SEPARATION CONDITIONS ON CONTROLLED MORAN
CONSTRUCTIONS

ANTTI KAENMAKI AND MARKKU VILPPOLAINEN

ABSTRACT. It is well known that the open set condition and the positivity of
the t-dimensional Hausdorff measure are equivalent on self-similar sets, where ¢
is the zero of the topological pressure. We prove an analogous result for a class
of Moran constructions and we study different kinds of Moran constructions
with this respect.

1. INTRODUCTION AND NOTATION

The origin of fractal mathematics goes back to the early works of Cantor [4].
He showed that a nonempty perfect subset of the real line is uncountable. At that
time, fractal type behavior were seen in many examples, which, however, were
considered to be only pathological counterexamples for some property. For exam-
ple, the Weierstrass function is an example of a continuous and nondifferentiable
function. The later development of geometric measure theory gave necessary
tools for studying these kinds of objects. A nice overview for the beginning of
fractal mathematics can be found in the book of Edgar [6].

Mainly because of Mandelbrot’s intuition [20], fractals started to be seen as
models of real world phenomena instead of pathological examples. Although
there is no generally accepted definition for the term “fractal”, the fundamental
idea behind this notion is self-similarity: small pieces of a set appear to be
similar to the whole set. A mathematical class of self-similar sets was introduced
by Hutchinson [12]. A mapping ¢: RY — R? is called a similitude mapping if
there is s > 0 such that |p(z) — ¢(y)| = s|z — y| whenever z,y € R

If the similitude mappings 1, ..., ¢k are contractive, that is, all the Lipschitz
constants are strictly less than one, then a nonempty compact set £ C R% is
called self-similar provided that it satisfies

E=pi(E)U---Upg(E).

From this, one can easily see that the set E consists of smaller and smaller pieces
which are geometrically similar to E. However, the self-similar structure is hard
to recognize if these pieces overlap too much. Hutchinson [12] used a separation
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condition which guarantees that we can distinguish the pieces. The idea goes
back to Moran [25] who studied similar constructions but without mappings. In
the open set condition, it is required that there exists an open set V' such that
all the images ¢; (V') are pairwise disjoint and contained in V. Lalley [17] used a
stronger version of the open set condition. In the strong open set condition, it is
required that the open set V' above can be chosen such that V N E # ().

Assuming the open set condition, Hutchinson [12, §5.3] proved that the t-
dimensional Hausdorff measure H! of E is positive, where t is the zero of the
so-called topological pressure. See also Moran [25, Theorem III] for the corre-
sponding theorem for the Moran constructions. Schief [28, Theorem 2.1] showed,
extending the ideas of Bandt and Graf [2], that the open set condition is not
only sufficient but also a necessary condition for the positivity of the Hausdorff
measure. In fact, he proved that H'(E) > 0 implies the strong open set condi-
tion. Later, Peres, Rams, Simon, and Solomyak [27, Theorem 1.1] showed that
this equivalence also holds for self-conformal sets. See also Fan and Lau [9] and
Fan, Lau, and Ye [10].

The main theme in this article is to study the relationship between various
separation conditions and the Hausdorff measure on Moran constructions. More
precisely, we study what can be said about Schief’s result in this setting. Since
the open set condition requires the use of mappings, we introduce a representative
form for it to be used on Moran constructions. We also study measure theoretical
properties of limit sets of various classes of Moran constructions and invariant
sets of various iterated function systems. We generalize many classical results
into these settings.

Before going into more detailed preliminaries, let us fix some notation to be
used throughout this article. As usual, let I be a finite set with at least two
elements. Put I* = (J°_, [" and > = [N. Now for each i € I*, there is
n € N such that 1 = (i1,...,4,) € I". We call this n the length of i and we
denote |i| = n. The length of elements in I*° is infinity. Moreover, if i € I*
and j € I* U I*, then with the notation ij, we mean the element obtained
by juxtaposing the terms of i and j. For i € [* and A C I*, we define
[i; A] = {ij : j € A} and we call the set [1] = [i;I*] a cylinder set of level |i].
If jeI*Ul* and 1 <n < |j|, we define j|, to be the unique element i € I"
for which j € [i]. We also denote 1™ = i|;;—;. With the notation i_Lj, we mean
that the elements i, j € I* are incomparable, that is, [1] N [j] = 0. We call a set
A C I* incomparable if all of its elements are mutually incomparable. Finally,
with the notation i A j, we mean the common beginning of i € I* and j € I*,
that is, 1 A j = i|,, = j|n, where n = min{k — 1 : i|x # j|n}-

Defining
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for each i,j € I, the couple (I*°,|-|) is a compact metric space. We call
(I°°,] - |) a symbol space and an element i € I a symbol. If there is no danger
of misunderstanding, let us call also an element i € I* a symbol. Define the left
shift o: I°° — I by setting
U(il,ig, .. ) = (ig, ig, .. )

With the notation o (i1, .. .,,), we mean the symbol (is,...,4,) € I""1. Observe
that to be precise in our definitions, we need to work with “empty symbols”, that
is, symbols with zero length. However, this is left to the reader.

In this article, we study the controlled Moran construction (CMC), that is, the
collection {X; C RY: i € I*} of compact sets with positive diameter satisfying

(M1) Xj; C Xyasie[*andi€ [,

(M2) there exists a constant D > 1 such that

D_l < dlam(XlJ)

<D
~ diam(X;) diam(X;) —

whenever i, j € I*,
(M3) there exists n € N such that
mz%xdiam(Xi) <D™
iel™
Here with the notation diam(A), we mean the diameter of a given set A. The
fact that we can define a continuous mapping 7: I° — R? by setting {m(i)} =
Mo~ Xi|, ties the CMC and the symbol space together. We shall focus on
measure theoretical properties of the compact limit set

E=J N Xy, ==

iel*® n=1
Assuming a natural separation condition, the ball condition (see Definition 3.3)

and some natural regularity assumptions, there is a constant ¢ > 1 such that the
Hausdorff measure restricted to the set E satisfies

c tdiam(X;)' < H'|p(X:) < cdiam(X;)"

whenever i € I* and
H'p(X:iNX;) =0

whenever i1 j. Here ¢t > 0 is the zero of the topological pressure P defined in
(3.1). See Proposition 3.2, Theorem 3.5, Lemma 3.6, and Remark 3.8. From this,
it follows immediately that dimy(E) = dimy(F) = ¢, where dimy denotes the
Hausdorff dimension and dimy; the upper Minkowski dimension. For a suitably
chosen subclass of CMC'’s, the so-called tractable CMC’s, we show in Theorem
3.9 that the positivity of H!(E) conversely implies the uniform ball condition.

In Chapter 4, we introduce the congruent CMC, that is, the collection {X; C
R?: i € I*} of compact sets with positive diameter satisfying
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(Cl) Xy; C Xjasie[*andi€ I,
(C2) there exist i, j € I* such that X; N X5 =0,
(C3) limy,_. diam(Xjy,) = 0 for every i € I,
(C4) there exists a constant C' > 1 such that
dist(Xni, Xnj) < Cdist(in,ij)
diam(Xy) — diam(Xy)
whenever h, k, i,j € I*.

Here with the notation dist(A, B), we mean the distance between given sets A
and B. The fact that this kind of a collection is a tractable CMC together with
the assumption (C4) justify the use of the name “congruent CMC”. Observe that
the role of the assumption (C2) is just to ensure that diam(E) > 0. We shall
show that the congruence of a CMC is bi-Lipschitz invariant and hence, the class
of all congruent CMC'’s is sufficiently large. Furthermore, we prove in Theorem
4.3 that the Hausdorff dimension and the upper Minkowski dimension coincide
even without assuming the ball condition. This is a consequence of a fact that the
limit set is “approximately self-similar” by the assumption (C4). Generalizing
the argument of Schief [28, Theorem 2.1] into this setting, we notice in Corollary
4.8 that the ball condition has a self-improvement property. In Proposition
4.9, we prove that assuming the ball condition, the Hausdorff dimension of the
intersection 7 ([i]) N m([j]) is strictly smaller than dimy(F) as iLj. Because of
these properties, congruent CMC’s can be thought as a natural generalization of
conformal iterated function systems into the setting of Moran constructions.

With the congruent iterated function system (IFS), we mean a collection {¢p; :
i € 1} of mappings satisfying

silz =yl < lei(z) —@i(y)] < Silz —yl,

where 0 < D7'5; < s, <3; <1 for a constant D > 1 and ¢; = ;, 0---0¢;
as i € I" and n € N. We also assume there exists a closed and nonempty set X
such that ¢;(X) C X for each i € I. We show that a congruent IFS defines a
congruent CMC. In Example 6.8, we note that each conformal IFS is congruent
and also that there exist natural examples of congruent IFS’s which are not
conformal. We stress that the use of differentiable mappings is not a necessity in
order to obtain the classical results. Indeed, from Lemma 5.3, Proposition 5.4,
and Theorems 3.9 and 5.5, we derive the following.

Theorem 1.1. For a congruent IFS, the following conditions are equivalent:

(1) The ball condition.

(2) The open set condition.

(3) The strong open set condition.

(4) HY(E) > 0, where t is the zero of the topological pressure.

We also show that E is the closure of its interior provided that the underlying
congruent IFS satisfies the open set condition and dimy(E) = d.
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The last chapter is devoted to examples.

2. SEMICONFORMAL MEASURE

In this chapter we work only in the symbol space. We present sufficient con-
ditions for the existence of the so-called semiconformal measure. Suppose the
collection {s; > 0:1 € I} satisfies the following two assumptions:

(S1) There exists a constant D > 1 such that
D_lsiSj S Sij S DSiSj
whenever i, j € I*.
(S2) maxjemm s; — 0 as n — oo.
Given t > 0, we define the topological pressure to be
P(t) = lim 2 log Z st
The limit above exists by the standard theory of subadditive sequences since
t t t .t __ t t t
D SHED ), ss=D) s s
ientm ije_[n+m igln jerm

using (S1).
As a function, P: [0,00) — R is convex: Let 0 <t; <ty and A € (0,1). Now
Holder’s inequality implies

A 1-X
At +(1-N)t2 B\ [ Jt2 1= t1 t2
Zsi _Z(Si) (s7) < Zsi Z‘Si
ieln ieln ieln ieln

from which the claim follows. According to (S2), we choose n € N such that
max;crn 83 < D71 Then, using (S1), we observe that

k
. 1 t t 1 t1 n
P(t) < kh_)rgoE log (D ZI 31) < Llog(D riréz}icsi) + slog#I" — —o0
iel™
as t — 0o. Hence there exists a unique ¢ > 0 for which P(t) = 0.

Lemma 2.1. Suppose P(t) =0. Then
D <> s <D
ieln

whenever n € N.

Proof. Since
P(t) = inf %(log Z st +log Dt)’

neN
ieln
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we have
Z Sz; > D—tenP(t)

ieln

as n € N. On the other hand,

k 1/n
o1 —t t\ t —t/n
P(t) > kh_)rglo —log (D Z 31) = log(z si) +log D

ieln ieln
implies
Z Sg < DtenP(t)
ieln
for each n € N. O

Let [ be the linear space of all bounded sequences on the real line. Recalling
[26, Theorem 7.2], we say that the Banach limit is the mapping L: [* — R for
which

(L1) L is linear,

(L2) L is positive, that is, L((a:n)neN) >0if x, >0 for all n € N,
(L3) L((xn)nEN) = L((In+1)n6N)>

(L4) liminf, ..z, < L((xn)neN) < limsup,,_, . Tn-

To simplify the notation, we denote Lim,, x, = L((a:n)neN).
A Borel probability measure p on I is called t-semiconformal if there exists
a constant ¢ > 1 such that

st < pu([a)) < et

whenever i € [*. We call a Borel probability measure g on I invariant if
p([i]) = p(o™Y([i])) for each i € I* and ergodic if p(A) = 0 or u(A) =1 for
every Borel set A C I*° for which A = 07!(A). The use of the Banach limit is a
rather standard tool in producing an invariant measure from a given measure, for
example, see [31, Corollary 1] and [23, Theorem 3.8|. In the following theorem, we
shall find the semiconformal measure by applying the Banach limit to a collection
of set functions.

Theorem 2.2. Assuming P(t) = 0, there ezists a unique invariant t-semi-
conformal measure. Furthermore, it is ergodic.

Proof. Take t > 0 such that P(t) = 0. Define for each i € [* and n € N

vp(i) = Zzﬁi (2.1)

-
jerliltn S;
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Letting v(i) = Lim,, v,(1), we have (i) > 0 and, using (L1) and (L3),

Z Z Lim v, (ij) le ZjEI Zje”n Sijj

et Py 2 serii+ien 55 (2.2)

= Limv,1(i) = Limy,(1) = v(i)

whenever i € I*. Since, by Lemma 2.1 and (S1),
)< D! 2313 < D* Zstst < D¥st
Jeln Jeln
and similarly the other way around, we have, using (L4),

D7¥st <p(i) < D¥st. (2.3)

Now, identifying i € I* with the cylinder [i], we notice, using (2.2), that v is
a probability measure on the semi-algebra of all cylinder sets. Hence, using the
Carathéodory-Hahn Theorem (see [32, Theorem 11.20]), v extends to a Borel
probability measure on I°°.

Define for each n € N a Borel probability measure

1 E Vo O.—j
7=0

and take p to be an accumulation point of the set {1, }ren in the weak topology.
For any i € I'*, we have

(1)) = p (0 (D) | = 2 [w((3]) = w(e™ (WD) < 7 — 0

as n — oo. Thus p is invariant. We also have, using (2.3), (S1), and Lemma 2.1,
that for each 1 € I*

_le Zyoa I([4] —le ZZ [3i])

Jj= OJGIJ

< D3 ILm 1ZZSJ1—D4t le 12 Zs <D5tt

J=0 jeIi Jj=0 jeri

3 |

since cylinder sets have empty boundary. Estimating similarly into the other
direction, we have shown that p is a semiconformal measure with

DS, < u((i]) < D™, (2.4)

asiel”.
We shall next prove that pu is ergodic. We have learned the following argument
from the proof of [23, Theorem 3.8]. Assume on the contrary that there exists a
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p-measurable set A C I such that 07}(4) = A and 0 < u(A) < 1. Fix i € I*
and take an incomparable set R C I* for which I°°\ A C {J,.p[j] and

Zu([i.ﬂ) < 2u([3; 17\ A)).
Using (2.4) and (S1), we infer
p([3 17\ A 2 271 D76y b = 27 D7 u([3]) Y wl[5)

JER JER
> 27 DT u([i) (1 \ A).
Therefore

p(o™"(A) N [i]) = u((i; A]) = p((i]) — p((1; 1\ A))
< (1=27"D7 (1% \ A)) u([i])

for each i € I*. Denote y = (1 —27'D716;(1°°\ A)) and n = (1+~7')/2. Take
an incomparable set R C I* for which A C (J;cp[1] and Y, p p([i]) < nu(A).

Since now, using (2.5)
=2 AN =2 u(e(4)Ni)

(2.5)

< Zw([i]) < ynu(A) < p(A),

we have finished the proof of the ergodicity.

To prove the uniqueness, assume that ji is another invariant t-semiconformal
measure. Now there exists ¢ > 1 such that fi([i]) < cu([i]) whenever i € I*.
According to the uniqueness of the Carathéodory-Hahn extension, this inequality
implies that also fi < cu. Using the ergodicity of the measure p, it follows that
i = p, see [30, Theorem 6.10]. The proof is finished. O

Remark 2.3. Observe that the use of the Banach limit in the proof of Theorem
2.2 is not a necessity. Defining for each n € N a measure

t
_ 2 sem Si0m

Up = <=7
Zjeln S5
where dy is a probability measure with support {h}, we have for each i € I'* and
n > |i
t
Zje]nﬂi\ Sij
> kel 5k

where v, (1) is as in (2.1). Therefore, instead of using v, (1) and its Banach limit,
we would have worked with 7, and its weak limit.

m(i)) = Y m(i]) = = Vo5 (1),

jeIn—lil
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Let us next prove two lemmas for future reference. Define for i € I'*

Q; = {j € I*:0"(j) € [i] with infinitely many n € N}

and
QY ={jeI*:0"(j) ¢ [i] for every n € N}.

Lemma 2.4. Suppose i is an invariant ergodic Borel probability measure on I*°.
Then u(22) = 0 and u(Q) =1 for every i € I* provided that p([i]) > 0.
Proof. Take i € I* such that p([i]) > 0. Notice that o=1(1°°\ Q)) C I\ Q? and
due to the invariance of y, it holds that p(o™'(1°\ Q9)) = p(I>=\ Q). Since
Q=Moo "I\ D)), we have 071(Q;) = Q; and using the ergodicity of p,
we have either p(€Q;) = 0 or u(£2;) = 1. Since

p(0:) = T (o™ (1%\ ) = p(1\ O0) = p((i]) > 0,
it follows that p(1°°\ Q) = u(Q;) = 1. The proof is finished. O

Assume that I has at least three elements. For a fixed j € I, we denote
I; =1\ {j} and define

P;(t) = lim +log Z st
e iern
Lemma 2.5. Suppose P(t) =0. Then P;(t) <0 for every j € I.

Proof. Using Theorem 2.2, we denote with p the invariant ergodic Borel proba-
bility measure on [*° for which

st < pu([a]) < et

for a constant ¢ > 1 whenever i € [*. Assume now on the contrary that there
is j € I such that P;(t) = 0. Using Theorem 2.2, we denote with p; the unique
invariant ¢-semiconformal measure on I7°. Observe that there exists a constant
c¢; > 1 such that

cj sy < py([i]) < ¢y
whenever i € I7. Notice also that p;(1°°\ I3°) = 0 and pu(3°) = 0 by Lemma
2.4. Defining A; = 3(p + p;), we have for each i € I}
A ([A]) = A (AN I59) + A (A N )
= gu([i]) + z15([1]) < 5(c+¢))sh
and similarly the other way around. Hence also ); is invariant and t-semi-
conformal on I7°. From the uniqueness, we infer A; = y;, and therefore

L= p;(I5°) = N(I5°) = 5+ py)(I7) = 5.
This contradiction finishes the proof. =
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3. CONTROLLED MORAN CONSTRUCTION

The collection of compact sets with positive diameter {X; C R?: i € I*} is
called a controlled Moran construction (CMC) if
(M1) X;; C Xyasie[*andi€ [,
(M2) there exists a constant D > 1 such that
D_l S : dlam(XlJ) S D
diam(X; ) diam(Xj)

whenever i, j € I*,
(M3) there exists n € N such that

max diam(X;) < D™
iel™

Lemma 3.1. Given CMC, there are constants ¢ > 0 and 0 < o < 1 such that
max; e diam(X;) < co™ for all n € N.

Proof. Using (M3), we find £ € N and 0 < @ < 1 such that diam(X;) < a/D for
every i € I*. Fix n > k, take 1 € I" and denote i = iyiy---i;, where [ — 1 is
the integer part of n/k, i; € I* for j € {1,...,1— 1}, and 0 < |i;| < k. Since
now, by (M2),

diam(X;) < D" diam(X;,) diam(X;,) - - - diam(Xj, ) diam(Xj;,)

_ -1 . _ . n
< D'"'(a/D) Ogllielx;(kdlam(Xi) <a 1021‘13>S<kd1am(Xi)(al/k) ,

the proof is finished. O

Using the assumption (M1) and Lemma 3.1, we define a projection mapping
m: I*° — X such that

{n(1)} =] Xa.

as i € I*°. It is clear that 7 is continuous. The compact set F = w([*) is
called a limit set (of the CMC). We call a Borel probability measure m on F
t-semiconformal if there exists a constant ¢ > 1 such that
ctdiam(X;)" < m(X;) < cdiam(X;)"
whenever i € I* and
TR(}(ifj_Xa) =0
whenever il j. Observe that in Chapter 2 we defined a semiconformal measure

on I*°. The overlapping terminology should not be confusing as it is clear from
the content which definition we use. Furthermore, for each ¢ > 0, we set

P(t) = lim 1log " diam(X;)’ (3.1)

iel™
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provided that the limit exists. It follows straight from the definition that if there
exists a t-semiconformal measure on F then P(t) = 0. Recalling Lemma 2.1,
the equation P(t) = 0 gives a natural upper bound for the Hausdorff dimension
of E, dimy(FE) < t. Finally, we say that a CMC satisfies a bounded overlapping
property if sup,cp sup{#R Rc{iel":ze X;}is incomparable} < 0.

Proposition 3.2. Given CMC, the limit in (3.1) exists and there is a unique
t > 0 such that P(t) = 0. Assuming P(t) = 0, there exists an invariant ergodic
Borel probability measure p on I and constants ¢, > 0 such that

¢ Hdiam(X;)" < p([i]) < cdiam(X;)

whenever i € I* and denoting m = pon 1, we have H'(A) < dm(A) for every
m-measurable A C E. Furthermore, if in addition the CMC satisfies the bounded
overlapping property and for each i,j € I* andh € I* it holds that w(ih) € X
whenever w(h) € X; then m is a t-semiconformal measure on E.

Proof. According to (M2) and Lemma 3.1, the collection {diam(X;) : i € I*}
satisfies (S1) and (S2). The proof of the first claim is now trivial. Suppose
P(t) = 0 and denote with p the t-semiconformal measure on /> associated to this
collection, see Theorem 2.2. For fixed x € F and r > 0 take 1 = (iy,4y,...) € I
such that 7(i) = = and choose n to be the smallest integer for which X, C
B(z,r). Denoting m = pon~! and using (M2), we obtain

m(B(z,r)) = m(Xy,) > p([il.]) > ¢ diam(X;), )"
> ¢ DM diam(X;), )" diam(X;, )"

>c'D miIn diam (X;)"r?,
1€

which, according to [8, Proposition 2.2(b)], gives the second claim. Here with the
notation B(x,r), we mean the open ball centered at x with radius r. Furthermore,
if the bounded overlapping property is satisfied then the proof of [14, Theorem
3.7] shows that

whenever il j provided that for each i,h,k € I* it holds i ([i; 7' (Xx N Xk)]) <
m(Xin N Xix). This is guaranteed by our extra assumption. Hence

m(X;) = m(Xi \ U X0 Xi)

= p(7 X\ U (X5 0 X)) = (i),

ilj

which finishes the proof of the last claim. O
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In the definition that follows, we introduce a natural separation condition to
be used on Moran constructions. Given CMC, define for r > 0

Z(r)={ieI":diam(X;) <r < diam(X;-)}
and if in addition x € F, we set
Z(x,r)={i € Z(r): X; N B(z,r) £ 0}.

It is often useful to know the cardinality of the set Z(x,r). We say that a
CMC satisfies a finite clustering property if sup,cplimsup, o #Z(z,r) < oo.
Furthermore, if sup,cpsup,-o #Z(z,r) < oo then the CMC is said to satisfy a
uniform finite clustering property.

Definition 3.3. We say that a CMC satisfies a ball condition if there exists a
constant 0 < 0 < 1 such that for each x € E there is ry > 0 such that for
every 0 < r < ry there exists a set {x; € conv(X;) : i € Z(z,r)} such that the
collection {B(zy,dr) : i € Z(z,r)} is disjoint. If ry > 0 above can be chosen
to be infinity for every x € F then the CMC is said to satisfy a uniform ball
condition. Here with the notation conv(A), we mean the convex hull of a given
set A.

We shall next prove that the (uniform) ball condition and the (uniform) finite
clustering property are equivalent.

Lemma 3.4. Given compact and connected set A C R™ and k € N, there exists
points x1,...,x; € A such that the collection of balls { B(x;, (2k)~" diam(A)) :
i € {1,...,k}} is disjoint and #{i € {1,...,k} : B(z;, (2k)~" diam(A)) N
B(z, (2k)~' diam(A)) # 0} < 2 for every x € R™.

Proof. Choose y1,yr € A such that |y; — yx| = diam(A). Denote the line going
through y; and y, with L and define for each i € {2,...,k — 1} a point y; =
(1 — %)yl—l—%yk € L. Using the connectedness of A, we find for each i € {1,..., k}
a point x; € A for which the inner product (x; — y;) - (yx — y1) = 0. The proof is
finished. U

Theorem 3.5. A CMC satisfies the (uniform) ball condition exactly when it
satisfies the (uniform) finite clustering property.

Proof. We shall prove the non-uniform case. The uniform case follows similarly.
Assuming the ball condition, take z € F and 0 < r < ry. Choose for each
i€ Z(xz,r) a point z; € conv(X;) such that the balls B(z;,dr) are disjoint as
i€ Z(x,r). Now clearly

B(xs,0r) C B(z,(2+6)r)
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for every i € Z(z,r). Hence

#Z(x,r)6ro(d) = Y Hd(B(:ci,ér)):Hd< U B(xi,ér))

ieZ(z,r) ieZ(z,r)

< Hd(B(x, (2+40)r)) =2+ §)ria(d),

where «(d) denotes the d-dimensional Hausdorff measure of the unit ball. This
shows that the CMC satisfies the finite clustering property.

Conversely, by the finite clustering property, there exists M > 0 such that
for each x € E there is 7y > 0 such that #Z(x,r) < M whenever 0 < r < 7.
Choose § = (4MD)~! min;c; diam(X;) and for fixed x € E and 0 < r < ry
denote the symbols of Z(x,r) with i4,...,1i,, where n = #Z(z,r). We shall de-
fine the points zj,,...,7;, needed in the ball condition inductively. Choose
x;, to be any point of conv(X;,) and assume the points zj,,...,z;,, where
k € {1,...,n — 1}, have already been chosen such that the collection of balls
{B(z;,,6r) : i € {1,...,k}} is disjoint. Using Lemma 3.4, we find points
Y1, Y2n € conv(Xy, ) such that the collection {B(y;, (4n)~! diam(Xj,,,)) :
j€{1,...,2n}} is disjoint. Since, using (M2),

6r < (4M D)™ miIn diam(X;) diam(X;-) < (4n) " diam(X;)
1€

for every i € Z(x,r), Lemma 3.4 says also that the balls B(x;,,0r),i € {1,..., k},
can intersect at most 2k of balls B(y;, (4n)~*diam(X;,,,)), j € {1,...,2n}.
Hence, choosing z;,,, € {y1,..., ¥z} such that B(z;,,,, (4n)"  diam(X;,,,)) N
B(zs,,0r) =0 for every i € {1,...,k}, we have finished the proof. O

It is evident that the bounded overlapping property does not imply the finite
clustering property and in Example 6.1, we show that the converse does not
hold either. The natural condition according to which sup,cp .~ sup{#R R C
{i eI": X;nB(z,r) # 0 and diam(X;-) > r} is incomparable} < oo clearly
implies both the bounded overlapping property and the uniform finite clustering
property. See also [23, Lemma 2.7]. However, we do not need this condition as
under a minor technical assumption, the finite clustering property implies the
bounded overlapping property.

Lemma 3.6. If a CMC satisfies the finite clustering property then it satisfies
the bounded overlapping property provided that

X;NE =mn([i])
for each i € I*.

Proof. Set M = sup,cplimsup, ,#Z(x,r). Fix 2 € E and assume that R C I*
is a finite and incomparable set such that x € X; for each i € R. Choose r > 0
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small enough so that #Z(x,r) < M and

min |j| > max|i].
j€Z(z,r) ieR

According to the assumption, x € ();.z 7([i]), and hence, for each i € R there

exists a unique i* € Z(x,r) such that i*|, = i for some n € N. The incom-

parability of R now implies that i* # j* for distinct i,j € R. Consequently,

HR < H#Z(x,r) < M. O

Let us examine how the Hausdorff measure is related to the ball condition.
Bear in mind that the finite clustering property and the ball condition are equiv-
alent.

Theorem 3.7. If a CMC satisfies the uniform finite clustering property, P(t) =
0, and m 1is the measure of Proposition 3.2 then there exist constants ro > 0 and
K > 1 such that

Kt < m(B(:c,r)) < Krt
whenever © € E and 0 < r < ry. Consequently, dimy(E) = dimy(F) = t.

Proof. Suppose P(t) = 0 and m = pon~! is the measure of Proposition 3.2.
Seeing that 7! (B(z,7)) C Usiczn[i], we get for fixed z € £ and r > 0

m(Bn) <o U 6) < 5 )

ieZ(z,r) ieZ(z,r)

<c Z diam(X;)" < #Z(z,r)er?,

ieZ(xz,r)

which, together with the uniform finite clustering property and the proof of
Proposition 3.2, gives the first claim.
The second claim follows immediately from [22, Theorem 5.7]. O

Remark 3.8. We remark that in Theorem 3.7, the measure m can be replaced
with the Hausdorff measure H’|g by recalling [8, Proposition 2.2]. In fact, it is
sufficient to assume the finite clustering property instead of the uniform finite
clustering property to see that H'|g is proportional to m. Especially, under this
assumption, it holds that 0 < H*(F) < oo.

One could easily prove that if H!| g is t-semiconformal for some ¢ > 0 then there
exists a set A C E with H*(E \ A) = 0 such that sup,. 4 limsup, o #Z(z,7) <
00. Since this hardly generalizes to the whole set E without any additional
assumption, we propose the following definition. We say that a CMC is tractable
if there exists a constant C' > 1 such that for each r > 0 we have

dlSt(Xhl, XhJ) S Cdlam(Xh)r (32)
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whenever h € I*, i,j € Z(r), and dist(X;, Xj) < r. See Example 6.2 for an
example of a nontractable CMC. Compare the following theorem to [28, Theorem
2.1] and [27, Theorem 1.1].

Theorem 3.9. A tractable CMC satisfies the uniform finite clustering property
provided that P(t) =0 and H'(E) > 0.

Proof. Assume on the contrary that for each N € N there are 2y € E and
riy > 0 such that #Z(a/y, 7)) > N. For fixed N € N choose i € Z(z'y, 7)) so
that o'y = m(ikg) for some kg € I*°. We define

Q; = {k € I*: 0" (k) € [i] with infinitely many n € N}

and taking arbitrary k € Q; and n € N for which ¢"(k) € [i], we denote z = (k)
and h = k|,,. Finally, pick ji,...,jny € Z(2/y,r)y) such that j; # j,; as i # j.
Since now dist(X;, Xj,) < r)y for every i € {1,..., N}, we have, according to the
assumption, that dist(Xni, Xnj,) < C diam(Xy)r)y. Hence

C B(z, (2D + C) diam(Xy)r'y)
for each i € {1,..., N} recalling that = € Xy;. Therefore

W(Cj[hji]) C Bz, ),

i=1
where 7, = (2D 4 C') diam(Xy, )y, and
m(B(z,r)) >y p([ngi]) Lo > iy diam(Xag,)’

rt - rt - rt
¢ D™t diam(Xy,)* SN | diam(X],)

- (2D + C)t diam(Xy)tr'y

where y is the measure of Proposition 3.2, m = pom !, and the constant Cy > 0
does not depend on n or N. Since r, | 0 as n — 0o, we obtain

lim sup MPET)) (B(tx, T>)
rl0 r

t
ZCON7

> CyN

for all z € 7(£2;), which, according to [8, Proposition 2.2(b)], gives
H (7()) < 2'C ' N~'m (7 (Q4)). (3.3)

Since 1 = pu(€) < m(7(Q;)) < 1 by Lemma 2.4, we have, using (3.3) and
Proposition 3.2,

HY(E) < H' (7(Qs)) + HY(E\ m())
< 2'CyNT'm(m(Qs)) + dm(E\ () < 2'Cr N,

which leads to a contradiction as N — oo. O
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To summarize the implications of the previous theorem, we finish this chapter
with the following corollary.

Corollary 3.10. For a tractable CMC, the following are equivalent:

(1) The ball condition.

(2) The uniform ball condition.

(3) HY(E) > 0, where P(t) = 0.

(4) There exist constants ro > 0 and K > 1 such that
K=" <H'|p(B(z,r)) < Kr'

whenever x € E, 0 <r < rg, and P(t) =0.

4. CONGRUENT MORAN CONSTRUCTION

In a tractable CMC, we require that the relative positions of the sets Xj,
i € I*, follow the rule given in (3.2). The only restriction for the shapes of these
sets comes from (M2) and (M3). Assuming more on the shape, we are able to
prove that the Hausdorff dimension and the upper Minkowski dimension of the
limit set coincide and if the uniform ball condition is satisfied then the dimension
of the intersection of incomparable cylinder sets is small. We say that a CMC is
congruent if there is a constant C* > 1 such that

dist(Xni, Xnj) < dist (Xui, Xij)
diam(Xy) — diam(Xy)

whenever h,k,i,j € I*. Observe that this is equivalent to the existence of a
constant C' > 1 for which

C_l dlam(Xh) diSt(Xi, XJ) S dist(Xhi, Xh_‘]) S C dlam(Xh) diSt(Xi, XJ) (41)

whenever h, i, j € I*. We notice immediately that a congruent CMC is tractable
which indicates, for example, that the finite clustering property and the uniform
finite clustering property are equivalent.

Let us first introduce natural mappings for a congruent CMC.

Lemma 4.1. If a CMC' is congruent then for each i € I* there exists a mapping
¢i: E — E such that ;(m(h)) = 7(ih) ash € I*® and

C~ diam(X;) |z — yl < Jes(2) — @a(y)| < Cdiam(X;)|a — y|
whenever x,y € E.

Proof. Fix i € I* and h,k € I*°. Take € > 0 and using Lemma 3.1, choose n € N
such that diam(X;w,)) + diam(X;w,)) < €. Now, using (4.1), we have
|7T(ih) — ﬂ(ik)| < diam(Xi(h| ) + dlSt( (b|n)> Xi(kln)) + diam(Xi(k|n))
S C dlam(Xl) dlSt(an, Xk‘n) £ (42)
< Cdiam(X;)|7(h) — w(k)| + &.
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On the other hand, choosing n € N such that diam(Xy,) + diam(Xy,) < €, we
get similarly

|7 (ih) = 7 (ik)| = dist(Xi),), Xige)
> O~ diam(X;) dist(Xy),,, X, )
> C~ ! diam(X;) (|w(h) — m(k)| — diam(Xy,) — diam(Xy),))
> O diam(X;)|7(h) — 7(k)| — C~' diam(X;)e.

The claim follows now by letting € | 0 since according to (4.2), we may define a
mapping ¢;: £ — E by setting ¢; (m(h)) = m(ih) as h € I, O

It follows that the measure of Proposition 3.2 is semiconformal on a congruent
CMC satisfying the finite clustering property in the following sense.

Lemma 4.2. If a congruent CMC satisfies the finite clustering property, P(t) =
0, and m is the measure of Proposition 3.2 then

m (s (E) Np;(E)) =0
whenever i1j. Here pi, 1 € I*, are the mappings of Lemma 4.1.

Proof. Since Lemma 4.1 clearly implies that diam(p;(E)) is proportional to
diam(X;), the CMC formed by the sets ¢;(F), 1 € I*, has the same topo-
logical pressure as the original CMC. Notice that diam(F) > 0 by the finite
clustering property. By the uniqueness of the invariant semiconformal measure
on I*°, also the semiconformal measures determined by these CMC’s on I are
the same. Noting that the finite clustering property remains satisfied in the new
setting and trivially ¢;(F) N E = 7([i]) for each i € I*, Lemma 3.6 implies the
bounded overlapping property. By the congruence, it is evident that for each
i,j € I* and h € I* it holds that 7(ih) € ¢;;(F) whenever 7(h) € ¢;(E) and
hence Proposition 3.2 completes the proof. U

Using the mappings of Lemma 4.1, we are able to prove that the Hausdorff
dimension and the upper Minkowski dimension of the limit set of a congruent
CMC coincide even without assuming the ball condition.

Theorem 4.3. If a CMC is congruent and t = dimyg(E) then dimy(E) =t and
HY(FE) < oo.

Proof. We may assume that diam(FE) > 0. Let ¢;, i € I*, be the mappings of
Lemma 4.1. Notice that, using (M2), there exists a constant § > 0 such that

diam(X;;) > 6 diam(X;) (4.3)

whenever i € I* and ¢ € I. Take zp € E, h € I* such that 2o = m(h), and
0 < r < Cdiam(E)?. Then choose n € N such that h|, € Z(C~'diam(E) 'r).
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Since o = ¢n), (7(0"(h))), we have

|To — ny, (y)| < C diam(Xy,) |7 (c"(R)) — ]|
< Cdiam(Xy,,) diam(E) < r

In

for every y € E. Hence
¢n, (E) C EN B(xo,7).
On the other hand, using (4.3),

a1, () = @ul, ()] = C diam (X, )| — y|
> C~2diam(E) 'or|z — y

whenever x,y € E. Therefore for each 7g € F and 0 < r < C'diam(E)? there is

a mapping g: £ — E N B(xo,7) and a constant a = C~%diam(£)~*§ such that
l9(x) — g(y)| = arfz —y|

whenever z,y € E. The claim follows now from [8, Theorem 3.2]. O

The following simple proposition shows the bi-Lipschitz invariance of a con-

gruent CMC. Therefore the collection of all congruent CMC'’s is sufficiently large.

Observe that despite of this property the geometry of the limit set may change
a lot under a bi-Lipschitz map, see [21, Lemma 3.2].

Proposition 4.4. If {X; : i € I*} is a congruent CMC with E as a limit set
and h: R* — R? is a bi-Lipschitz mapping then {h(X;) : i € I*} is a congruent
CMC with h(E) as a limit set.

Proof. Fix constants a,b > 0 such that
alr —y| < |h(z) — h(y)| < bz —y|

for every x,y € X. The condition (M1) is clearly satisfied and since a diam(X;) <
diam (h(X;)) < bdiam(X;) as i € I* and adist(X;, X;) < dist(h(X1), h(X;)) <
bdist(X;, X;) as i, j € I*, also the conditions (M2), (M3), and (4.1) are satisfied.
The proof is finished. l

Examining the method used in [28, Theorem 2.1], one is easily convinced by
the usefulness of the set of symbols W defined by

W(i)={jel": j € Z(diam(Xy)) and
dist( Xy, Xy) < 3diam(Xy/), where (4.4)
i’ = o"Ml(i) and j' = ol*Ml(5)}
as i € I*. See also [10, §2] and [27, §3]. Notice that i € W (i). The constant

3 in (4.4) is somewhat arbitrary. The reader can easily see that any constant
strictly larger than 2 would suffice. Let us next prove two technical lemmas.
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Lemma 4.5. Given CMC, the set W (1) is incomparable for every i € I*. Fur-
thermore, if 3 € W (1) then

D% min diam(X;) diam(X;) < diam(X;) < D*diam(X;).

i€l
Proof. Fix i € I*. Observe that if i # j € W(i) then clearly ilj. Take
j,h € W(i). If now |[j A i| < |h A i], it must be jLh since otherwise j = i A j,
which contradicts with the first observation. If |j A i] = |h A i| =: k then
o*(j),o%(h) € Z(diam(X,x(;))) and hence jLh.
To prove the second claim, fix i € I*, take j € W (i), and denote i’ = oM (1)
and j' = o*"I(3). Since j’ € Z(diam(Xy/)), we have, using (M2),

diam(X/) > diam(X;) > D! miln diam(X;) diam(X;/).
1€

Therefore, according to (M2),
diam(X;) > D~ diam(X;,;) diam(X;/)
> D mi}a diam(X;) diam(X; ;) diam(X;/)
1€
> D3 mi}a diam(X;) diam(Xj;)
1€
and
diam(Xj) < D diam(X;,;) diam(Xjy)
< Ddiam(X;,;) diam(Xy/) < D* diam(X;).
The proof is finished. O

Lemma 4.6. If a congruent CMC satisfies the finite clustering property then

sup W (i) < oo.
el

Proof. Suppose ¢;, i € I*, are the mappings of Lemma 4.1, P(t) = 0, and
m = pom ! is the measure of Proposition 3.2. According to Corollary 3.10 and
Theorems 3.5 and 3.7, there exists a constant K > 1 such that for every z € F
and r > 0

m(B(z,r)) < Kr'.

Fix i € I*, take j € W(i), and denote i’ = ¢/*MI(i) and j' = ol*I(§). Since
j € W(i) and j’ € Z(diam(Xy/)), we have dist(X;/, Xj) < diam(X;/) and

dist(X;, Xj) < Cdiam(X; ;) dist( Xy, Xy)
< 3C diam(X; ;) diam(Xy/) < 3CD diam(Xj;).
Using Lemma 4.5, we obtain
X; C B(z,diam(X;) + 3CD diam(X;) + diam(X;))
C B(z,(1+3CD + D?) diam(X;))
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for a point x € 7([i]) whenever j € W(i). Hence

m( U XJ) < m(B(z, (1+3CD + D?) diam(X;)))
IEWE)
< K(1+3CD + D?)"diam(X;)".

Since, on the other hand, we have a constant ¢ > 1 such that

ol U x)za( U a®)= 3 )

JjEW (i) jeW (i) JjEW (i)
> > i) =t D diam(X;)
JjEW (i) jeW (i)

> #W(i)e 'D™ mi}a diam(X;)" diam(X;)*
1€
using Lemmas 4.2 and 4.5, we conclude

cKD3(1+ 3CD + D?*)!
min;e; diam(X;)?

#W(i) <
whenever 1 € [*. O

The following theorem generalizes a crucial point of [28, Theorem 2.1] into the
setting of CMC’s. See also [10, Theorem 3.3] and [27, §3].

Theorem 4.7. If a congruent CMC satisfies the finite clustering property then
there are a constant 6 > 0 and a symbol h € I* such that

diSt(Xih, X_]h) > 5(d1am(X1) + dlam(XJ))
whenever i1j.

Proof. Using Lemma 4.6, we choose h € I* such that #W (h) = sup,;« #W(1).
Therefore clearly
#{1j 3 € W)} = #W(h) = #W(ih)
for every i € I*. Since it follows immediately from the definition (4.4) that
{ij:j e W)} Cc W(ih),
we infer
W(ih) ={ij:j € W(h)} (4.5)
whenever i € I*.
Take next i, j € I* such that i j and denote i’ = ¢*Ml(i) and j’ = oMI(3).
Let y; = m(k) € Xjm, where k € [j'h], and choose k € N such that k|, €
Z (diam(Xsm)). Since k|1 = j'|; # i’[1, we have, using (4.5),

k|p &€ W(i'n).
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Hence the definition (4.4) yields dist(Xy|,, Xim) > 3 diam(Xjn). Since yy € Xy,
we also have dist(yj, Xim) > 3 diam(X;n). Similarly, changing the roles of i and
j above, we find y;» € Xym such that dist(ys, Xym) > 3 diam(X;m). This implies
that

lysr — yy| > 3 max{diam(X;m), diam(X;m)}
> 3(diam(Xym) + diam(Xjn)).
Since, on the other hand,
lysr — yy| < diam(Xym) + dist(Xim, Xym) + diam(X;m),
we infer
dist(Xim, Xjm) > 3 (diam(Xim) + diam(Xjm)).
Thus, using (4.1) and (M2),
dist (X, X5n) > " diam(X;,5) dist (Xim, Xym)

> (2C) " diam(X;,;) (diam(Xim) + diam(X;m))

> (2CD) " (diam(Xyy) + diam(X;jy))

> (2CD?*) " diam(Xy) (diam(X;) + diam(X;))

whenever ilj. Therefore, choosing 6 = (3C'D?)~! diam(Xy), we have finished
the proof. O

As a corollary, we notice that for a congruent Moran construction, we may
choose the balls in the ball condition to be centered at E and placed in such
manner that also larger collections (than required in the definition) of them are
disjoint.

Corollary 4.8. If a congruent CMC satisfies the ball condition then there are a
constant 6 > 0 and a point v € E such that

B(api(x), 5diam(Xi)) N B(gpj(x), 5diam(Xj)) =10
whenever i1j. Here pi, 1 € I*, are the mappings of Lemma 4.1.

Proof. Assuming that 6 > 0 and h € I* are as in Theorem 4.7, the claim follows
immediately from Theorems 3.5 and 4.7 by choosing = € 7([h]). O

Compare the following improvement of Lemma 4.2 to [24, Theorem 3.3] and
[18, Theorem 1.6].

Proposition 4.9. If a congruent CMC satisfies the ball condition then
dim (5 (E) Np3(E)) < dimu(E)

whenever i1j. Here p;, i € I*, are the mappings of Lemma 4.1.
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Proof. Let 6 >0 and h € I* be as in Theorem 4.7 and define

A= ex(r([n]).

kel*

According to Theorem 4.7, we have ¢; (7([h])) N ¢;(7([h])) = 0 whenever i3,
and hence also

p1(A) Np;(A) =10
as i1 j. Thus we get
P (E) Ny (E) = (pi(E\ A) Np;(A) U (pi(E) Nps(E\ A))

Cpi(E\A)Ups(E\A)

whenever il j from which the Lipschitz continuity implies
dimp (@1 (E) N @3(E)) < dimp (¢:(E\ A) U p;i(E\ A))
< dimyg(E\ A).

Obviously, {X; : i € (I®)*} is a CMC having E as a limit set, whereas E \ A
is contained in the limit set I of the subconstruction {X; : i € (I®\ {n})*}.
Since it is evident that both of these CMC’s satisfy the uniform finite cluster-

ing property, Lemma 2.5 and Theorem 3.7 imply that dimy(F) < dimyg(E).
Consequently, dimy (£ \ A) < dimg(F) and the proof is finished. O

We shall finish this chapter with the following observation.
Proposition 4.10. Suppose a collection of compact sets with positive diameter
{X; C RY: 1€ I*} satisfies the following four conditions:

(Cl) Xy C Xy asiel* andi€l,

(C2) there exist i,j € I* such that X; N X; =0,
(C3) limy,—. diam(Xj|,) = 0 for every i € I,
(C4) there ezists a constant C' > 1 such that
C_l dlam(Xh) diSt(Xi, X_]) S diSt(Xhi, th) S C dlam(Xh) diSt(Xi, X_])

whenever h,i,j € I*.
Then the collection is a congruent CMC.
Proof. Tt suffices to prove (M2) and (M3). To show (M2), observe first that the
assumptions (C1) and (C3) guarantee the existence of the limit set E and the
claim in Lemma 4.1 follows from the assumptions (C1), (C3), and (C4). Let ¢;,
i € I*, be the mappings of Lemma 4.1. Then

diam (1 (E)) > [is(x) — ¢i(y)| = €7 diam(X;) |z — |
whenever x,y € E. This implies, using (C2), that
diam(X;) < C diam(E) ™" diam(p; (E)) (4.6)
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for every i € I*. Since

diam (¢;3(E)) = sup
r,yel
< C?diam(X;) diam(X;) sup |z — y|

z,yel

01 (03(x)) — @i (p3(y))]

whenever i, j € I*, we get, by (4.6), that

diam(X;;) < Cdiam(E) ™" diam (s (E))
< C? diam(X;) diam(X;)

whenever i, j € I*. On the other hand,

diam (s (E)) = sup |ps(x) — ¢s(y)| < Cdiam(X;) sup |z —y|

z,yek z,yel
implies, using (C2), that
diam(X;) > O~ diam(E)™* diam (o5 (E)) (4.7)

for every i € I*. Since

diam (35 (E)) > |1 (05(2)) — w1 (e5(1))]
> C~* diam(X;) diam(X;)|z — y|

whenever x,y € F and 1, j € I*, we get, by (4.7), that

diam(X;;) > €' diam(E) " diam (45 (E))
> C 7% diam(X;) diam(X;)
whenever i, j € I'*.

Let us then show (M3). Denote M,, = max;c;» diam(X;) as n € N and choose
iy, ig,... € I such that

M, = diam(X;,),)
for every n € N. By the compactness of I, the sequence {i, },en has a con-
verging subsequence. Let i € I*® be the limit point of such a subsequence. Now
for each j € N there is n(j) € N such that n(j) > j and i, € [i];]. Since
in@)l; = i]; for all j € N, we have, using (C1) and (C3),
Mn(j) = diam(X
< diam(X

in<j>\n<j>)
in(j)\j) = diam(Xi|j) —0

as j — oo. The proof is finished by choosing j € N such that M, < C™3. O
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5. CONGRUENT ITERATED FUNCTION SYSTEM

We assume that for each ¢ € I there is a contractive injection ¢;: 2 — Q de-
fined on an open subset Q) of R? and that there also exists a closed and nonempty
X C () satisfying

Jei(x) c x. (5.1)

iel
Here the contractivity of p; means that there is a constant 0 < s; < 1 such that
pi(x) —i(y)| < silz -y (5.2)

whenever x,y € Q. The collection {; : i € I'} is then called an iterated function
system (IF'S). As shown in [12, §3], an elegant application of the Banach fixed
point theorem implies the existence of a unique compact and nonempty set £ C

X for which
E=Jpi(E).

Such a set F is called an invariant set (for the corresponding IFS). As a side note,
it is not necessary to require the mappings ¢; to be injective in order to ensure
the existence of the invariant set. However, under this additional assumption,
it follows from Brouwer’s domain invariance theorem [5, Theorem IV.7.4] that
©i(U) is open whenever U is.

Observe that we may replace the set X by the closed neighborhood of the
invariant set E. Indeed, we fix 0 < ¢ < dist(E,R?\ Q) (if Q = R?, any positive
e will do) and take

X={z€Q:|r—a|l <efor some a € E}.
The validity of (5.1) is then a consequence of the easily proven fact that
dist (i (A), E) < s; dist(4, E) (5.3)

whenever A C QQ and ¢ € [.

We say that an IFS is controlled if it defines a CMC, that is, there exists a
compact set A C §2 such that the collection {¢;(A) : i € I*} is a CMC. The limit
set of such a CMC is clearly E. Here p; = p;; 0---0¢; asi= (i1,...,i,) € I"
and n € N.

Lemma 5.1. A controlled IFS defines a tractable CMC.

Proof. Choose a compact set A C X such that the collection {¢;(A) : 1 € I*} is
a CMC. Define for i € I*

s =1inf{s > 0: |pi(z) — pi(y)| < slz —y| for all z,y € X}

and using the compactness, take z,y € A such that |z — y| = diam(A). Since
now

|01(2) — @s(y)| < diam(p1(A)) = diam(A)~" diam (1 (A)) ]z — yl,
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we have s} < diam(A)~" diam(¢;(A)). Hence it follows that
dist (SOih(A)a SOik(A)) < s} dist (SOh(A)a SOk(A))
< diam(A) " diam (¢; (A)) dist (¢n(A), px(A4)).
This implies (3.2) and finishes the proof. O

Finally, we say that an IFS is congruent if the invariant set E has positive
diameter and there are constants 0 < s; <35; <1, i€ I*, and D > 1 for which
5; < Ds; as i€ [* and

silz =yl < ei(r) — @i(y)| < Sile —y| (5.4)
whenever x,y € 2. The following lemma shows that a congruent IFS defines a
congruent CMC. The natural question whether the converse holds raises from
Lemma 4.1. Sufficient geometric conditions on the limit set for the positive
answer are provided in [1]. See also [29, Example 6.2].

Lemma 5.2. If{p; :i € I} is a congruent IFS and a compact set A with positive
diameter satisfies p;(A) C A for everyi € I then {p;i(A) : 1 € I*} is a congruent
CMC. Furthermore, the mappings vi|g, 1 € I*, are the mappings of Lemma 4.1.

Proof. To be able to use Proposition 4.10, we have to verify the required assump-
tions (C1)—(C4). Observe first that (C1) is clearly satisfied and the positivity of
diam(F) implies (C2). Notice also that the sets ;(A), i € I*, are compact with
positive diameter. Since for fixed i € I*, we have s; diam(A) < diam(p;(A4)) <
s; diam(A) by (5.4), it follows that

€ diam (i1 (A4)) 2 = y| < [a(x) = pa(y)| < Cdiam(pa(A) e =gl (5:5)
where C' = D max{diam(A),diam(A)~'} and z,y € A. Hence, applying (5.2)
to (5.5) several times, we get diam(p;(A)) < Cs;, - ~8i),» which implies the
assumption (C3). Since (5.5) gives also the assumption (C4), that is

c! diam(gpi(A)) dist (Sph(A)a SOk(A)) < dist (SOih(A)7 SOik(A))
< C'diam (SOi(A)) dist (SOh(A)a SOk(A))
as h,k € I'*, we have finished the proof of the first claim.

The second claim follows immediately since the collection {p;(FE) : i € I*} is
a congruent CMC. O

We say that an IFS satisfies an open set condition (OSC), if there exists a
nonempty open set U C (2 such that

pi(U) Nes(U) =0
whenever ilj. See [25, Theorem III] and [12, §5.2] for the motivation of the
definition. Adapting terminology from [3], we call any such nonempty open set

U a feasible set for the OSC. As an immediate consequence of the definition, we
notice that each nonempty open subset and each image ¢; (U) of a feasible set U
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is feasible as well. Thus, using the observation (5.3) repeatedly, we see that the
OSC is equivalent to the existence of a feasible set U C X. Recall that X is the
fixed compact e-neighborhood of the invariant set.

Lemma 5.3. An IFS satisfies the OSC exactly when there exists a nonempty
open set V. C X such that
(V) CV
ast € I and
ei(V) N (V) =10
as i # j. Furthermore, there exists a feasible set intersecting E if and only if
there exists a set V as above such that V N E # ().

Proof. Defining V' = (J,c ;- ¢n(U), where U C X is a feasible set for the OSC, we
clearly have p;(V) CV C X asi € I. If i # 7, it holds that
en(U) Nm(U) =0

for every h € I* and hence

(Uen@) (U ente) =0

hel* hel*

Noting that the other direction is trivial we have finished the proof. U

Given IFS, we say that A C Q is forwards invariant if p;(A) C A asi € I and
backwards invariant if p; ' (A) C A asi € I. For A C Q we define

Fa=J e (#3(4)

ilj
and for a congruent IFS we set
Oa = {z € Q: Ddist(z, A) < dist(z, Fa U (R*\ Q) }.

Here the constant D > 1 is the same as in the definition of the congruent IFS.
Observe that F4 C € is backwards invariant.

Proposition 5.4. Suppose a given IFS is congruent. If U C Q) is a feasible set
for the OSC then Oy # 0. Furthermore, if there exists a set A C 0 such that
O4 # 0 then Oy is feasible.

Proof. Let U C 2 be a nonempty open set for which ¢; (U)Np;(U) = 0 whenever
ilj. It follows that U N Fyy = () and since U is open, we get U C Oy.
Conversely, it suffices to show that ¢;(O4) N ¢;(04) = 0 as ilj. Suppose
contrarily that there are i,j € I* and =,y € Oy4 such that i 1j and ¢;(x) =
¢;(y) =: z. Observe that the inverse mapping ¢; ' : ¢;(Q2) — Q has a Lipschitz
constant s;* for each i € I*. According to Kirszbraun’s theorem [11, §2.10.43],
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there exists a Lipschitz extension %, : Q — R? for the mapping ;' having the
same Lipschitz constant. Since ; (¢5(A)) C F4U (R?\ Q) and z € Oy, we have

dist (2, p3(A)) = dist (s (2), p5(A)) > s, dist (2,5, (v;(A)))
> s; dist (:c, Fyu R\ Q)) > s; Ddist(z, A)
> 5, D5, " dist (i1 (), p1(A)) > dist (2, 1 (A))

using (5.4). Changing the roles of i and j above, we end up with a contradiction.
The proof is finished. O

We say that a congruent IFS {¢; : i € I'} satisfies the (uniform) ball condition
if the congruent CMC {¢;(E) : i € I*} satisfies the (uniform) ball condition.
Lemma 5.2 guarantees that this is well defined. Recalling the proof of Lemma
4.2, it is clear that in this definition the set F can be replaced with any forwards
invariant compact set A with positive diameter. Observe also that if a congruent
IF'S satisfies the OSC then it satisfies the uniform ball condition. See also [14,
Proposition 3.6].

Theorem 5.5. A congruent IFS satisfies the ball condition exactly when Og N
E #10.

Proof. Let us first prove that the uniform ball condition implies O N E # ().
Recall that X is the closed e-neighborhood of E. We may further assume that

Fi=Jei' (e5(B)) N X #0
ilj

seeing that F' = () implies dist(E, Fg) > &, which gives E C Og. It is now
sufficient to find a point z € E with dist(x, F') > 0.

According to Theorem 3.5 and Corollary 4.8, there exist a point z € FE and a
constant 0 > 0 such that

|ps(2) = pau(2)] > & diam (5 (X))
whenever il j and h € I*. It is easy to see that the set {¢ju(x) : h € I*} is dense
in p;(E). So, in fact, we have
dist (s (z), | #5(E)) > 6 diam (01(X))
ilj
for each i € I*, which in turn implies that
lpi(z) — pi(y)] = 5diam(<pi(X))

for each y € @7 * (gpj (E)) when il j. On the other hand, the proof of Lemma 5.1
shows that there is a constant C' > 0 such that

lpi(z) — @i(y)] < Cdiam (i3 (X)) |z — y|
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whenever z,y € X and i € I*. Combining the inequalities above gives
lr—y|>C7's

for each y € I and consequently dist(x, F') > 0 as desired.
Since the other direction follows immediately from Proposition 5.4, the proof
is finished. O

The following proposition generalizes [28, Corollary 2.3] and [27, Corollary 1.2]
into the setting of congruent IFS’s. Although the argument used here is similar
to the proof of [27, Corollary 1.2], we give the details for the convenience of the
reader.

Proposition 5.6. If a congruent IFS satisfies the OSC and dimy(F) = d then
the invariant set E is the closure of its interior.

Proof. As the OSC implies the uniform finite clustering property, we have P(d) =
0. Hence there exists a constant ¢ > 0 such that

Z s¢ > D™ diam(X) ™ Z diam(api(X))d > ¢, (5.6)
ieln ie[n
see the defining equation (3.1) and Lemma 2.1. Choose the forwards invariant
feasible set V' C X as in Lemma 5.3 and consider the set

T=v\{Ja(v
iel
The facts that ¢;(T) C ¢:(V) and ¢;(T") N s5(V)

j € I* easily lead to the conclusion that ¢; (1) N ¢y(T
Furthermore, since ¢;(7") C X for each i € I*, we have

o> 113) 2 (| 1) = 52 5 Hi(ealr)

iel* neNieln (57)
>HUT)Y ) st
neNiel™
Now (5.6) and (5.7) together imply that H%(T') = 0. This in turn shows that the

set
VA e =viJe(v
iel i€l
is empty, being an open set with zero measure. Here with the notation A, we
mean the closure of a given set A. This means that V = [J,.; vi(V), giving

E =V by the uniqueness of the invariant set. The proof is complete. U

@frevery i € I* and
) = () whenever i # j.

A similitude IF'S, introduced in [12], is the most obvious example of a congruent
IFS. Suppose that for each i € I there is a mapping ¢;: R? — R? and a constant
0 < s; < 1 such that

[pi(z) — wi(y)] = silr —y]
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whenever z,y € R%. Now for a closed ball B centered at the origin, we have
vi(B) C B whenever i € I provided that the radius of B is chosen large enough.
The collection {¢p; : i € I} is then an IFS and we call it a similitude IF'S.

The following proposition is a slightly more general result than [3, Theorem
1].

Proposition 5.7. Given similitude IFS, the set O, is forwards invariant and
feasible for the OSC provided that O # 0 and A C X is forwards invariant.

Proof. According to Proposition 5.4, it suffices to show that ¢;(O4) C O4 as
1 € I. Assume on the contrary that there exist ¢ € [ and x € O4 such that
wi(z) ¢ Ogy, that is,

D dist (api(x), A) > dist (api(x), FA).
Notice that here D can be chosen to be one. Therefore, since A C ¢;*(A) and
@ (F4) C F4 for every i € I, we obtain
dist(z, Fla) > D dist(x, A) > Ddist(z, p; ' (A))
= s; ' Ddist(g;(x), A) > s; " dist(pi(z), Fa)
= dist (z, p; '(Fa)) > dist(z, Fa).
This contradiction finishes the proof. O

6. EXAMPLES

In the last chapter, we illustrate the preceding theory by providing the reader
with several examples. We begin by showing that the uniform finite clustering
property does not imply the bounded overlapping property.

Example 6.1. The standard Cantor %—set E can be defined as the invariant set
of the similitude IF'S formed by the mappings

SOO(LU) = %ZI}',
¢1(z) = 30+ 2

on R. We have P(t) = 0 for t = log2/log3 and it is well known that H'(E) =
1, see [7, Theorem 1.14]. Consider now the CMC {p;(X) : i € I*}, where
X =10,3] and I = {0,1}. The positivity of H*(E) implies the uniform finite
clustering property for this tractable CMC by Theorem 3.9. However, using
the facts 1 € ¢o(X) and ¢1(1) = 1, we infer by induction that 1 € ¢ xe(X)
for every k € N, where 1¥ = (1,...,1) € I* for each k. Since the infinite
set {1%0 : k € N} is incomparable, we conclude that the bounded overlapping
property is not satisfied.

Example 6.2. In this example, we give a CMC which shows that the assumption
concerning the relative positions of the sets X; in the last claim of Proposition
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3.2 is indispensable. Besides this, it is also an example of a nontractable CMC.
Using the mappings ¢;, i € I, from the previous example, set

Xo =1[0,1] x [0, 1],
X, =[0,1] x [~1,0]

and for j € [ and 1 € I*

X.. — {%([O, 1)) x [0,371],  ifj=0
BT 0a((0,1)) x =37 0], i j = 1.

The CMC determined by these squares obviously has the limit £ = F, x {0} C
R2, where E, C R is the standard Cantor %-set. It is equally obvious that the
uniform ball condition is satisfied, which, according to Theorems 3.7 and 3.5 and
Remark 3.8, implies that the measure m of Proposition 3.2 is proportional to
H'| g, where t = log2/log 3 as in the previous example. Consequently, m(J) > 0
whenever J is one of the line segments ¢; ([0, 1]) x {0}, i € I*. Especially,

for incomparable symbols i and j satisfying i|; # j|; and o(i) = o(j). We have
hereby shown that the measure m is not t-semiconformal. On the other hand,
Lemma 3.6 implies that the bounded overlapping property is satisfied, noting
that clearly X; N E = 7([i]) for each i € I*. Therefore, an extra assumption in
Proposition 3.2 is really needed.

Furthermore, this CMC is not tractable. This can be deduced from the fact
that

dist(Xos, X15) = 0
but
dist(Xoos, Xo1z) > dist(Xoo, Xo1) = 3

for every i € I*.

Example 6.3. Suppose [ is a finite set and for each ¢ € I there is a mapping
©;: R? — R? such that

wi(z,y) = (x4 ¢, by + d;),

where 0 < b; < a; < 1 and ¢;,d; > 0. Denoting L = 1 + max;er{c;, d;}/(1 —
max;cr a;) and X = [0, L]?, we have ;(X) C X for every i € I. Since a;L <
diam(api(X)) < v/2a;L, where i = (i1,...,i,) € I", a; = a;, ---a;,, and n € N,
the collection {¢;(X) : 1 € I*} is a CMC and hence tractable by Lemma 5.1.
According to Theorem 3.5, Remark 3.8, and 3.9, this CMC satisfies the uniform
ball condition if and only if 0 < H'(E) < oo, where FE is the limit set and

Zie[ CL';f =L
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Ezample 6.4. Suppose I = {0,1} and there are mappings g, ¢1: R? — R? such
that

300($7y> = (G/I,by—i-d),
Spl(x7y) = (CLZL' +Ca by)a

where 0 < b <a <3, ¢>0,andd > 0. Let L =1+ max{c,d}/(1 —a) and
X = [0, L]?. As in Example 6.3, we notice that the collection {¢;(X): i € I*}
is a tractable CMC.

Let us examine the distances between the points proj, (¢;(0,0)) as |i| = k.
Here proj, denotes the orthogonal projection onto the z-axis. If k& = 1, there is
just one distance, c. If k = 2 then there are six possible distances, but it suffices
to notice that from the two first level sets it can be found the first level distance d
multiplied by a and that proj, (<p271(0, O)) —projx(gplyg(O, O)) = c—ca > 0. Hence,
the six possible distances are bounded below by Ay = min{ca, c—ca}. Similarly, if
k = 3, the possible distances are bounded below by A3 = min{a\s, c—ca—ca?®} >
0 and if k& = 4, they are bounded by Ay = min{a)s,c — ca — ca® — ca®} > 0.
Continuing in this manner, we find that for £ € N the possible distances are
bounded below by A\, = min{ca*, ca*~! — ca*,...,c —ca — -+ — ca*~* — ca*}.
Noting that 1 —a —a? —--- —a* > a* for every k € Nby 0 < a < %, we get
A, = ca®. Hence the collection of balls {B(;(0,0),ca/3) : i € I*} is disjoint
for each k € N. This implies the uniform ball condition.

We conclude that 0 < H'(E) < oo, where t = —log 2/ log a.

Example 6.5. Suppose I = {0,1} and there are mappings ¢, ¢;: R? — R? such
that

wo(z,y) = (az, by + d),

p1(x,y) = (az, by),
where 0 <b<a<landd>0. Let L=1+d/(1—a) and X = [0,L]>. Asin
Example 6.3, we notice that the collection {¢;(X) :1 € I*} is a tractable CMC.

We show that the uniform ball condition does not hold in this setting. Then

Corollary 3.10 guarantees that the ball condition does not hold either. Recalling
Theorem 3.5, it suffices to state that for each N € N there is x € E and r > 0
such that #Z(z,7) > N. Let N € N, x € E, and j € I* such that 7(j) = =.
Take n > (logb/loga — 1)"tlog2N/log?2, nlogb/loga — 1 < m < nlogb/loga,
and choose a™L < r < @™ 'L. Notice that if i € Z(r), we have allL <
diam (p; (X)) < r < a™7'L, giving |i| > m. Since r > a™L > b"L, it holds,
recalling the choice of the mappings, that B(z,r) N ¢;(X) # 0 whenever i €
I N [jln]. Now

#HZ(x,r) >H#{iel™: 1ieljl)}=2""2>N.

We conclude that in this case P(t) = 0 implies H*(E) = 0. It is also worthwhile
to notice that the IFS {¢; : i € I'} satisfies the OSC provided that 0 < b < 5 and
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d > 0. To see this, recall the calculation in Example 6.4 and consult Theorem

5.5.

Ezample 6.6. In this example, we identify R? and C for notational reasons and
set = s +%. Let I = {0,1} and ¢q, ¢ be the similitudes given by the equations

900(Z> =1z,
Qpl(z) ="nz+n,
where z € C and 1) = % — % is the complex conjugate of 1. Notice that the

Lipschitz constant of both mappings is % Hence, choosing any compact set X
with positive diameter satisfying ¢;(X) C X for each i € I, we have P(2) =0
by Lemma 5.2, the defining equation (3.1), and noting that diam(¢;(X)) is
proportional to (%)'i‘ for every i € I*. The invariant set E of the IFS {¢g, ¢1}
is known as Lévy’s dragon, see [19]. We shall show that this IFS satisfies the
uniform ball condition and hence, Theorems 3.5, 3.7, 5.5 and Propositions 5.4,
5.6 lead to the conclusion that E is the closure of its interior. Observe that in
this example, the feasible set is virtually impossible to find.

We begin by setting H = Z + iZ, N = [0,1)>, A = conv{0,1,7n}, and
A = conv{0,1,77}. The triangles A and A’ have now Lebesgue measure 1.
A straightforward calculation shows that

ps(H) = {n"h:h e H}

for each i € I'*, implying that whenever i € I* and j € I'* have the same length,
we have either ¢;(N) = ¢;j(N) or int(¢;(N)) Nint(¢;(N)) = 0. Here with the
notation int(A), we mean the interior of a given set A. Since ¢;(A) has one
side common with ¢; (N) while the other two sides lie on the diagonals of ;(N)
intersecting at ¢; (1), we conclude that if |i] = |j| and ¢; (int(A)) N (int(A)) #
0 then p;(A) = p5(A).

We shall now show that if |[i| = |j| and i # j then

@i (int(A)) Np; (int(A)) =0, (6.1)

which, in turn, implies the uniform ball condition. See [6, p. 222] for an il-
lustration. Observe that for each i € I*, ¢;(/A\) is the only triangle such that
i (A) U ;i(A) is a square and hence, if ¢;(A) = ¢;(A) then also ¢;(A") =
©;(A"). On the other hand,

@1 (int(A')) C ps- (int(A)) (6.2)

for each i € I*. Suppose contrarily that there exist £ € N and i,j € I* such
that i # j and @3 (int(A)) N ©; (int(A)) # (). Letting & > 2 be minimal with
this respect, we get

i (Int(A)) N (int(A)) = 0.
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As we now have ¢;(A) = ¢;(A) and consequently p;(A') = p;(A’), we in fact
have, using (6.2),

@1 (int(A)) = s (int(A")) N p; (int(A"))
C ;- (int(A)) N ;- (int(A)) = 0.
This contradiction finishes the proof of (6.1).

Observe that our method gives also a lower bound for the two dimensional
Lebesgue measure £? of E. Using (6.1), we see that

L’ (iym %(N) =1

F=NU Uwi)

keNm>kiel™

whenever m € N, giving £?(E) > I since

Here with the notation A, we mean the closure of a given set A.

Example 6.7. We set D' C [0, 1] to be the graph of a nondecreasing continuous
function F': [0,1] — [0, 1] satisfying F'(0) = 0 and F(1) = 1. A well known
nondifferentiable example of this kind of function is z — H*|g([0, z]), where E is
the standard %—Cantor set and t = log2/log3. In this case, the set D’ is known
as Devil’s stairs. We set D = D' U {(z,z) : |x| > 1}, L = {(z,x) : = € R},
and proj; to be the orthogonal projection onto L. Now for the mapping f =
(proj, |p)~': L — D, we clearly have

&z —y| < [f(2) = fy)] < V2]x -y
whenever z,y € L and defining a mapping ¢g: R?> — R? by setting g(x) =
f(proj(z)) + z — proj,(z) for each z € R?, the reader can easily see that
glp = f and 1
VB z -yl < lg(z) — g(y)| < (V2+2)|z -y
whenever z,y € R2.
Since the set L N[0, 1]? is clearly an invariant set of a similitude IFS satisfying

the uniform ball condition, the set D’ is an invariant set of a congruent IFS
satisfying the uniform ball condition.

Ezxample 6.8. Suppose [ is a finite set and for each ¢ € I there is a contractive
conformal mapping ¢;:  — € defined on an open set Q@ C R?, d > 2. Assuming
there exists a closed and nonempty X C € satisfying

iel
the collection {p; : i € I} is an IFS and we call it a conformal IF'S. Since confor-
mal mappings are C*, we deduce from [23, Remark 2.3] that each conformal IFS
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is congruent. Observe that the converse does not necessarily hold. In [15, Exam-
ple 2.1], it is constructed a congruent IFS, which is not conformal. Also Devil’s

stairs in Example 6.7 provides the reader with such an IFS, see [13, Theorem
2.1].

Example 6.9. Defining for A C R?, 2 € R, and r > 0

por(A, z,r) = sup{o > 0 : there is z € R? such that
B(z,0r) € Blz, )\ A},

we say that a bounded set A C R? is uniformly porous if there are o > 0 and
ro > 0 such that por(A4,z,r) > p for all z € A and 0 < r < ry. The notation
of porosity has arisen from the study of dimensional estimates related to the
boundary behavior of various mappings.

Following the proof of [16, Theorem 4.1], we notice that a uniformly porous
set is contained in a limit set of a CMC satisfying the uniform ball condition
such that dimy(E) < d — co?, see Theorem 3.7.
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