez, s Jk €Lwy, D(Gv Llp (Swl,h ©---0 ka7jk))
Let v = (w1, ..., wk, U1, U, ... ). It follows that do(w,v) < & and, since
F, = U Senigr © 0 Sup i (Fu),

J1€Zwy 50k €Lwy,

it follows that

'Pocfl/m(Fv) > P(?(Fv) = POG< U Swhho"'oswk,jk(Fu))

J1€Zwy 5k €Luwy,

= max PGS, o008 . (F
- J1€Twy ik €Ty, 0 ( “1,J1 Wk:]k( u))
P> max D(G.Lip~ (S . 0.--08 X PGF
g J1€Lwy 50 Jk €Ty, ( »~1P ( @1 wwk)) o (Fu)
=z n
and so v € Py, , proving that P, , is dense. N

6.3.4 Proof of Theorem 6.2 (5)

It is well-known that lower box dimension is not finitely stable, see [F8, Chapter 3], i.e., it is not true
in general that dimgF U F < max{dimpF, dimpF'}. To get around this problem in the following
proof, we begin with a simple technical lemma.

Lemma 6.15. Let FF C X be such that dimgF = s and let {¢;}ics be a finite collection of Lipschitz
contractions. Then

dimp U ¢i(F) < s.

i€S

Proof. For all § > 0 we have

Ns(U@-(F)) < SN < X Ny o (F) < ISINS(F).

i€S i€S i€S

Taking logs, dividing by —logd and computing the limes inferior completes the proof. O
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We now turn to the proof of Theorem 6.2 (5). Let b = inf,cq dimgF,,. We will show that the set
B ={we Q:dimgF, <b}

is residual, from which Theorem 6.2 (5) follows. Writing

B.= U {w € Q: N5(F) < 5*“’*%)},
5€(0,1/n)

we have

B=( U {weﬂzwgm—%}:ﬂ&“

—logé
neN §€(0,1/n) neN

so it suffices to prove that each B,, is open and dense in (2,dg). Fix n € N.
(i) By, is open.

Let w € B,. It follows that for some 6 < 1/n there exists a d-cover of F, by fewer than

1
5~ F) open sets, {U;}. Let U = 8( U; Ui) be the boundary of the union of the covering sets, {U;},
and let

n= nin (z,y)

which is strictly positive by the compactness of F,,. Now choose r > 0 sufficiently small
to ensure that if u € B(w,r), then dy(F,,F,) < n/2. Let u € B(w,r) and observe that {U;} is

1
a 0-cover for F, giving that Ns(Fy,) < 5§~ %) Tt follows that B(w,r) C B, and therefore B,, is open.
(ii) By, is dense.

Let w = (w1,wa,...) € Qand € > 0. Let u = (u1,uz,...) € Q be such that dimgF,, < b+ 1/n. Now
choose k € N such that 27% < ¢ and let v = (w1, ..., Wk, U1, Uz, ... ). It follows that dgo(v,w) < ¢ and,
furthermore,

F, = U Swrgs © 0 Swp i (Fu)-

J1€Zwy -0k €Lwy,
and since, for all j1 € Z,,,...,jx € Z,, the map S, j, o ---08,, ;. is a Lipschitz contraction, it
follows from Lemma 6.15 that dimg F,, < dimgF,, < b+ 1/n and so v € B,,, proving that B,, is dense.
O
6.3.5 Proof of Theorem 6.4 (2)

Write h = inf,cq dimyg F,, and assume that inf,cq H"(F,) = Ho > 0, v = (v1,vs,...) € Q satisfies
condition (6.1) and that the RIFS satisfies the H"-MSC. We will show the set

M ={weQ:H"F,) < oo}

is meagre, from which the result follows. Writing M,, = {w € Q : H"(F,,) < n}, we have

M = U M,
neN

so it suffices to show that each M, is nowhere dense. Fixn € N, w € M,, and r > 0. Now choose k € N
such that 2% < r. It follows that the open ball B; = B((wl, e WE, V1, V2, ), 2’1) is contained in
B(w,r) for all I > k. Let v € By, and note that

U= (W1y.ey WhyVly ey Uy Ut U,y - . )

for some (uy,us,...) € Q. Noting that the RIFS satisfies the H"-MSC and that Lip~ is supermulti-
plicative, we have
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H" (F)

_Hh< U U Swlvil o”'OkaJk O‘Svl,jl O”'OS"JI—kvjl—k (F(U17u27~~-))>

ilezwl 7--<7ikezwk J1 EIvl 7---;jl7kerl7k

= Z Z H" <Sw1,i1 00 Supin ©Svigr O 0 Sy i (F(uhuz,w)))

11€ZL0y 51 €Lwy, J1€Lvy s J1—kELu;_y,

> Z Z Lip_(Swhh O"'Oka,ik OSU1,j1 o"'Osz,k,jsz)h /Hh(F(ul’U%M))

11€Z0wy 51k €Lwy, J1€Lvy - J1—k €L, _y,

> Ho ( Z Lip™ (Swl,il 00 ka,ik)h> < Z Lip~ (Sm,jl -0 S'Ul—le,—k)h)
jler17~-

$1€T 0y yesin €Tuy Ji—k €Ly,

— 0

as | — oo. It follows that we may choose [ large enough to ensure B; C B(w,r) \ M, and so M, is
nowhere dense. O

6.3.6 Proof of Theorem 6.5 (2)

Write p = sup,cq dimp F,, and assume that sup,co PP(F,) = Py < oo and that v = (vi,v2,...) €
satisfies condition (6.2). We will show the set

N={weQ:P"F,) >0}

is meagre, from which the result follows. Writing N,, = {w € Q : PP(F,,) > 1/n}, we have

N = |J N,
neN

so it suffices to show that each N,, is nowhere dense. Fixn € N, w € N,, and r > 0. Now choose k € N
such that 2% < r. It follows that the open ball B; = B((wl, e WE, V1, V2, ), 2’1) is contained in
B(w,r) for all I > k. Let v € By, and note that

u = (wl,...,wk,vl,...,vl_k,ul,ug,...)

for some (uq1,usg,...) € 2. Noting that Lip™ is submultiplicative, we have

PP (Fu)

Pp( U U Swl,il O”'O‘S’wk,ik OS?)l,jl O”'OS’l)l,k,jlfk (F(ul,ug,...))>

11€L01 5t €Lwy, J1€Lvy - J1—kELu;_y,

< Z Z PP (Swl,ld O"'oka,ik OSU17J'1 o'..OS'Ul—k;jl—k (F(u1,u2,m)))

11€Z0wg 51k €Zwy, J1€Lvy - J1—k €Ly,
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< Z Z Lip+(Sw1,i1 00 Sy i ©Svyjy O 0 S’szmjsz)p PP (F(umw,m ))

11€ZLwy 5tk €Lwy, J1€Lvy s J1—kELu;

<Po ( Z Lip+(SW1’i1 -0 kaﬂik)p) < Z Lip+<sv17j1 00 Svl—k;jl—k)p>
11€Zw, J1€T0y 5o Ji—k €Ly,
—0

as [ — oo. It follows that we may choose [ large enough to ensure B; C B(w,r) \ N, and so N, is
nowhere dense. O

6.3.7 Proof of Theorem 6.6

The proof of Theorem 6.6 is a standard application of the mass distribution principle, Proposition
6.12. Similar arguments can be found in, for example, [F8, Chapter 9].

For each ¢ € D, let s; be as in Section 6.2.2 and write ¢ = min;ep jez, Lip(S; ;). We will
now define a mass distribution on F,, which will be used in the subsequent proofs. First define a

measure, Y™, on the symbolic space, [[7°, 7., , b
9 w ) 9 =1 19

™ ({Gn gz ) s =it = in}) = LD(Sy )™ -+ Lip(Si )

for each (i1,...,ix) € Hle Z.,- Now transfer p3Y™ to a Borel probability measure y,,, supported on
F., by

11 (E) = ufym<{(i1,i2, e ﬁzwl £ () S 0+ 0 Sy (X) € E})
=1 k
for Borel sets EF C X.
Proof of (1)
Since each deterministic IFS satisfies the OSC, it is clear that sup,co P> (F,) =
Q

sup,cq "> (F,) > 0. We will now show that sup,,cq P*>(F,) < co. Fix w = (wi,wa,...) €
let z € F, and r > 0. Now let l € Nand ¢, € Z,,,...,% € Z,, be such that

)

T € Sy iy © 08w (Fu)

and
Lip(swhil) T Lip(swhiz)‘Xl <r s Lip(‘swl,il) T Lip(Swl—lxil—l)‘Xl'

It follows that

po (B, 7)) 5w >, (Swl,il 00844 (Fw)) p—Smax

> Lip(Suy ., )%t -+ Lip(Sy, iy )t 7 omex
> Llp(Swl,ll) 'Lip(Swl,zl) Smax
g r
re |X|—1 Smax
r
= (/X))
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and by Proposition 6.12 (2) it follows that P*m=x(F,) < (2 \X|/c)sm“x < 00 and, in particular,
F

0 < sup Pmax(F,) < 00
weN

which completes the proof. O

Proof of (3)

We will need the following lemma which appears as Lemma 9.2 in [F8].

Lemma 6.16. Let {V;} be a collection of disjoint open subsets of R™ such that each V; contains a
ball of radius air and is contained in a ball of radius azr. Then any ball, B, of radius r intersects at
most (1 + 2az)™a; ™ of the closures V.

Let U be the open set used in the UOSC and let aq, as be such that U contains a ball of radius a; and
is contained in a ball of radius az. Let I} = U,y Hle 7., and, for r > 0, let Z!, be an r-stopping
defined by

T5 = {(i1,d2, ..., i) € L5 ¢ Lip(Swy i) -+ Lip(Swyyi) <7 < Lip(Swy i)+ - Lip(Swy i 1) }-
Note that
(1) {Swr,iy 008w, (U): (i1,i2,...,4) € I} is a collection of disjoint open subsets of R";

(2) Each S, i, 0---08,,(U) contains a ball of radius ca;r and is contained in a ball of radius
Q2T;

(3) For each (iy,is,...,4;) € I}, we have

Swhil ©---0 Swl,iL(F(le,me»--)) - Swl,il 0---0 Swz,iz (U)

Since each deterministic IFS satisfies the OSC, it is clear that inf,cq H*™(F,) < oo. We will now
show that inf,cq H™i»(F,) > 0. Fix w = (w1, ws,...) € Q, let © € F,, and r > 0. It follows from
(1)-(3) and Lemma 6.16 that

po(Bla,r))r—omn = pomn u (B(a,r) N F)

L)
= gy Smin szm<{(i1,i2,...)€Hle : ﬂSwl,ilo~-~oka7ik(X)EB(J?,’/‘)QF})
=1 k

< p7Smin Mswym< U {(117j27-~)3j1=i1,-~-,jz=iz})
(7;1,iz,...,7;1)€1:2 -
B(z,r)ﬂ5w17i10~--oswl)il(U);ﬁ@
S > LAp (S, 1)1 - Lip(Sy )
(il,iQ ..... il)EIL: -
B(,7)NS .y ig 0:+-08w, 4, (U)#0
Smin
< s (Lip(swl)...Lip(swl)) (1+ 2a2)"(car) ™

< (1+2a2)"(car)™

< o0
and by Proposition 6.12 (1) it follows that H®=i=(F,) > (1 4 2a2)""(ca;)™ > 0 and, in particular,
0< Jrelg Homin (F,) < 00

which completes the proof. O
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6.3.8 Proof of Theorem 6.7 (1)

Write Humin = inf,eq Ho(F,) and Prax = sup,ecq P> (F,) and let s = Smin = Smax-
Hausdorff measure

We will show that the set
H= {(JJ eN: HS(FW) = Hmin}

is residual. Writing H,, , = {w € 2 : ’Hi/m(Fw) < Hpin + %}, we have

H = m Hm,na

m,neN

so it suffices to prove that each H,,, is open and dense in (92,dq). Fix m,n € N. It can be shown
that H,, , is open using a similar approach to that used in the proof of Theorem 6.2 (1). We will
now prove that H,, ,, is dense.

Let w = (wy,wa,...) € Qand e > 0. Choose k € N such that 27% < & and choose u = (u1,uz,...) € Q
such that

7'LS(-FU,) < Hmin + %

Let v = (w1, ...,Wk, U1, Ug, ... ). It follows that do(w,v) < € and, furthermore,

iq/m(Fv) < H(Fy) = Hs( U SW17j1O"'Oka7jk(E‘)>

J1€Zwy 53k €Luwy,

N

Z Lip(swhh)s e Lip(SWka)S H? (F“)

J1€Z0wy 50k ELwy,

(Hmin + %) Z Lip(Swl,h)s e Lip(ka»jk)s

J1€Ly - Jk €Twy,

A

= Hmin + %
where the final equality is due to the fact that s is a solution to the Hutchinson-Moran formula (1.1)
for each deterministic IFS. It follows that v € H,, ,,, proving that H,, ,, is dense.

Packing measure

We will show that the set P = {w € Q : P*(F,) = Pmax} is residual. It was proved in
[FHW] that if a compact set has finite packing pre-measure, then the packing measure and packing
pre-measure coincide. Writing Py, ,, = {w € Q: P§ | /m(Fw) > Prax — %}, it follows that

P> {w cN: PS(FW) :Pmax} = ﬂ Pm,na

m,neN

so it suffices to prove that each P, , is open and dense. Fix m,n € N. It can be shown using a
similar approach to that used in the proof of Theorem 6.2 (2) that P, ,, is open. We will now show
that it is also dense.

Let w = (wy,wa,...) € Qand e > 0. Choose k € N such that 27% < ¢ and choose u = (u1, ug,...) €

such that P*(F,) > Pmax — =. Let v = (w1,...,wg,us, uz,...). It follows that do(w,v) < € and,
furthermore,
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Poajm(Fo) = P (Fy) = PS( U Swl,jlo---oswk,jk(Fu))

jleIul 7---1jk'€Iuk

= Z Lip<SW1;.71 )S T Lip(SWijk)S P* (Fu)

J1€201 -, Jk€Lwy,

(Pax=2) >0 Lip(Sly)" Lin(Sn )’

J1€Zwy »--+s jkel-wk

V

= Pmax - %
where the final equality is due to the fact that s is a solution to to the Hutchinson-Moran formula
(1.1) for each deterministic IFS. It follows that u € Py, ,,, proving that P, , is dense. O

6.4 Self-affine examples with interesting properties

In this section we provide a number of self-affine examples designed to illustrate some of the key points
made in Section 6.2.

6.4.1 Typical Hausdorff measure

In this section we give a simple example which shows that the Hausdorff measure can typically
be positive and finite even if the supremal Hausdorff measure is infinite. The existence of such an
example is slightly surprising in view of Theorem 6.4 and the behaviour observed in the self-similar
setting, see Theorem 6.7.

Let I = {I;,I2} be a RIFS where I; and I are IFSs of orientation-preserving affine self-maps

on [0, 1]? corresponding to the figure below.

Figure 19: The defining pattern for a random Sierpiriski carpet with N = 2, m; = my = 2 and
ny =ng = 4.

It is clear that inf,cqdimpg F,, = 1 and infueqH'(F,) = 1 < o0 = SUP,cn HY(F,). Tt follows
from Theorem 6.2 that the typical Hausdorff dimension is 1. We will now show that the typical
Hausdorff measure is also infimal and, in particular, positive and finite. We will show that the set
H={weQ:H (F,) =1} is a dense G5 set and thus residual. It can be shown that H is G4 using a
very similar approach to that used in the proof of Theorem 6.2 (1). It remains to show that H is dense.

Let w = (wy,wa,...) € Qand e > 0. Choose k € N such that 27% < cand let v = (w1, ..., wk,2,2,...).
It follows that dqo(w,v) < e and, furthermore, since F(55 ..y = {0} x [0, 1], we have

F, = U Swl:jl o"'okaﬁjk ({0} x [0’1])

J1€Twry sk €T,
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and, since the vertical component of every map in I is a similarity with contraction ratio 1/4 and both
deterministic IFSs consist of 4 maps, we have

Hl(Fv) < Z Hl (Swhh ©---0 ka,jk ({0} X [07 1])) = 4k 4_k Hl ({0} X [07 1]) =1
J1€ZLwy 5 dk €Ty,

and so v € H, proving that H is dense.

6.4.2 Typical packing measure

In this section we give a simple example which shows that the packing measure can typically be positive
and finite even if the infimal packing measure is zero. The existence of such an example is slightly sur-
prising in view of Theorem 6.5 and the behaviour observed in the self-similar setting, see Theorem 6.7.

Let I = {I;,Is} be a RIFS where I; and I are IFSs of orientation-preserving affine self-maps
on [0,1]* corresponding to the figure below.

Figure 20: The defining pattern for a random Sierpinski carpet with N = 2, m; = my = 2 and
ny = ng = 4.

We claim that inf,cq P (F,) =0 < 1 < sup,cq P (F,) < 4 and it follows that sup,,cq dimp F,, = 1.
The only inequality which is not obvious is sup,,co P*(F,) < 4, which we will now prove. Fix w € Q2
and define a mass distribution, p,, on F,, by assigning each level k rectangle mass 27 in a similar
way to the construction of the measures in Section 6.3.7. It is easy to see that for all x € F,, we
have liminf, ,ou(B(z,r))r~t > 1/2, and it follows from Proposition 6.12 (2) that P(F,) < 4.
Theorem 6.2 gives that the typical packing dimension is 1. We will now show that the typical packing
measure is greater than or equal to 1 and, in particular, positive and finite. We will show that the
set P={we Q:PLYF,) > 1} is a dense G5 set and thus residual. It follows from the main result in
[FHW] and Lemma 6.14 that P = {w € Q : P}(F,) > 1} and it can thus be shown that P is G5 using a
very similar approach to that used in the proof of Theorem 6.2 (2). It remains to show that P is dense.

Let w = (w1, ws,...) € Qand e > 0. Choose k € N such that 2% < cand let v = (wy,...,ws,2,2,...).
It follows that do(w,v) < ¢ and, furthermore, since F( 5y = [0,1] x {0}, we have

Fy = U S"thl -0 Swmjk ([07 1] X {0})
J1€Zwy -0k €Lwy,

and, since the horizontal component of every map in [ is a similarity with contraction ratio 1/2 and
both deterministic IFSs consist of 2 maps, we have

Ps(Fy) = PHE,) = > P! (Swl,jlo' 0S8 i ([0, 1]><{0})) =28 27" P[0, 1] x{0}) = 1
J1E€Tuwy seerji €T,
and so u € P, proving that P is dense.

Remark 6.17. We believe that a more delicate application of the mass distribution principle will yield
that, in fact, sup,cq PYF,) = 1, but since the important thing for our purposes is that the typical
value is positive and finite, we omit further calculation.
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6.4.3 Dimension outside range

In this section we give a simple example which shows that in the non-conformal setting the dimension
of the random attractor need not be bounded below by the minimum dimension of the deterministic
attractors. This is in stark contrast to Theorem 6.6, concerning random self-similar sets. Furthermore,
inf,cq dimyg F, is not attained by any finite combination of the determinsitic IFSs. Let I = {I;,12}
be a RIFS where I; and I, are IFSs of orientation-preserving affine self-maps on [0, 1] corresponding
to the figure below.

Figure 21: The defining pattern for a random Sierpinski carpet with N =2, m; =2, n1 =3, mg =3
and ng = 4.

The results of [Bel, McM] give that for both deterministic attractors the Hausdorff, box and packing
dimensions are all equal to 1 + log2/log3 =~ 1.63. For p € [0,1], associate a probability vector
(p, 1 — p) with this system. By the result of [FO], given here as Theorem 1.9, the almost sure
Hausdorff dimension of F,, is given by

dimg F, = s 2531_,3 log <210g2p31p/10g3p41p + 210g2?3lp/1og3p4lp>

—-p log 2P3'~P /log 3P4 P log 273'7? /log 3741~
+7log 95317 log <4 +4

log 2

= Togarats 2P

log 2
log 3r41-p"

In fact, since each deterministic IFS has uniform vertical fibres, it follows from results in [GuLi2] that
the above formula also gives the almost sure box and packing dimensions of F,,. Plotting this as a
function of p, we obtain

1654
164+
163
1624

161 4

160

0z 04 0é 0g 1

Figure 22: A graph of the almost sure Hausdorff dimension as a function of p. The grey line shows
the dimension of the deterministic attractors.
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Notice the nonlinear dependence on p and the fact that for p € (0,1) the almost sure dimension is
lower than the minimum dimension of the two deterministic attractors. In particular, the dimension of
F,, is not bounded below by the minimum Hausdorff dimension of the deterministic attractors, despite
the fact that the UOSC is satisfied. As such, it is not at all clear what the infimal (and thus typical)
Hausdorff dimension is. This is in stark contrast to the self-similar setting, see Theorem 6.6 (4). It
is natural to ask if the infimal dimension is attained by an attractor of a deterministic IFS given by
a finite combination of the original deterministic IFSs, I; and I;. We will argue now that it is not.
Finite combinations of I, s give deterministic IFSs with attractors equal to F,, for some ‘rational’
w € €, i.e., some w which consists of a finite word over D repeated infinitely often. Fix such a finite
combination, let N; be the number of times we have used I; and let N5 be the number of times we have
used Ip. It is clear, and in fact it follows from the results in [GuLi2], that the Hausdorff dimension
of the attractor is equal to the almost sure Hausdorff dimension of the attractor corresponding to
p = N1/(N1 + No) € Q. However, elementary optimisation reveals that the minimum almost sure
Hausdorff dimension (seen as the minimum of the graph above) is attained by p = 2 — V2 ¢ Q.

6.5 Some fun examples
6.5.1 Typical measure not positive and finite

In this section we will give a straightforward example which has the interesting property that,
although the Hausdorff and packing measures of the attractors of the deterministic IFSs in the
appropriate dimension are positive and finite, the typical Hausdorff and packing measures are infinity
and zero, respectively.

Let Sy,52,853 :[0,1] — [0, 1] be defined by
S1(z) = x/3, Sa(x) =x/3+1/3, and Ss(x) =x/3+2/3.

Let I be the RIFS consisting of the two deterministic IFSs, {S1, S5} and {51, S2, S3}. The attractors
for these systems are the middle 1/3 Cantor set, C; /3, and the unit interval, [0, 1], respectively. Also,
since the first IF'S is contained in the second, for all w € ,

Cl/3 g Fw g [Oa 1}

from which it follows that dimensions are bounded between s = %ggg and 1 and that

and
sup P'(F,) =P'([0,1]) = 1.
ueQ
It follows from Theorem 6.7 that, for a typical w € €2, the set F,, has Hausdorff and lower box dimension

equal to igg 3 and packing and upper box dimension equal to 1 but igg g—dimensional Hausdorff measure

equal to 0o and 1-dimensional packing measure equal to 0. It is clear that the P&2/1083_MSC is
satisfied.

6.5.2 A nonlinear example: random cookie cutters

Although the previous examples illustrate some of the key phenomena we wish to discuss, they have
all been based on RIFSs consisting of translate linear (affine) maps. Of course, Theorems 6.2, 6.4
and 6.5 apply in far more general circumstances than this. In this section we construct a more
complicated example using nonlinear maps to which we can apply Theorems 6.4 and 6.5 to deduce
that neither the typical Hausdorff nor packing measures are positive and finite in the appropriate
dimensions.

Let fi1, f2 : [0,1] — R be defined by

fi(x) = =bz(z —1) and fa(x) =9(x — 1/6)(x — 5/6)
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respectively. We will now construct a RIFS using the inverse branches of f; and fs.

Figure 23: Graphs of the maps f; (left) and fo (right) restricted to the unit square.

Observe that f; maps each of the intervals X; ; = [0, % — % 5| and X2 = [% + %\/5, 1] bijectively
onto [0, 1] and furthermore f{ is continuous with

2<|fi() <5 (6.3)
for ¢ € X17 U X2 Similarly, fo maps each of the intervals X5 ; = [% — %\/5, %] and Xpo =
[2, 1 4+ 1V/2] bijectively onto [0,1], f} is continuous and

6 < [fa(2)] <9 (6.4)

for z € X1 U X5 9. The dynamical properties of f; and f; are interesting in their own right, but we
will be particularly interested in the sets

Fr=(f7(0.1)  and  F=()f"(0,1)
k>0 k=0

which are the dynamical repellers for the maps fi and f5 respectively. Repellers of this type are often
called cookie cutters and the Hausdorff and packing dimension can be computed via the thermody-
namical formalism, see for example [F7, Chapters 4-5], or [R]. We can view F} and F; as attractors of
deterministic IF'Ss consisting of the inverse branches of f; and f;. In particular, the inverse branches
of fi are given by

Sia(z)=1-1\/1- %z and Sip(@)=1+4+1\/1- %z
and the inverse branches of f are given by
Sapp(z)=3—-3Vi+u and Sao(x) =3+ 3V1+w

Let I be the RIFS consisting of I; = {511,512} and Iy = {531,522} Here F; corresponds to
the choice (1,1,...) € Q and Fy corresponds to the choice (2,2,...) € Q. For an arbitrary w =

(w1, ws,...) € Q, we obtain a random cookie cutter
F, = ﬂ oo f51([0,1]) = ﬂ U Suorsir 0+ 0 Suir ([0,1]).
k>0 k20 iy,....in€{1,2}

Write h = inf,cq dimy F,, and p = sup,,cq dimp F,. It follows from (6.3-6.4), the fact that fi, f; are
continuous and the mean value theorem that, for i = 1,2,

1/5 < Lip~ (S1,) < LipT(S14) < 1/2 and 1/9 < Lip~ (Sa,;) < LipT(S2;) < 1/6
and applying standard estimates for the dimension gives

log 2 < log 2
log6 logh

< dimp Fy < p,
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see [F8, Propositions 9.6-9.7]. Furthermore,
Z Lip_(sl,il O~-~051,ik)h 2 (25_h)k — 00
i1,...,ix€{1,2}

and N
Z Lip+(527j1 0---0 SQ,jk)p < (2 . 6_p) — 0
i1,e.in€{1,2}

as k — oo. It follows from Theorem 6.2, 6.4 and 6.5 that, for a typical w € Q, dimyg F, = h < p =
dimp F,, but
0 ifinfueq H"(F,) =0
Hh(Fw) =
oo if infueq HP(F,) >0
and
0 if sup,cq PP(Fu) < 00
PP(Fy) =
oo if sup,cq PP(Fu) = o0
In particular, for a typical w € €1, the random cookie cutter F, is ‘dimensionless’ in the sense that

neither the s-dimensional Hausdorff measure nor the s-dimensional packing measure are positive and
finite for any s > 0.

6.5.3 Pictorial examples

In this section we give some pictorial examples of attractors of RIFSs to illustrate some of the rich
and complicated structures we can expect to see. Although our results apply in both examples, we
do not perform any calculations.
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Figure 24: The attractors of deterministic IFSs I; (top-left) and I» (top-right) along with two
random attractors of I = {I;,Is} corresponding to w = (1,1,1,2,1,2,...) (bottom-left) and
w=(2,1,1,2,2,2,...) (bottom-right).
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Figure 25: The attractors of deterministic IFSs I} (top-left) and I (top-right) along with two
random attractors of I' = {I{,I5} corresponding to w = (1,1,2,2,1,2,...) (bottom-left) and
w=1(2,1,1,2,1,1,...) (bottom-right).

6.6 Discussion

In this section we collect and discuss some of the questions raised by the results in this chapter.

(1) Is the typical measure always extremal? We have shown that the typical dimensions be-
have rather well in that the typical Hausdorff and lower box dimensions are always infimal and the
typical packing and upper box dimensions are always supremal. The typical Hausdorff and packing
measures behave rather worse, and our examples show that they can both be either infimal or
supremal. However, we have not proved that they are always extremal.

(2) Computing the extremal dimensions. Theorem 6.2 tells us that the typical dimensions are
extremal in very general circumstances. However, it gives no indication of how one might compute
the extremal dimensions. This may be a very difficult problem, and the example in Section 6.4.3
sheds some light on that difficulty. Given a RIFS, can we say anything non-trivial about the
extremal dimensions in general? Theorem 6.6 tells us how to compute the extremal dimensions in
the self-similar setting, assuming the UOSC.

(3) The bi-Lipschitz requirement. Throughout this chapter we assumed that all of our maps
are bi-Lipschitz. It is easily seen, however, that not all of our proofs require this. In fact, Theorem
6.2 parts (1), (3) and (5) go through assuming that the maps are simply contractions. Also, a slightly
weaker version of Theorem 6.5 can be proved, which states that if there exists v € Q satisfying
conditon (6.2) and sup,cq PP(F,) < oo, then for a typical w € €2, we have PP(F,,) = 0.

(4) Strengthening of Theorem 6.6. In view of the non-conformal example given in Section 6.4,
it seems that the validity of the bounds given in Theorem 6.6 depend on two things: conformality;
and separation properties. It seems likely that one could prove an analogous result using conformal
mappings instead of similarities and replacing each s; with the solution of Bowen’s formula corre-
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sponding to the IFS, I;. What could be a more interesting question is whether or not the UOSC
condition is required in the self-similar case.

(5) Doubling gauges. At first sight it is somewhat curious that in Theorem 6.2 we require
that the gauge is doubling for the result concerning packing measure, but can use arbitrary gauges
for Hausdorff measure. In fact, it is not uncommon that doubling gauges play an important role
when studying packing measure, see, for example, [JP, WW].

(6) Dimension outside range. The example in Section 6.4.3 shows that the dimensions can be
strictly less than the minimum of the dimensions of the attractors of the deterministic IFSs. We have
not, however, proved that the dimensions can be bigger than the maximum of the dimensions of the
attractors of the deterministic IFSs

(7) Separation properties in the self-similar case. In Theorems 6.6 and 6.7 we assumed vari-
ous separation properties. In fact, some parts of these theorems go through assuming slightly weaker
conditions. For example, in Theorem 6.7 (1) we require only the H*mi»-MSC to prove that the typical
Hausdorff measure is infimal and positive and finite. We choose to state these theorems using the
stronger separation properties in order to simplify exposition and not shroud the key ideas.

(8) More randomness. It is possible to introduce more randomness into our construction. In
particular, one might relax the requirement that at the kth level of the construction we use the
same IFS within each kth level iterate of X. In this case our sequence space, €2, would be replaced
by a space of infinite rooted trees. We believe that although this is a significantly more general
construction, the topological properties of £ would not change significantly and most of our
arguments should generalise without too much difficulty. One might also consider the intermediate
levels of randomness given by V-variable fractals introduced in [BHS2] and discussed in detail in [Ba2].

(9) Typical versus almost sure. An interesting consequence of Theorem 6.2 is that our topo-
logical approach gives drastically different results to the probabilistic (or measure theoretic)
approach. For example, compare Theorem 1.8 with our result, Theorem 6.7. A similar comparison
has cropped up in a wide variety of situations with, roughly speaking, the topological approach
favouring divergence and the probabilistic approach favouring converegence. Indeed, our results
on dimension are of this nature. A similar phenomenon has arisen in, for example: dimensions of
measures [H, O4]; dimensions of graphs of continuous functions [FH, MW1, HP]; and frequency
properties of expansions of real numbers [S]. These references are given as a sample of some of the
situations where a contrast between topological and probabilistic approaches have been observed
and are by no means a complete list. For example, generic dimensions of measures and graphs of
continuous functions have been studied extensively and, for a more complete survey, the reader is
referred to [O4] and [FH] and the references therein. Concerning our results on the typical Hausdorff
and packing measures of random self-similar sets, a recent result of Balka, Farkas, Fraser and Hyde
[BFFH] has unearthed a remarkably similar phenomenon in a completely different context. Fix a
compact metric space X and consider the Banach space of continuous functions from X into R" for
some n € N, denoted by C,,(X). They consider the dimension and measure of the image f(X) for
typical f € C,,(X) and obtain the following result.
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Theorem 6.18 ([BFFH]). Let dimt X denote the topological dimension of X (which never exceeds
the Hausdorff dimension and is always an integer). We have the following dichotomy:

(1) If n < dimt X, then for a typical f € C,(X), we have
dimp f(X) = dimg f(X) =n

and
0 < H"(f(X))=P"(f(X)) < oc.

(2) If n > dimr X, then for a typical f € C,,(X), we have

dimyg f(X) = dimt X < n = dimp f(X)

AT X (£(X)) = 00

and

P*(f(X)) =0
and, moreover, the measure HdimTX|f(X) s mot o-finite.

This result should be compared to our Theorem 6.7, which gives a similar dichotomy where, in one
situation, the typical Hausdorff and packing measures are positive and finite; and, in the other, the
typical Hausdorff measure in the typical Hausdorff dimension is infinite and the typical packing
measure in the typical packing dimension is zero.

(10) Choice of topological space. Baire category theory can be used in much more general
spaces than just complete metric spaces. In fact, all one needs is a Baire topological space, i.e., a
topological space where the intersection of any countable collection of open dense sets is dense. In
Section 6.1.1 we introduced a topology on ) to allow us to examine the size of subsets of {2 using
Baire category. Of course we could have formulated our analysis in terms of the set A = {F,, : w € Q}
equipped with the topology induced by the Hausdorff metric. We note here that these two approaches
are essentially equivalent. Define an equivalence relation, R, on Q by wRu < F, = F, and
let ¢ : © — Q/R be the quotient map, where Q/R is equipped with the quotient topology. Let
U : Q — K(K) be defined by ¥(w) = F, and ¥ : Q/R — K(K) be defined by ¥(jw]) = F,, and
observe that W is continuous by Lemma 6.11 and that U is clearly well-defined. The following

diagram commutes
q

Q——Q/R

A

and furthermore, ¥ is a homeomorphism. It is easy to see that /R, and hence A, are Baire and that
images of residual subsets of Q under ¢ are residual in /R. It follows that all of our results could be
phrased as ‘for a typical set F,, € A...” instead of ‘for a typical w € Q...".
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List of symbols and abbreviations

al(A) 2

B(x,r)
COSC
CRE

D™ (G,¢)
DY (G,¢)
dim
dima
dim,
dimg
dimp
dimyy
dimj,
dimp

dimT

WV

an(A)

the singular values of a linear map A on R"

a metric ball centered at x with radius r which can be taken to be open or closed
condensation open set condition

covering regularity exponent

lower doubling constant for a gauge function G and a positive real number ¢
upper doubling constant for a gauge function G and a positive real number ¢
an unspecified dimension

Assouad dimension

lower box dimension

upper box dimension

box dimension

Hausdorff dimension

lower dimension

packing dimension

topological dimension

Hausdorff metric

standard metric on the symbolic space {2
inhomogeneous attractor with condensation C'
random attractor corresponding to w

gauge function

é-approximate Hausdorff measure in the gauge G
Hausdorff measure in the gauge G

Hausdorff measure in the standard gauge x +— x°

a finite index set for an iterated function system (IFS)
the set of all finite sequences with entries in 7

the set of all infinite sequences with entries in Z

a random iterated functions system (RIFS)

an iterated functions system (IFS)

iterated function system

set of all non-empty compact subsets of X

lower Lipschitz constant of a map T'

upper Lipschitz constant of a map T’

Lipschitz constant of a similarity map T
n-dimensional Lebesgue measure

measure separation condition
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RIFS
ROSC
SOSsC
(X, d)

maximum number of sets in a centered J-packing of a set F'
the natural numbers (which do not include 0)

the natural numbers union {0}

one of the standard covering or packing functions at scale §
the orbital set for an inhomogeneous attractor

the set of all infinite sequences with entries in a finite digit set D
open set condition

t-covering regularity exponent of a compact set C

(t, §)-covering regularity exponent of a compact set C
packing pre-measure in the gauge G

d-approximate packing pre-measure in the gauge G

packing pre-measure in the standard gauge x — x°
d-approximate packing pre-measure in the standard gauge = +— x°
packing measure in the standard gauge x — z°

packing measure in the gauge G

singular value function of a linear map A : R" — R"
modified singular value function of a linear map A : R? — R?
a probability measure on 2 induced by a probability vector p
the rational numbers

approximate cube centered at II(2) with radius r

the real numbers

random iterated function system

rectangular open set condition

strong open set condition

a compact metric space

the integers
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