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On the Hausdorff dimension of certain self-affine sets
by

A. G. ABERCROMBIE and R. NAIR (Liverpool)

Abstract. A subset F of R" is called self-affine with respect to a collection{¢1, ..., ¢}
of affinities if £ is the union of the sets ¢1(F),...,¢¢(E). For S C R" let &(S) =
Ui<j<t @5(5). If &(S) C S let Eg(S) denote ﬂk>0¢k(5). For given @ consisting of
contracting “pseudo-dilations” (affinities which preserve the directions of the coordinate
axes) and subject to further mild technical restrictions we show that there exist self-affine
sets Eg(S) of each Hausdorff dimension between zero and a positive number depending
on ¢. We also investigate in detail the special class of cases in R2, where the images of a
fixed square under some maps ¢1, ..., ¢ are some vertical and some horizontal rectangles
of sides 1 and 2. This investigation is made possible by an extension of the method of
calculating Hausdorff dimension developed by P. Billingsley.

1. Introduction. A subset E of R™ is called self-affine with respect to
a collection @ = {¢; : j € A} of affine maps if £ is the union of the sets
¢j(E) over j € A. For any set S C R" let #(S) denote ;. , ¢;(S) and if
®(S) C S let E5(S) denote (= P*(S). It is straightforward to check that
Eg(S) is self-affine with respect to @. A number of authors have considered,
in varying degrees of generality, the problem of determining or estimating
the Hausdorff dimension of self-affine sets of the type Eg(S), where the
index set A is finite, S is compact and the sets ¢;(.S) are quasi-disjoint, that
is, we have

int(¢;(S)) Nint(¢,;(S)) =0 when i # j.

(See Section 2 for a definition of Hausdorff dimension.) For generic self-
affine sets the answer was obtained by K. Falconer [Fal], but for specific
self-affine sets the problem of determining the exact Hausdorff dimension of
E4(S) is apparently still hard and in only a few cases are results known.
For instance the case where all the ¢; are similarities is treated in [Be] and
the case where for each i, j there is a translation 1); ; such that ¢; = v, ;¢;
is treated in [Bed]|. Bounds for the Hausdorff dimension are also available
however [Fa2]. See also the work of C. McMullen [McM]. For the case n = 2,
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I. Hueter and S. P. Lally [HL] give some rather general sufficient conditions
for the upper bound in [Fa2] to be exact.

In this paper we consider in greater detail the situation where @ consists
only of pseudo-dilations, that is, affinities which preserve the directions of
the coordinate axes in R"™, but we shall not restrict ourselves to finite A
or compact sets S. We will address the problem of determining the range
of values taken by the Hausdorff dimension dim E4(S) as S ranges over
the bounded subsets of R™. Theorem 1.2 represents a partial solution to
this problem, and shows that under certain conditions we can find bounded
sets self-affine with respect to @ and having arbitrary Hausdorff dimension
between zero and a positive number depending on ®.

We note in passing that, since the conditions in [HL] include the condi-
tion that for some angular sector A of R? the inverse images ¢;1(A) should
be pairwise disjoint subsets of A, the results of that paper have little bear-
ing in our context even for compact S. As is normal with problems of this
type most of the work goes into obtaining lower bounds, while elementary
covering arguments suffice for the upper bound.

Let @ be the unit cube in R™, so @ = [0, 1]™. Let @ be a set of pseudo-
dilations of R™ such that the images ¢(Q), for ¢ in @, are pairwise quasi-
disjoint subsets of (). Then @ is necessarily (at most) countable so with no
loss of generality we can assume @ is a sequence (¢;)jca where A is either
{1,...,k} for some positive integer k or possibly A = N. For S C R™ we set
P(S) = Ujea ¢(5) and set Eg(S) =,y 2"(5).

For a linear map ¢ from R" to itself which we assume to be contracting
and non-singular, we refer to its singular values «; (1 <1 < n) as the lengths
of the mutually perpendicular principal semi-axes of ¢(B), where B is the
unit ball in R™. We adopt the convention that a; > ... > «. Since ¢ is
contracting and non-singular we have a; < 1 and a,, > 0. For 0 < s < n we
define the singular value function of ¢ to be

L*(¢) = ay .. .am_lafn*mﬂ,

where m is the integer such that m — 1 < s < m. We also assign the value
L(¢) = ay ...ay, = (det ¢)/"
if s > n. It is clear that L°(¢) is continuous and strictly decreasing in s. If

s is an integer and 0 < s < n then

LS(¢)=a1...aS:S%p%(§>))’

where mg denotes s-dimensional Lebesgue measure and the supremum is
taken over all possible s-dimensional ellipsoids £ in R™. Forr = 0,1,2, ... let

J’r = {(jlv"'aj'r) ]7, EA}
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and let d(®) denote the unique real number s such that

(3 v o

(jlvn-’jr)et]r

We note that if the ¢; are pseudo-dilations each ¢; can be written
uniquely as o o 1); where o, is a translation and 1, is given by the ma-
trix diag(agj ))195“. Let 7 denote the set of probability vectors in [0, 1]4;
that is, the elements of 7 are sequences T’ = (7;)jea with >,y 7; = 1. For
T in 7 we write

WT) = rllogTjl,
JjeEA
and for 1 <3 < n we write
a;(T) = Zaz(‘j)Tj~
JjeEA
We define 75 to be the set
{TeT:MT) < o0, a;(T) <oofor1<i<n}.

For T € T3 we set

h(T) — Z1§i§n ai(T)

minlgign 473 (T)

f(T) = fo(T) =n+

We have the following theorem.
THEOREM 1.1. We have

sup f(T) < dim Eg(Q) < min{n,d(P)}.
TeTs
Fix & = (¢j)jea as above and let S be any bounded subset of R"
that is self-affine with respect to @. Is it necessarily the case that dim S <

dim Eg(Q)? If A is finite, we have max; ; at’ < 1 and it follows easily that

7

S C @ and so by self-affinity S C Eg(Q) and therefore dim S < dim Eg(Q)
in this case. However if A = N we may have sup, ; al(.] ) =1 and then it is
possible that S is not contained in (). Moreover although S' is certainly con-
tained in some cube @’ such that @(Q’) is a subset of Q’, the images ¢;(Q")
may not be quasi-disjoint, so we cannot appeal to a change of scale to as-
sure ourselves that dim S < dim Fg(Q) in the case A = N, and it remains an
open question whether possibly dim S > dim F¢(Q) in the case of infinite A.

It seems natural to enquire whether the Hausdorff dimension of S can
take any value between zero and the Hausdorff dimension of E¢(Q). In this
paper we prove a theorem which gives a partial affirmative answer to this
question. In the context of the following theorem we assume that @ satisfies
the following hypothesis:
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(C)  there exists T in 7 such that
a1(T) = ... =a,(T).

This condition may seem rather restrictive. However for |A| > n, if a set
of |A] contracting affine maps given by diagonal matrices is chosen “at ran-
dom” (with respect to Lebesgue measure on the space of coefficients) it is
easily checked that condition (C) holds with positive probability.

For @ satisfying (C) set

T ={T €T :a1(T)=...=a,(T)},
and choose Ty in 75 such that

To) = T
f(To) pax f(T),
as is possible as a consequence of the compactness of [0,1]4 and the conti-
nuity of f.

THEOREM 1.2. Suppose @ satisfies hypothesis (C) above, that Ty is as
Just defined and f is as in Theorem 1.1. Then for each d in [0, f(To)] there
exrists a set Sq which is self-affine with respect to @ such that the Hausdorff
dimension of Sq is d.

In order to shed some light on the nature of these theorems, the general
cases of which are at present computationally intractable, we will investi-
gate in some detail the following special class of examples. Let n = 2, fix
a < 1/2, and suppose that for each j in A the image ¢;(Q) is either a vertical
or horizontal rectangle of sides a and 2a (a “domino”). Clearly A must be
finite. If all the rectangles ¢;(Q) are vertical or all are horizontal we are in
the situation of [Bed] so we direct our attention to the problem of finding
bounds for dim Eg(Q)) when there is at least one rectangle of each kind. This
will reveal some of the strengths and limitations of Theorems 1.1 and 1.2
and will suggest further problems.

It is possible that the methods of this paper could be used to yield
non-trivial results for more general classes of self-affine sets than those we
consider, but there remain considerable obstacles to overcome, arising no-
tably from the fact that whereas pseudo-dilations with a common fixed point
form an abelian group, affine maps with a common fixed point do not.

In two papers [Bil], [Bi2] dating from the early 1960’s, P. Billingsley de-
veloped a concept of dimension in probability spaces akin to that of Haus-
dorff dimension in metric space. With the aid of a powerful comparison
principle (Theorem 2.2 of [Bi2]) he obtained simple proofs of some classical
results on the Hausdorfl dimension of certain exceptional sets as well as a
number of new results in the same spirit. The natural setting for the concept
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of Billingsley dimension seems to be in the context of zero-dimensional topo-
logical spaces. See for instance [Bil], [Bi2], [Caj], [Abl], [Ab2], [Ab3]. While
ad hoc techniques exist ([Bi3], [KP], [AN1]) whereby results on Hausdorff
dimension can be read off in [0, 1] from results on Billingsley dimension in
an appropriate sequence space, these techniques do not seem to transfer to
problems in [0, 1] for d > 1 where the geometry interferes more. The results
of this paper arise by adapting the method developed in [AN2] to overcome
this difficulty in the context of expanding maps of manifolds.

The plan of the paper is that in §2 we describe the notions of Hausdorff
dimension and Billingsley dimension, in §3 we describe our generalisation
of Billingsley dimension and we state a general comparison principle, in §4
we prove Theorem 1.1, in §5 we prove Theorem 1.2 and in §6 we study the
special class of examples mentioned above.

2. Billingsley dimension in terms of zero-dimensional nets. For
any subset A of R let |A| denote its diameter, that is,

| Al = sup{|z —y[ : z,y € A}.
Let E be any subset of R and ¢ a positive number. For each positive §, we
consider the possible countable coverings {A,} of E by sets of diameter less
than 6. We define
(2.1) mf(E):inf{Z|Aj|t:]Aj|<6,ECUAj}.
J

J

Here the infimum is taken over all possible such covers of E. As § decreases,

the class of such coverings of E diminishes, so m?(F) increases and we set

my(E) = lim m?(E) = supm?(E).
6—0 §>0
The limit always exists (we allow it to take the value oo), and my(FE) is
called the t-dimensional Hausdorff measure of E. Technically m, is in fact
an outer measure on R, which defines a Borel measure. As the reader will
readily verify, if m;(E) < oo and t < T, then mp(E) = 0. As an immediate
consequence we see that there exists a non-negative number dim E such that

oo ift<dimkFE,
mi(E) = {0 if t > dim E,

and we call dim E' the Hausdorff dimension of E. (The value m;(E) takes
may lie anywhere in [0, 00).) Hausdorff dimension is interesting as a refine-
ment of our measure of size because if a subset of R has positive Lebesgue
measure then it has Hausdorff dimension one, while there exist sets of zero
Lebesgue measure and Hausdorff dimension ¢ for any ¢ in [0, 1]. This is not
the only possible definition of dimension. However it is probably the ge-
ometric definition best underpinned by rigorous foundations and also the
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best known and so we confine attention to it. This said, for our purposes,
as a technical device, it is convenient to work with the related concept of
Billingsley dimension which we now define.

Let X be a compact Hausdorff space. We define a zero-dimensional net
over X to be a collection P of regular closed non-empty subsets of X with
the following properties:

(N1) XeP;
(N2) if C C P is a chain of subsets of X ordered by inclusion then (Jp.o P
is in C;

(N3p) if u and v are elements of P then u C v or v C w or uNv = (;
(N4) if C is a maximal chain (ordered by inclusion) in P, z € (\pe P and
U is a neighbourhood of z, then for some P € C we have P C U.

The reason for calling such a structure “zero-dimensional” is as follows.
Let Xp be the set of z in X that are in (p. P for some maximal C in P.
We readily see that Xp is a zero-dimensional subset of X. For example if
X is the interval [0,1] with the usual topology we can take P to be the
collection of intervals

0,1], [0,1/3], [2/3,1], [0,1/9], [2/9,1/3], [2/3,7/9], [8/9,1], ...

Then P forms a zero-dimensional net and Xp is the Cantor set. Again if X
is [0, 1) with the “right open topology” [SS, p. 75] we can take P to be the
collection of dyadic intervals

[0,1), [0,1/2), [1/2,1), [0,1/4), ...,

and we have Xp = X. Let p be any non-atomic Borel probability measure
on Xp and E any subset of Xp. Set

0(5) = inf 3 (u(B))".
BeC
where the infimum is taken over all covers C of E in P satisfying u(B) < 6
for each B € C. Again we can write

CUE) = lim £ 4(E) = sup U] o(E).

As before ([Bi3], pp. 136-137), there exists a non-negative real number
dimf(E) such that

. . P
0(E) = 00 ?f’y<d%m%(E),
0 ify>dim, (E).

We call dim}, (E) the Billingsley dimension of E with respect to P and . For
certain choices of P the Billingsley dimension of a set with respect to P and
Lebesgue measure A coincides with its Hausdorff dimension. Because of (N2),
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every chain C contained in P is well-ordered by D and so there is a canonical
isomorphism i¢ (say) for some ordinal & = «(C) to the chain C ordered by D.
If z € Xp denote the set {P € P : x € P} by P,. Because of (N3) the set P,
is a chain for each  in X. For any 3 in a(P,) write Pg(x) = ip, (). A spe-
cialised form of the following theorem is given in [Bil] and [Bi2]. The proof
given there carries over to the present setting. We make the convention that
for a and bin [0, 1] if either a or bis in {0, 1} we set 122% = 1,0 or oo according

logb
as a > b, a =b, or a < b. We have the following theorem due to Billingsley.

THEOREM 2.1. Let u, v be non-atomic Borel probability measures on a
compact Hausdorff space X and let P be a countable net over X. Suppose
E C Xp and § > 0 satisfies

1 P
(2.2) liminf 1087 6(%)
p—a(P,) log ji(Ps(z))
Then dim/; (E) > ¢ dim]) (E).

>6 forallzxz in E.

The following variant of Theorem 2.1 is occasionally useful and will in
particular be used in the proof of Theorem 1.2. It is obtained by two appli-
cations of Theorem 2.1 in one of which the roles of y and v are reversed.

THEOREM 2.2. Let p, v and P be as in Theorem 2.1. Suppose EE C Xp
and 6 > 0 satisfies

B—a(Ps(z)) log u(Ps(z))

Then dim}, (E) = ¢ dim] (E).

In applications of Theorem 2.1 we are usually seeking a lower bound
for dimf (E) where p is some naturally occurring measure (for instance X
may be a topological group with Haar measure p). One therefore aims to
construct v in such a way that both dim”’ (E) and the left hand side of (2.2)
are easy to compute.

for each x in E.

3. Higher dimensional nets and a comparison principle. Let X
be a compact Hausdorff space. We call a family P of non-empty, regular
closed subsets of X a net if P satisfies (N1), (N2) and (N4) as well as

(N3) for P,Q € P we have PNQ € {P,Q,0PNJQ}.

As before the set of x € X such that x is in the intersection of some
maximal chain C C P is denoted by Xp. The number max,cx #{P € P :
x € OP} may plausibly be called the dimension of P. It is easy to check
that a zero-dimensional net as defined in §2 is just a net of dimension zero.
Henceforth P will always denote a net over X. For P € P, let P denote the
set of maximal chains in P that contain P. Thus in particular X denotes
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the set of maximal chains in P. We construct a zero-dimensional topology
on X. In [AN2] we show that for P,Q in P, if P C Q then P C Q We write
P = {P: P c P} and take P as a subbasis for the topology on X. In [AN2]
it is shown that the set P is a zero-dimensional net over X.

By (N4) and the fact that X is Hausdorff we have #((\pc, P) < 1 for

each p in X. On the other hand the fact that each P in 0 is compact im-
plies that #((\pc, ) > 1. Thus there is a surjection 7 : X — Xp given

by 7(P) = (pe, P- Clearly we have 7(P) = P for each P € P but not
7~1(P) = P in general.

For each £ C Xp and a cover Q@ C P of E we say Q is saturated if
for each z € E, and each g in 7~ !(x), Q contains a representative of g.

Suppose now that p is a non-atomic probability measure on X. To define
the dimension dimf(E) of E we write, for each v in [0,1] and 6 > 0,

mf Z

PeQ

where now the infimum is taken over the saturated covers Q contained in P
of E such that u(P) < 6 for each P € Q. As before we write

0(E) = lim 6(B)

and
dimf(E) =sup{y: {"(E) = oo} = inf{y: (" (E) = 0}.

If P is zero-dimensional then every cover C C P is saturated so our defini-
tion coincides with Billingsley’s in this case. For an arbitrary net P we write
OP = Upep OP. The following is easily verified.

THEOREM 3.1. Let p be a non-atomic Borel probability measure on a
space X and let P be a net over X satisfying

(N5,) pu(0P) = 0.
Then pom is a non-atomic Borel probability measure on X and

dim? (2) < dimf(ﬂ'(ﬂ)) for each 2 C X.

Qo

We now turn to the statement of a comparison principle. Let (X, d) be a
metric space. To avoid trivialities we wish to ensure that the set over which
the infimum in (2.1) is taken is non-empty, that is, for some 6 > 0, the set
X can be covered by countably many sets of diameter < 4. It is convenient
to assume that X is compact. One consequence of this is that X then con-
tains at most finitely many isolated points, x1,...,z, say. It follows that

= X \{z1,..., 2.} is compact and has no isolated points. Such a space is
called perfect. Since a finite set of points can have no bearing on questions
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of Hausdorff dimension we henceforth make the simplifying assumption that
X is itself perfect. The following is proved in [AN2]:

THEOREM 3.2. Let n be a Borel probability measure on a perfect metric
space X satisfying
n(E) < B4

for all measurable E contained in X. Let P be a net over X satisfying (N5,)
and also

(N6)  for some K > 0 and for each P € P, P # X, there exists QQ € P
such that P is strictly contained in Q and n(P) > Kn(Q); and also
for some a in (dim X, 00),

(N74.) |P| < (p(P))"*  for each P in P.
Then for any E C Xp we have
dim E > dim X — « + adim] (E).

4. Proof of Theorem 1.1. The upper bound can be proved using
exactly the same method as that described in [Fal] and so we make no
further remark about it. To prove the lower bound we begin by observing
that supper, f(T) = suppey, f(T') where we write 7o to denote {T' € 7 :
#(supp(T')) < oo}. Here supp(T’) means {j € A : 7; > 0}. To see this
we argue as follows: for any 7' € 7p and m > inf(supp(T')) we set s, =
> 1<h<m Th and let T, denote the vector (X[1,m)(j)7;/5;)jea. Then Ty, € Ty
for each m and if T,,, € 73 then it is easily verified that h(7},) tends to A(T")
and a;(T},) tends to a;(T) for each i in [1,n], so that f(7T,) tends to f(T)
and it follows as claimed that

sup f(T') = sup f(T).
TeT, TeT)
It thus remains to prove that dim Eg(Q) > f(T') for each T in 7.

Now for T' = (75)jea in T, let @1 denote (¢;) csupp(T), S0 P1 is finite.
Since Eg,(Q) C Es(Q) we have only to show that dim Eg, (T') > fs(T).
But we have fo(T) = fs,(T") and so the theorem will be proved completely
as soon as it is proved for any finite @. We therefore henceforth assume that
@ is finite, say @ = (¢;)5_;.

In order to apply Theorems 3.1, 3.2 and the Billingsley comparison prin-
ciple we make use of the net P as follows. Write Py = @, and for k£ > 0 write

Pr = {¢](P) P ePro1,1 <5<t}
We set P = [J;,»o Pr- Observe that each x in £ = Ey satisfies
(4.1) {z}=()dno. .00 (Q)

E>1
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for some sequence (i) in t. We denote the set of sequences (iz) for which
(4.1) holds by W (z). Observe also that each ¢ in @) has the form

{¢iy0...00:(Q): k € N}
for some w(o) = (ix) in tN. Then w(g) being in W (x) implies 7(p) = 2. We
denote by P(iy,...,i) the set of g in Q such that the first k terms of w(p)
are i1,...,1. Every element of P is of this form (we make the convention
Q = T(¢)) and we have 7(P(i1,...,ix)) = ¢3, 0... o ¢ (Q). Now for T in
7T and 1 < h <t define

Ap(T) = {(in)72y : [#({J < k iy = h}) — km| < (klogk)'/?}

and set

En(T)={z € E: W(x)n A(T) # 0},

Qn(T) ={o € Q:W(o) € Au(T)},

) AuT), ET= () EuT), Q)= () Qu(T)
1<h<t 1<h<t 1<h<t
To find the lower bound for the Hausdorff dimension of E(7T") we shall esti-
mate _
dimf,(E(T)),

using the comparison principle, where A denotes n-dimensional Lebesgue
measure. Define v : P — [0, 1] recursively by setting v(Q) = 1 and

I/(P(Zl, cig)) = TikI/(P(Zl, ceiig—1))
for k > 1. One checks that v is finitely additive and so, by a special case ([Pa],
p. 139) of Kolmogorov’s consistency theorem, can be extended to a Borel
probability measure (also denoted by v) on Q. Provided the cardinality of
the support of T" is greater than one (the statement that dim Fg(Q) > f(T)
is easily seen to be trivial otherwise), the measure v is also non-atomic.
Now v(Qx(T)) is just the probability that in the sequence of Bernoulli tri-
als with probability of success 73, the number of successes in the first &
trials is k7, + O(klogk)'/?) as k — oo. By elementary probability theory
([Fel], p. 203) we therefore have V(CNQ;L( T)) =1 for each h and consequently
y(@(T)) = 1 also. This implies dim” (Q(T)) = 1. In the notation of §1 we
have a(P ) = N for each ¢ € Q, while for each k£ in N and ¢ € Q we have

Pi(0) = P(iy,...,i1). Thus for o € Q(T) we obtain
ot EAPAO) e Jon Pl i)
f = f
S TomAonPate) R Tog A6, 0064, (@)
h(T)

B Z1gz‘gn ai(T)’
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and so by Theorem 2.1 we have

dimfoﬂ(@(T)) > %
Since clearly 7(Q(T)) = E(T), Theorem 3.1 implies
(4.2) dim} (E(T)) > %

Now for each M > 0 denote by E(T, M) the set of z in E(T) such that
(4;)521 in W(z) N A(T) implies

#({J < kij=h}) —km| < M(klogk)'/?,
for all h € [1,n] and all k in N. Thus
E(T) = |J BT, M).

M>0
Let P(T, M) be the subset of P consisting of the sets ¢;, o...0 ¢;, (Q)
where i1, ...,y is in the initial segment of some (i;)52; in W (x) N A(T') for

some = in E(T, M) C Qpr,ar)- Moreover we claim that the hypotheses of
Theorem 3.2 are satisfied with X = Q, P =P(T, M), n = X and

i Qi (T
(4.3) o = 2isisn @)
ming <<y, a;(T)
In fact (N5) is obvious and (N6) is easily verified with K=min;<;<: A(¢;(Q)).
To check that (N7, ) holds observe that for each element P = ¢;, o...0¢;, (Q)
in P(T, M) we have

’10g|P|‘:11%12t 3" flogal™)

=T 1<h<k
and so
|log | P|| =< min a;(T).
Since

log A(P)| = > ai(T),

1<i<n
we see that (N7,) holds as claimed. Now applying Theorem 3.2 we obtain
(4.4) dim E(T) > n — a + adim} "M(B(T, M)).
Since P(T, M) C P the definition of Billingsley dimension yields
dimz\)(T’M) > dim} .
Also by a standard argument ([Bi3], pp. 136-137) we have both
dim E(T) = S]l\l/[p dim E(T, M)
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and

dim} (E(T)) = sup dim} (E(T, M)).

Thus letting M — oo in (4.4) and using (4.2) and (4.3) we obtain
dim E > dim E(T) > f(T),
as required. m

If condition (C) holds then for each « given by (4.3) we have & = n and so
the preceding argument shows that dim £ > ndimf (E) for all E C Q. The
reverse inequality follows from the definition of Hausdorff and Billingsley
dimensions so for £ C @ in the presence of condition (C) we have

dim E = ndim} (E).

5. Proof of Theorem 1.2. For each hin A and T in 7 (not necessarily
in 77) we denote by A% (T) the set of sequences (ix)22, in AN such that for
each pair (a,b) of integers with a > 0, b > 1 we have

[#({j <k:j=a (modb),i; =h})—km /b < (klogk)'/2.
We also define
EL(T) o(T) : W(z)n AR(T) # 0},
(

={zreckFE
ANT) = () AT), E(T)= () Ei(T).
1<h<t 1<h<t
By elementary probability arguments quoted from [Fel] we have
dimf (E*(T)) = dim{ (E(T)),
and as in the proof or Theorem 1.1 we obtain
W)
dim} (E*(T)) = =—————
A(ET) Zlgign ai(T)
say. We can apply Theorem 3.2 with « given by (4.3) to obtain
f(T) < dim E*(T) < ng(T).
If condition (C) holds, the remark following the proof of Theorem 1.1 implies
that

= g(7T),

dim E*(T) = ndim} (E*(T))

and also v = n implies f(T') = ng(T') in the case where T is in 7. This
means that

Now for non-negative integers r, s with 0 < r < s we denote by A*(r, s;T')
the set of sequences (i;)72, in A*(T) such that for some [ € Z and all large
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a € N satisfying a = [ (mod s) we have i, = ... = ig4s—r. We also set
E*(r,s;T)={x € Es(Q) : W(x) N A*(r,s;T) # 0}.

We claim that ,
dim E*(r, s; Tp) = — dim E*(Tp).
s

By the remark following the proof of Theorem 1.1, we have
dim E*(Tp) = ndim} (E*(Tp)),

and also
dim E*(r, s;Ty) = ndim} (E*(r, ; Tp)),

so we need to show that

dim E*(r, s; Tp) = gdimf(E*(r,s;Tg)).

To see this we first split E*(r, s; Tp) into finitely many pieces corresponding
to the possible choices of | (mod s), and then apply Theorem 2.2 with ap-
propriate p and v. For example in the case | = 0 (mod s) we would take p to
be the product of discrete probability measures p over k£ € N where each py
is the distribution of the random variable i; given by the probability vector
Ty, and we could take v to be the product of measures p;® where if k is
congruent to one of 1,...,s —r (mods) we put p,* = (i, is[x/s) (Where d
is Kronecker’s delta and [y| denotes the largest integer not greater than y),
and if k is congruent to one of s —r +1,...,s (mod s) we put p;’° = py.
This proves the claim that

dim E* (r, s, Tp) = g dim E*(Tp).

It is easy to see that E*(r, s; Tp) is self-affine with respect to @, and for each
d in [0, 1] so is the set
E (5:To) = |J E(r,sT).
0<r/s<é
Moreover we have
dim E*(6;Tp) = sup E*(r,s;To) = sup L dim E*(Tp)
0<r/s<é 0<r/s<é§ S

and the theorem is proved. m

6. Some remarks on the lower bound in Theorem 1.1. It is nat-
ural to conjecture that in the statement of Theorem 1.2 we can replace
[0, f(Tb)] by [0, M] where M is the maximum of dim Eg(S) as S ranges
over the bounded subsets of R™. How close does Theorem 1.2 come to this
conjecture? This is the same as asking: how good is the lower bound in
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Theorem 1.17 To assess the quality of this lower bound we consider the
following special case. From now on in this section we confine attention to
R? and for convenience of computation we replace the unit square Q by a
closed square S of side w with sides parallel to the coordinate axes. The sets
#1(S), ..., ¢,(S5) will be quasi-disjoint “dominoes”; more precisely the sets
will be horizontal dominoes of the form [z,z + 2] x [y,y + 1] and the sets
Gr41(9), ..., 0+(S) will be vertical dominoes of the form [z, x4+ 1] X [y, y+2].
We write s = t — r and may suppose without loss of generality that » < s
(otherwise interchange r with s and x with y). We need not exclude the
case r = 0 though this case can in fact be treated without recourse to the
methods of this paper. In the statement of the following theorem and from
now on all logarithms are to base two.

THEOREM 6.1. We have

O<Hle<L>1(/2 f(r) < dim Eg(S) < min(y1, y2),

where we write
f(r) =

here H is the binary entropy function H(t) = —71logT — (1 — 7)log(1 — 7)
and 1, yo are the least non-negative solutions of

r+2Ms =wr, /24217725 = (w/2)72

27 —1+7logr + (1 —7)logs + H(T)

)

T+logw—1

respectively.

Proof. We prove first the right hand inequality, which does not depend
on Theorem 4.1 although it will be convenient to make use of the net P =
U,,>0 Pn, where we set Py to be S and for all n > 1 we define P, to be
the class of sets ¢j(P) with 1 < j <t and P € P,,_; (one verifies without
difficulty that P is indeed a net over S). We partition P,, into sets P,
for 0 < m < n where each element of P, ,, has the form ¢;, o...o0 ¢; (5)

with exactly m of the indices i1,...,14, lying in [1,r]. Thus Pp,m consists of
( )rms" ™ sets each having dlameter at most 2"""w ™" if m < n/2 and
at most 2™w =" if m > n/2.

To prove dim E < 1, note that dim F is bounded above by the infimum
of the ~ such that both

(6.1) lim sup Z ( > mgn= m<2;nm>v<oo

n—oo
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Using the assumption that r < s we see that (6.1) implies (6.2) and that in
turn (6.1) is a consequence of

(6.3) r+27s <w.

(In fact (6.3) and (6.1) are equivalent for » < s but we make no use of this
fact.) We have proved that dim E < ~;.

To prove dim E < 9, note that for m < n/2 each element in P,, ,,, can be
covered by 2"~2™ squares each of diameter 2"~ w~". As in the proof that
dim F < v, we see that dim £ does not exceed the least « such that both

2m\ 7
(6.4) im sup E ( > <_w"> 00

n—o0o

m<n/2
and
gn—m Y
(6.5) lim sup Z ( ) mgnTmo2m= ”(—n> < 00.
e m>n/2 w
Now (6.4) and (6.5) are consequences of (indeed for r < s are equivalent to)
(6.6) r/2 42775 < (w/2)7,
(6.7) 217 4+ 5/2 < (w/2)7,

respectively, and we see that for » < s, (6.6) implies (6.7), so dim E < 5 as
required.

We now prove the left hand inequality. In order to apply Theorems 3.1,
3.2 and Billingsley’s comparison principle, we introduce the following no-
tions. Note that each « € E has the form (), @i, ©...0 ¢;, (5) for some
w(z) = (ix)k>1 in {1,...,t}N. Similarly each o € E has the form {¢;, o...o0
¢, (S) : k € N} for some @(g) = (ix)r>1 in {1,...,t}N. Thus &(p) = w(x)
implies 7(g) = x. We denote by ]3(2'1, ..., 1) the set of p € E such that the
first k terms of w(p) are iq,...,i;. Every element of P is of this form. We
have made the convention that E = P(¢). We also have 7(P(iy, ..., i) =
(;51‘1 ©0...0 ¢zk(S)

Now for 7 € [0, 1] set

ATy ={we{l,.. )N #{j <k:1<i; <r}—kr| < EY?}
and set

E(t)={z € E:w(x)c A(r)}, E()={o€E:w(o) e A(r)}.

Since sup dim E(7) < dim E,
T€[0,1]
we now seek a lower bound for dim E(7) (as a function of 7). We shall now

proceed to estimating dimfo,r (E (7)) using the comparison principle, where A
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denotes two dimensional Lebesgue measure. Define v : P — [0, 1] recursively
by setting v(F) =1 and for (iy,...,iz) in {1,...,t}\, setting

B ;V(ﬁ(il, cyinet)) if i, <1,
v(Plir,...in) =4 | __ _

5 V(P(il,...,ikfl)) if i > r.

One checks that v is finitely additive and then a special case [Pa] of Kol-
mogorov’s consistency theorem shows that v can be extended to a Borel
probability measure (also denoted by v) on E. It is easy to verify that v is
non-atomic. By the strong law of large numbers, v(E(7)) = 1 and this easily
implies that ~

dim” (E(7)) = 1.
In the notation of §2 we have a(ﬁg) — N for each ¢ € E, and for each k in

N and o € E we have Py(0) = P(i1, ..., i) where &(0) = (1% )k>1. Thus for
0 € E(1) we have

Lo log v(Ps(0)) logv (P (11, )]
S Toghon(Pa(e)) IR Tog Ay, o -0 60, (5))
_Tlog(;)+(1—7' 10g( T)

log (—2)
and so by Theorem 2.1 we have

S~ Tlog (Z) + (1 —7)log (:=7)

6.8 dim}, . (E

(63) i, (E(r)) 2 e
_ 7logr+(1—17)logs+ H(7)
N 2logw — 1 '

Now for each M > 0 denote by E(7, M) the set of z in E(7) such that
#({j<k:1<i; <r})— k| < MEK'/?
for all k£ € N, where w(z) = (ix)x>1, so that

E(r)= |J E(r, M).

M>0
Let P(7, M) be the subset of P consisting of the sets ¢;, o...0¢;, (5) where
i1,...,0 is an initial segment of w(zx) for some = in E(7, M). Then one eas-

ily verifies that P(7, M) is a net over S and E(7, M) C Sp(r,ar). Moreover
we claim that for 7 < 1/2 the hypotheses of Theorem 3.2 are satisfied with
S=X,P=P(r,M),n= X and

2logw — 1

6.9 =
(6.9) “ T+logw—1
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In fact (N5) is obvious and (N6) is easily verified with K = 2/w?. To check
that (N7,) holds we observe that for an element P = ¢;, o...0¢;, (S) in
P(r, M) we have

(6.10) |P| = max (2~ w =", 2k2q~F)

where ki and ko are the cardinalities of the sets {j < k : i; < r} and
{j <k :i; > r} respectively. Thus 7 < 1/2 implies

|P| <« 207 ky=k,

and since A(P) = (2/w?)* we see that (N7,) holds as required. Now applying
Theorem 3.2 we obtain

. . P(r,M
(6.11) dim E(7, M) 22—a+ad1m)\( )(E(T,M)).
Since P(r, M) C P we have by the definition of Billingsley dimension
dimf(T’M) > dimz\) .

A straightforward computation (cf. [Bi3], pp. 136-137) shows that the
Billingsley dimension, like Hausdorff dimension, is countably subadditive
and so we have both

dim E(7) = supdim E(1, M),
M

and

dim} (E(7)) = sup dim} (E(r, M)).
M

Thus letting M — oo in (6.11) and using (6.8) and (6.9) we find that
dim E > dim E(1) > f(7),
for each 7 € [0,1/2] and so Theorem 6.1 is proved. =

For some values of 7,s and w the lower bound in Theorem 6.1 can be
much simplified. If 7 = 0 then f(7) = oo except at 7 = 0 so we have

max f(7) = f(0)

0<7<1/2 ~logw—1"

_ logs—1

If r > 0 we will show that f/(7) is decreasing on [0,1/2], in fact even on
[0, 1] we have

f'(r) =

We must have logw > 1 (otherwise r = s = 0) so the denominator is
increasing in (0, 1), and the numerator is increasing because its derivative is

(2 +logr —logs —log7 +log(l — 7)) logw — 1 + log 7 — log )
(1 -7 —logw)?

1—7—logw
7(1—7)
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and this is negative for 7 € (0,1). Thus f’ is decreasing as claimed. There-
fore f has just one maximum in [0,1/2] and this is attained at 1/2 or in
[0,1/2) according to whether f'(1/2) > 0 or f’(1/2) < 0, that is, according
to whether
(6.12) (47“)1‘”5““1 > glogw  op (47“)1°g“’*1 < glosw,
Thus if (4r)lew=1 > gloew we have
f 1\ 2+logr+logs
2logw —1

o Jnax F(r) =

2

If on the other hand (4r)'°8 %=1 < sl°6% then the maximum is attained at
the unique zero of f’ in [0,1/2), that is, the unique solution of

7.logwfl logw—1

— 22logw—1 r
(1 _ 7-)logw glogw °

(6.13)

There seems to be no simple formula for the max f/(7) in this case, unless
(6.13) can be explicitly solved. If however w is a power of two then (6.13)
becomes a polynomial, for example if S is a standard chessboard we have
w = 8 and (6.13) becomes

8r2(r —1)° + 5% = 0.

The reader may wonder why we have apparently ignored the possibility
of obtaining a better lower bound in Theorem 6.1 by considering values of
7 in (1/2,1] as well as in [0,1/2]. The reason is as follows. If 7 > 1/2 then
(6.10) no longer yields |P| < 200~k ~* but only |P| < 27*w™F; to obtain
the condition (N7,) we must then take

2logw — 1
B logw — 7
instead of (6.9) and hence f(7) must be replaced by
1-2747logr+ (1 —7)logs+ Ht
- logw — 1 '

g(7)

Now an argument similar to that leading to (6.12) shows that g is increasing
on a subinterval [1/2,1] if and only if (4s)l°ew~1 < rlogw We claim that
this cannot happen, given our assumptions that » < s and that ¢;(5) are
quasi-disjoint. In fact (4s)!°8®=1 < plogw together with r» < s would imply
that s > w/4, and the quasi-disjointness of the ¢;(S) implies r + s < w?/2,
so r < w/4. But then, as is easily checked,

(4s/7)°8 % > 4s,

contradicting (4s)°8*~! < 8% This shows that g is decreasing on [1/2, 1].
Since ¢g(1/2) = f(1/2) we have lost nothing ignoring the values of 7 €
(1/2,1].
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A natural question is how sharp the bounds given in Theorem 6.1 are.
The following argument shows that the upper bound is usually exact, in a
sense that we shall make precise. Observe that for given integers roy and sq,
if wg is the least positive number for which there exists a @ with (r, s, w) =
(ro, S0, W), then for any w; > wy there exists a @ with (r, s, w) = (rg, s, w1),
with the images @(5) lying in disjoint open subsets of S. Now fix (r, s, w) =

(ro, S0, w1) with w; > wy. Following [Fal], for each sequence i1,...,i, in
{1,...,t—1}" with exactly m components in [1, r| and for some 7 in [0, 2] set
(2n= M=)y ify<1, m<n/2,

" ) @M )7 ify<1, m>n/2,
F (¢11 0...0 ¢Zh) - (277, Moy )(2m —n)’y—l lf"}/ > ]_7 m < n/27
(me”)(Z” M=M= ify > 1, m > n/2,

A special case of Theorem 6.3 in [Fal] now asserts that if wy > 6 then there
exists a @ with (r, s, w) = (rg, Sp, w1) such that

(6.14) dim Eg(S) 1nf{ Z Z F7(¢i,0...00;,) < oo}

nEN (iy,...,0n)E{1,...,t}™

Substituting in the definition of F¥ and comparing (6.1), (6.2), (6.4) and
(6.5) we see that the right hand side of (6.14) is equal to min(y;,v2) and
this establishes our assertion about the upper bound. It seems reasonable
that the upper bound is always exact (i.e. we need not assume that w; > wy
or wy > 6) but we have no proof of this.

The lower bound is certainly not exact for arbitrary choices of (r, s, w),
in fact for (r,s) = (0,1) and w > 2 it is actually worse than the trivial bound
dim E > 0. For some choices of (r, s, w) it is however easily seen to be exact.
Suppose r < s/2 and set w = 2r + s. A straightforward computation gives
f/(2r/w) = 0. Then since 2r/w < 1/2 we have

max _ f(7) = f(2r/w),

7€[0,1/2]
and another computation gives f(2r/w) = 1. However if we take S =
[0, w] x [0, w] and define @ by setting
,(S) = [2(5 —1),24] x [0,1] Whenj' <r,
[j+r—1,7+7r]x[0,2] whenj>r,

then clearly Eg(S) = [0, w] x {0}. Thus dim E¢(S) = 1 and the lower bound
is attained. A similar argument using the fact that f’(2r/w?) = 0 shows
that it is always attained when r + s = w?/2 provided of course that there
is a @ with the given (r, s,w), which is the case precisely when r, s and w
are all even integers. An interesting further question is whether there are
any other values of (r,s,w) for which the lower bound is attained and how
we recognise them.
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