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ABSTRACT. In this paper, we discuss key characteristics of fractals, we introduce
a self-similar structure with the help of iterated function systems and Hausdorff
dimension. We show that the attractor of an iterated function system is unique
and then present the theory of Hausdorff measure, which provides a general
notion of the size of a subset of R™. The main theorem provides a simple
formula to compute the Hausdorff dimension of a self-similar set where the
open set condition holds.
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And eternity in an hour.
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1. INTRODUCTION

Fractals are geometric figures where the smaller parts are in a way similar to
the whole. Those similar patterns occur often in nature from the shape of immense
spiral galaxies, to the pattern of a hurricane, to little eddies in a stream.

For a long time fractals were considered too complicated geometric shapes to
mathematically analyze, since the classical mathematical tools available were not
helpful with rough curves and surfaces. Until Mandelbrot finally put it in words in
his book The Fractal Geometry of Nature in the 70’s, see [Man82]. Mandelbrot was
appreciated for taking the first broad attempt to investigate the ubiquitous notion
of roughness. Ever since the science of fractals started to expand in mathematical
foundations and applications in a variety of fields, like technology, medicine, finance,
and computer science. Mandelbrot proposed over time multiple definitions of fractals,
that later on turned out to be too restrictive, as they exclude interesting shapes
that ought to be considered a fractal. At last he settled on to use a fractal without
a pedantic definition [Edg07].

However, fractals have in common multiple properties, so when we refer to a set
F as a fractal, we will typically have the following in mind.

e [ has a fine structure, i.e. details on arbitrary small scales.

e [ is too irregular to be described with the language of traditional math-
ematics. For example, the set F' doesn’t necessarily satisfy some simple
geometric condition, nor it is the set of solutions for any simple equation.

e Often F' has some form of self-similarity, could be determinant or statistical.

e Usually, the ‘fractal dimension’ of F' is greater than its topological dimension.

e Although F' has an intricate detailed structure, often F' is defined in a simple
way, perhaps by a recursive procedure.

In this work we use similarity mappings in form of contractions to define self similar
sets and iterated function systems. Then we show the uniqueness property of the
attractor for the iterated function system. We illustrate these concepts with the
help of the middle fourth Cantor set example.

Of the variety of ‘fractal dimension’, we here define the Hausdorff measure and
dimension of subsets of R™, to describe the roughness of the fractal. We visualize
the non-integer dimension with the help of the von Koch curve and then calculate
the dimension of this set.

We will see that it is often hard to estimate a lower and an upper bound for the
dimension of a fractal set. The main theorem of this work solves this by providing a
simple formula to calculate the dimension of a self-similar set for which the open
set condition holds. To prove the main theorem we use all tools we introduced
along the way. We take a closer look on the process of estimating the bounds of the
dimension, through defining an outer measure on our fractal set.

The main resource in writing this bachelor thesis has been Falconer’s Fractal
Geometry [Fal04]. Thereby, the general approach and much content is based on
this book. However, this thesis covers details concerning questions about measure
theory that Falconer glosses over. A relevant source has been [Eij18].

The figures we use come from [Fal04] except for the middle fourth Cantor set,
which is an edited version from the public domain.

2. SIMILARITY MAPPINGS

When we see a fractal, the first thing we notice is how a certain geometrical shape
is being repeated, in variety of sizes. In this thesis, we use contraction mappings
from the set to its self, in order to describe the self similarity property of the fractal
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set. We start by introducing the following definitions and then we build on them.
Throughout, let D be a closed subset of R™.

Definition 2.0.1. A mapping S: D — D is called a contraction on D if there is a
number ¢ with 0 < ¢ < 1 such that

|S(x) = S(y)| <clz—y|  Vz,yeD.

The scaling factor c is called the ratio of S. Clearly, contractions are continuous
mappings.

Definition 2.0.2. If in a contraction S on D we have
|S(z) = S(y)| = clz —y|  Va,y €D,
then the mapping is called a similarity.

A similarity S transform sets into geometrically similar sets, in the sense that
the map preserves angels. So in the case of the triangle formed by the points
{z,y,2} C D, with sides 2’ = |x —y|,y' = |y — 2|, 2’ = |z — x|, we apply a similarity
S to {z,y, z} and obtain the points {S(z), S(y), S(z)} C D. The triangle formed by
these points has sides of length cz’, cy’, cz’. The corresponding triangle is similar,
which means the angles are the same.

Definition 2.0.3. The diameter of a set U is defined as
|U| = sup{|z —y|: =,y € U}.
We define |(}] = 0.

Lemma 2.0.4. If S is a similarity with ratio ¢ > 0, and U is a non-empty subset
of R™, then
[S(U)] = lU].
Proof. By the definition of the diameter and the definition of similarity, it follows
S(U)] = sup{la—b]: a,b e SU)}

= sup{|S(z) = S(Y)|: =,y € U}

= sup{clz — y|: z,y € U}

=csup{|lz —y|: xz,y € U}

= c|U|. O

3. ITERATED FUNCTION SYSTEMS

In this section we look at finite collections of contractions, which are known as
iterated function systems or IFS. Their fundamental property is that they determine
a unique set called the attractor for the IFS. The attractor of an IFS is usually a
fractal. We rely on attractors and their property in the proof of the main result.

Definition 3.0.1. A finite family of contractions {S1, Ss, ..., Sn} with m > 2 is
called iterated function system.

Definition 3.0.2. An attractor (or invariant set) for the IFS {S1,...,S,} is a
non-empty compact subset F' of D such that



Definition 3.0.3. Let S denote the class of all non-empty compact subsets of
D C R, and let the IFS {Sy,...,Sn} be given. We define the corresponding
transformation S on § by

for any set F in S.

Note that sets in S are transformed by S into other sets in S, as shown in the
proof of Theorem 3.3.1. By using a transformation we can express the attractor of
an IFS as an element F' € S such that F = S(F). We illustrate these new concepts
with an example. We look at the middle fourth Cantor set which displays many
fractal characteristics.

3.1. Example: The middle forth Cantor set.

Ey

B

FIGURE 1. The first seven iterations for the middle fourth Cantor set.

Formally as a self-similar fractal, the middle fourth cantor set can be defined via an
iterated function system. We start first constructing the set F' which represents the
middle fourth Cantor set from a unit interval by a sequence of deletion operations,
see Figure 1. Let Ey be the interval [0, 1] remove the middle fourth segment of this
interval, i.e. (2,2), and let E; be the union of the intervals [0, 2] and [2,1]. Remove
the middle fourth segments of these two intervals and let Fs be the union of the
resulted four intervals as follows

B o 2115 24] (40 497 155
27 V64 64’ 64 64’ 64 64> |

Continuing in this way we obtain a sequence of compact sets F,, such that:

e FyODE,DEy---

e F, is the union of 2" intervals.

e Since the middle intervals of length (§)" are removed from [0, 1] for each
n'" iteration, the length of the set E, is (3).

The set F =(;2, E, is the middle fourth Cantor set. It consists of the numbers
that are in FE,, for all n.
It can be shown that the middle fourth Cantor set has the following properties

e The set is a perfect set, i.e. it is closed and has no isolated points.

e The set is compact.

e The set is nowhere dense, i.e. the closure of the set does not contains any
nonempty open intervals.



We now express this set in terms of similarity mappings. Let S7,.S2: [0,1] — [0, 1]
be given by

(1) Sy (z) = %m
(2) Sa(x) = gx + g

We see that Sq(F) and So(F') represent the left and right ‘halves’ of F'. We have
for all n

Enpi1=51(Fn,)US:(E,) =S(Ey)
and hence, by induction
F = () S*(Ep).

k=1
We come back to this example multiple times, and add to it as we go.

3.2. Hausdorff metric. In this section we introduce the concept of 4-neighborhood
and then define the Hausdorff metric. We will need these concepts to show the
fundamental property of the IFS.

Definition 3.2.1. The d-neighborhood of a set A is the set of points within distance
Jof Ajie. As={x € D:|r—a|] <9 for some a € A}.

Let S denote the class of all non-empty compact subsets of D C R™. We want
to define a metric on S, where the distance between two sets A and B in S is the
least 9, such that the §-neighborhood of A contains B, and the d-neighborhood of
B contains A. See Figure 2.

Definition 3.2.2. The Hausdorff distance on S is defined as
d(A,B) =inf{é > 0: AC Bs and B C As},
for A,B € S.

FIGURE 2. The Hausdorfl distance between the sets A and B is
the least & > 0 such that the §-neighborhood Ajs of A contains B
and vice versa.

Lemma 3.2.3. The Hausdorff distance is a metric on S.

Proof. To show that d is a metric function, we need to show that it satisfies the
three requirements of a metric.



(i) d(A,B) > 0if A+# B; d(A,A) =0.
By definition it clearly holds d(A, B) > 0 since d(A, B) is the infimum over
non-negative numbers. Suppose d(A,B) = 0. Let b € B and note that
for n > 0, we have b € B C A1 and so there exists b, € A, such that

|b—b,| <L, thus b € A. We know that A is compact, and hence closed we
get B C A. Analogously, it can be shown A C B. We conclude A = B.
(ii) d(A, B) = d(B, A). This is true by definition.
(i) d(A,B) < d(A,C)+d(C, B) where A,B,C € S.
Suppose d(A,C) = €1, d(C, B) = €3. Then for every §; > €; and for every dy > €9
we have

AcCCs,,CCAs,CCBs,,BCCs,.
So it follows:
A C Cs, C Bs,ts, and B C Cs, C Asyi,5

where the second and last inclusions hold by the triangle inequality.
Thus d(A, B) < §1 + 62 for every 61,2 with §; > €; and d2 > €2. So

d(A, B) <€ +e = d(A, C) + d(C, B)
We conclude the Hausdorff distance is a metric on S. O

From hereon, we consider S as a metric space by means of the Hausdorff distance.

3.3. Unique attractors. We here show that iterated function systems define unique
non-empty compact attractors, which are often fractals.

Theorem 3.3.1. Let an iterated function system formed by contractions {S1,...,Sm}
on D CR" be given. Then this system has a unique attractor F'.

Moreover, if E € S such that S;(E) C E for all 1 <1 < m, then the attractor can
be expressed as

F= ﬂ Sk(E)a
k=0
where S* is the kth iterate of the transformation S corresponding to the given IFS.

Proof. By applying a translation if necessary, we can without loss of generality
assume that 0 € D. The strategy will be as follows. First we show the existence of
a set Fg € S such that S;(Ey) C Ep for all 1 <4 < m. Then we show that for any
E € S with S;(E) C E for all 4, it holds that ();—, S*(E) is an attractor. Finally,
we show the uniqueness.

For the first part, we choose r such that it satisfies l“f_i(gl)l < r for all 4, where ¢;
denote the ratio of S;. Then take Ey := D N B(0,r), where B(0,r) is the closed
ball of radius r around 0. Take x € Ey, then by the triangle inequality we have
|Si(x)] < 1S;(x) — S;(0)] +1S5;(0)]. Combining this with the definition of contraction
gives |S;(z)| < ¢;|z| +|S:(0)]. It follows |S;(z)| < ¢;|z| +r(1—¢;), and since |z| < 7,
we get |S;(x)| < ¢ir+71—¢;r = 7. So we have found a set Eqy such that S;(Ey) C Ep.

Since D is closed, subsets of D are closed in D if and only if they are closed in
R™. Since we know that a subset of R™ is compact exactly when it is closed and
bounded by [Rud64, Thm. 2.41], the same holds true for subsets of D. In particular,
Ey is compact, hence an element of S.

Now let E be any element of S, such that S;(F) C E for all 1 <14 < m. We want
to show that if we iteratively apply S to the set ¥ we will get the attractor of our
IFS. As a consequence of the condition we have on E, we get S**1(F) c S*(E) for
every k € N. We note that S(E) = (., S;(E) is a compact set, since the continuous
image of a compact set is compact, see [Rud64, Thm. 4.14], and a finite union of

6



compact sets is compact. By induction, it follows that S*(E) is compact. We know
that the intersection of a decreasing sequence of nonempty compact sets is nonempty,
see [Rud64, Thm. 2.36], therefore F := (N, S*(E) is nonempty. Furthermore, as
an intersection of closed and bounded sets, it is itself closed and bounded, and hence
compact.

We note

o0

S(F)=S([)S"(E)) < [ S(S*(E)),
k k=0

=0

which implies S(F) C Ny, S*(E) C S(F), so they are equal. So

and we conclude that F' is an attractor for the IFS.
To prove the uniqueness we assume that H # F is another attractor. We know
S(H)=H, and S(F) = F. We have

d(F,H) = d(S(F), S(H)) = d({J $:(F), U $i(m)

< ; (H)).

< max d(Si(F), Si(H))
This is true since by the Hausdorff distance, if the §-neighborhood (S;(F'))s contains
Si(H) for every i, then (|J;~, S;(F))s contains | J!-, S;(H) and vice versa. Using
the contraction definition we obtain

d(F,H)=d(S(F),S(H)) < ( max ¢;)d(F,H).
1<i<m

By 0 < (maxj<i<m ¢;) < 1, the above implies that d(F, H) = 0. Since S is a metric
space we conclude that F' = H. O

Now we consider the middle fourth Cantor set example we looked at earlier
in Subsection 3.1, and note that we can describe the set as the attractor of the
similarities S1, S defined in Equations (1) and (2), so that

F = 8,(F)U Sq(F).

4. OUTER MEASURE

When studying the mathematics of fractals, one will not get far before encoun-
tering measures in some form. For most fractal applications a few basic ideas of
measure are needed. In our case we will only encounter the outer measure and the
mass distribution on subsets of R™.

Definition 4.0.1 (Outer measure). We call p an outer measure on a set X if p
assigns a non-negative number, possibly oo, to each subset of X such that:

(i) u(@ =0
(i) u(A) < u(B) if AC B
(iii) If Ay, Ao, ... is a countable sequence of sets then

’ (G Ai> <30

i=1



5. HAUSDORFF MEASURE

For a better understanding of the mathematics of fractals, familiarity with
Hausdorff measure and dimension are essential. Of the variety of ‘fractal dimension’
in use, the definition of Hausdorff is one of the most important. It has the advantage
of being defined on any set, and is mathematically convenient, as it is based on
measures, which are relatively easy to manipulate.

The Hausdorff measure is a generalization for the traditional notion of length,
area, and volume to non-integer dimensions. The idea is to cover a given set
with small sets, for which we have an approximation of their size. Then we take
these covering sets even smaller so the approximation becomes more accurate. The
Hausdorff measure will roughly be the limit of those approximations. We first make
precise what we mean by small covering sets.

Definition 5.0.1. If {U;} is a countable (or finite) collection of sets of diameter
at most ¢ that cover F, i.e. F C Ufil U; with 0 < |U;| < 6 for each i, we say that
{U;} is a é-cover of F.

Definition 5.0.2 (Hausdorff measure). Suppose F' C R™ and s > 0. For every
0 > 0 we define

Hi(F) = inf { Z|Ui|sz {Ui} is a é-cover of F}
i=1
Then the limit
H(F) = lim H3(F),
§—0
exists, and is called the s-dimensional Hausdorff measure of F.

To unravel this definition, starting with 73 (F’), we first look at all the possible
covers of the set F with diameters at most 6 and then we seek to minimize >~ | |U;[*
by taking the infimum. Decreasing § means permitting less covers, which results
in an increase of Hj(F'). Therefore the limit lims_,o Hj(F) always exists, although

it may be infinite. Next we show that the Hausdorff measure indeed is an outer
measure.

Theorem 5.0.3. The function that sends F C R™ to the Hausdorff measure H*(F)
is an outer measure.

Proof. We show that the Hausdorff measure satisfies the requirements of an outer
measure.

(i). For every 6 > 0, we have || =0 < § and ) C @, implying that {0} is a §-cover
of (). Since we take the infima of all §-covers we conclude H3 (@) = 0 for any § > 0
and therefore, H*(0) = 0.

(i). If A C B, then any cover of B is also a cover of A, implying that H*(A) <
H*(B).

(1ii). We show that Hj(U;A;) < >, H35(Ai). Let € > 0, write e = >, ¢;, where
€; > 0. Take a d-cover {U]@} of A; such that

STIUP P < H(A) + e
J

Then {U]@}i’j is a d-cover of U;A;. So
H3(UiA:) < DIUDP < ST(H5(A) + ) = > H3(A) + e

] i



Letting € — 0 gives Hj(U;A;) < >, Hj(A;), and letting 6 — 0 gives H*(U; A;) <
Zi HS(Ai)-

Thus, the Hausdorff measure is indeed an outer measure. O

It can be shown that H*(F) is a measure, which is a more specific notion than
the outer measure, but we don’t need this property of H*(F) here.

5.1. Some properties of the Hausdorff measure. We note that the Hausdorff
measure has multiple useful properties, we only need the scaling property and the
fact that this measure function is non-increasing. We discuss these properties in the
following paragraph.

Lemma 5.1.1. Let S be a similarity with ratio ¢ > 0. If I C R™, then
HY(S(F)) = "H(F).
Proof. Let

A= {Z c*|U;)°: {U;} is a d-cover of F} )

i=1
B= {Z|Vi|5: {V;} is a cd-cover of S(F)} .
i=1
Then we have ¢*Hj(F) = inf A, and H35(S(F')) = inf B. We start by showing
SHE(F) < H3sS(F). Let {U,} be a §-cover of F'. Then for V; := S(U;) we have
U, Vi = U;S(U;) = S(U;U;) O S(F),
and |V;|= | U;|< ¢d.
Furthermore, Y i~ ¢*|U;|* = >0 |S(U)]* = Yo, [Vi|*. Tt follows that A C B.
Therefore, it holds
5s(S(F)) =inf B <inf A = ¢*H3(F).

We let § — 0 and obtain H*(S(F')) < ¢*H?(F).
We replace S by S7! and ¢ by 1, and F by S(F) to get the other side of the
inequality. t

Lemma 5.1.2. For every F C R™ and § < 1 the function H3(F) is non-increasing
in s> 0.

Proof. Observe for some o < 1 the function s — a* is a decreasing function of s.
As long as |U;| < 6 < 1 it follows that if s; < s then

o0

o0
dolui = > o,
i=1 =1

and hence,

o0

'H;l(F) = inf{ZUﬂS1  F C U U; and |U;] < (5}

i=1 =1

> inf{ZUﬂsz F C U U; and |U;| < 5}

=1 i=1

=H2(U). O

Corollary 5.1.3. The Hausdorff measure H*(F) is a non-increasing function.
9



6. HAUSDORFF DIMENSION

The Hausdorff dimension is one key concept in studying fractals. It is a way
to describe how rough (not smooth) the surface of the fractal is. Most interesting
fractals have a non-integer dimension, we will use the Hausdorff dimension to make
sense of the concept of fractional dimension. Before we introduce the definition,
we first discover the behavior of the Hausdorff measure H?®(F') which is either zero
or infinity for almost all values of s. In fact, only at one point the outer measure
‘jumps’ from one to the other. This unique value of s will then be the Hausdorff
dimension of the fractal.

By taking the value of s too large the measure will always be zero, and by taking
5 too small the measure will tend to infinity, see Figure 3. The formal definition
comes after the following lemma which supports our claim regarding this behavior.

Lemma 6.0.1. Let F C R™ be given. If H*(F) < oo, then for any r > s we have
H"(F)=0. And if H?(F) > 0, then for any r < s we have H"(F) = oco.

Proof. Assume H*(F) < oo, take r > s, let § > 0, then for any d-cover of F' we have

oo oo oo
DU =D Ul <67 U
1=1 1=1 =1
and hence,
(oo}
HﬂF):nﬂ{}jumﬂ{Ugisa&awaofF}
=1

< inf {(57"_8 Z|Ui|3: {U,} is a é-cover of F}
i=1

< O"TIH(F).
By letting § — 0, we obtain
H"(F) = lim H5(F) < lim 6" *H5(F) = 0.
§—0 6—0

For the second claim we assume H*(F') > 0 and take r < s. Then we get

(oo} oo oo
Z|Ui|r — Z|Ui‘rfs|Ui|s > 5T Z|UL|S
=1 i=1 =1
Analogously, letting § — 0 gives
'HT(F) = lim ’HE(F) > lim (ST_S’HS(F) =o00. O
§—0 6—0

This property of the Hausdorff measure justifies the following definition.

Definition 6.0.2. Hausdorff dimension For any F' C R", we define:
dimpy (F) = inf{s > 0: H*(F) = 0} = sup{s: H*(F) = co}.
We here define the supremum of the empty set to be 0.
By Lemma 6.0.1 we have

H(F) =
(F) 0 if s> dimpgF.

10
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FIGURE 3. Graph of H*(F) against s for a set F'. The Hausdorff
dimension is the value of s at which the jump from oo to 0 occurs.

Corollary 6.0.3. It follows by Corollary 5.1.8 and Lemma 6.0.1 for any F C R"
that if

0 < H(F) < o0,
then s = dimpy F'.

6.1. Integer Hausdorff dimension. We all have an intuitive notion of integer
dimension for simple geometric shapes. For example, we know that a line should be
one dimensional, a plane should be two dimensional, and so on. We here argue that
the Hausdorff dimension agrees with this intuition.

One dimensional geometrical shapes: We here show that a line segment has Haus-
dorff dimension one. Let L = [0,2] C R!. It suffices by Corollary 6.0.3 to show that
H(L) = 2, then dimg (L) = 1. First observe that, for any J > 0, and any é-cover
{U;} of L, it holds that )_,|U;| is the sum of the lengths of the intervals U;. Now
since {U;} covers L, it follows that Y_,|U;| > 2. Hence, H}(L) > 2 for all § > 0, so
H(L) > 2.

Now observe that H®(L) = lim,,_,oc H3 (L), where the limit is taken over n € N.

Then take, for n € N, the sets U; = [ln%] with 0 < i < 2n — 1, which covers

L. Tt follows that H%l)(L) < Y°,|U;| = 22 = 2. This value represents the length
of the interval L. By letting n — oo we get H!'(L) = 2 and hence, dimg (L) = 1.
Remark that we chose to look at L C R! so we can only cover L with intervals.
In the case where L C R", the process is quite similar, except we look at the
intersection of the covering U; with L. It follows directly that |L N U;| < |U;|, and
Z¢|U1| 2 Zi‘Lm Uil 2 2.

Two dimensional geometrical shapes: We now want to show that the unit square
S C R? has Hausdorff dimension two. We define S := [0,1] x [0,1]. We cover S by

n? squares of sides %7 so each small square has diameter % So for every § > % we
have H3(S) < Zi1|§|2 =2. So H%(S) < 2. The process of finding a lower bound
of H?(S) is not easy (because it involves looking at >_.|U;|? for all {U;} a é-cover of
S). However, it can be shown using [Fal86, Thm1.11], that for S measurable in R?

we have H2(S) = c,vol?(S), for ¢, a constant depending on n. Using this results in
H?%(S) = 2.

6.2. The non-integer Hausdorff dimension of the von Koch curve. We here
study the von Koch curve to illustrate a non-integer Hausdorff dimension. In this
11



paragraph we offer a closer look at fractional dimension and go through the process
of estimating it to reveal the challenges it holds in practice.

We construct the von Koch curve V' from a unit interval Ey = [0, 1]. See Figure
4. The set FE is obtained by dividing Fj into three equal segments and replacing
the middle segment by the two sides of an equilateral triangle of the same side
length as the segment being removed. Hence, the total length of F; is %. For Fo
we repeat, taking each of the four resulting segments, dividing each of them into
three equal parts and replacing each of the middle segments by two sides of an
equilateral triangle with sides of the same length as the length of the segment being
removed. The total length of E; equals (%)2. Thus F) comes from replacing the
middle third of each straight line segment in E;_; by the other two sides of the
equilateral triangle. As k tends to infinity, it can be shown that Fj approaches a
curve V, called the von Koch curve, in the sense that for all € > 0 there is a K such
that for all k¥ > K the Hausdorff distance d(E), V) is smaller than e.

This curve V is self similar as it can be expressed as the union of four smaller
copies of itself. Let a = exp %l and let S1,.55,55,54: R? — R? be defined as
x ar+1 a2x+2_ x4+ 2

SQ(CC) = 3 N Sg((ﬂ) = T, 54(1’) = 3 .

We observe that all these similarities scale the unit interval with a ratio % Sy and

S5 are similarities with a translation and a rotation. V is the attractor of these four
similarities, so we can write V = U}, S;(V).

Ey

i

FIGURE 4. Construction of the von Koch curve

Calculating the dimension of this set with the tools we developed so far seems to
be not possible. For example we define V' := limy_, Ey, so in each finite step we
can calculate H®(E})). However, we do not know whether H*(limy_,~ F¥) is equal
to limg_, 00 H¥(E)). For now we assume that for s = dimg (V) > 0, it holds that
0 < H*(V) < o0, and s > 0. (a big assumption, but we justify it in the last section
of this paper). We want to write V' as a disjoint union. To this end, we define V' as

12



V' \{(1,0)}, then we have that V' is a disjoint union of sets S;(V’), and we have
H (V) =H(V') +H5({1,0}) = H5(V'). So we have

HI(V') =H(S1 (V) U S (VYU S3(V) U S4(V'))
1 s / 1 S ! 1 S ! 1 S !
=§H (V)+§’H (V)+§7-L (V)+§7—L (V"
=Ly,

By assuming that the Hausdorff measure is finite and non-zero, we can obtain 1 = 4.

35
This equation yields s = igg g ~ 1.26, which is the non-integer Hausdorff dimension

of the von Koch curve.

6.3. Mass distribution. Roughly speaking, a mass distribution on a set is an
outer measure that is finite and non-zero. We introduce this concept in order for
us to estimate a concrete lower bound for the Hausdorff dimension of self-similar
sets. We define a mass distribution on the set, and then use the mass distribution
principle that we discuss in this paragraph.

Definition 6.3.1. An outer measure y on a bounded subset F' of R™ for which
0 < p(F) < oo will be called a mass distribution on F'.

Theorem 6.3.2 (The mass distribution principle). Let p be a mass distribution on
F, suppose that for some s there are numbers ¢ > 0 and € > 0 such that

uU) < U

for all sets U with the property |U| < e. Then H*(F) > “f) and
s < dimg (F).
Proof. Let {U;} be any cover of F' then

0 < p(F)< (U (U; ﬂF) <ZuU NF) <CZ|U|S
Recall that

H3(F) = inf {ZUAS: {U;} is a d-cover of F}

=1

and hence, Hi(F) > £ F) . By letting § — 0 we obtain H*(F) > “(CF . O

7. HAUSDORFF DIMENSION OF SELF-SIMILAR SETS

This section includes the main result of this work. We will show a simple formula
for the dimension of self-similar sets. Throughout, we let F' be the attractor of the
IFS formed by the similarities {S1,..., S, }: R” — R with

|Si(x) — Si(y)| = cilx — y Va,y € R",

where ¢; is the ratio of the similarity 5; satisfying 0 < ¢; < 1. We use the properties
of the attractor F' and the tools Hausdorff measure provides to show that, under
certain conditions the dimension of the set F' is the unique solution s for the equation

(3) Zcf =1

In the proof of this result we estimate an upper and a lower bounds for the Hausdorff

measure, so we can use that the attractor has a finite Hausdorff measure. This

estimation requires a certain effort and uses all the tools we have introduced so far.

We will need to define an outer measure on our set F' so that the mass distribution
13



principle conditions are satisfied. Furthermore, we ask of our set F' to satisfy the open
set condition (defined in Definition 7.1.6) which is a way of saying that we can cover
the set without overlapping. We now introduce the following sets that we use from
hereon, we let Z = {(i1,42,---): 1 <14; < m} denote the set of infinite sequences with
entries between 1 and m, and let I, ;, = {(i1,... %k, qr+1,...): 1 < g; < m} denote
the cylinder set consisting of those sequences in Z with initial terms (41, ...,%x). Let
J ={(i1,...,ik): 1 <i; <m,k € N} denote the set of finite sequences with entries
between 1 and m. Lastly, let Jp = {(i1,...,%): 1 < 1i; < m,k € N} denote the
set of finite sequences of length k& with entries between 1 and m. The main proof
requires a way to measure the attractor F', we do that by defining an outer measure
on the set Z and then extending it to the set F.

7.1. Constructing the measure. This subsection is dedicated to discussing details
that Falconer glosses over in the main source of this thesis [Fal04]. We define an
outer measure over our set, and then add more tools that we will later need in the
main proof. We use the cylinder sets we introduced above to define a measure on Z.
Let i : P(Z) — R be the function that assigns to a subset I C Z the number

@ D=y > (e lJCTIC, T

(i1,ein)ed 2T
Lemma 7.1.1. The function p is an outer measure on I.
Proof. We will check that p satisfies the requirements of an outer measure.

(i). We evaluate p at the empty set
=i e )S C C o
p@ =int {3 (e e 17CT0CY, T

(i1,...,ik)EJ
:inf{ Z (ci1~-~cik)s\Jgj}.
(i1enrin) €T

Let € > 0, claim u(0) < e. We know that for every ¢; we have ¢; < 1, in particular
c1 < 1. So for k big enough (c5)¥ < e. Take J == {(1,1,...,1)} C J where the
length of this sequence is k. It follows

S (o) = () = () <e
(i1,eeyin)EJ
Since 1(0) equals the infima over all such expressions, it holds that p(f) <e. We
let € — 0, and obtain p(f) = 0.

(ii). We need that if I C I’, then p(I) < p(I’). This follows directly by the fact
that any cover of I’ is a cover of I.

(iii). Let {A,}nen be a collection of subsets of Z. We want to show u(U,A4,) <
> (Ay). We have by definition

,U(An) = inf{ A Z (Cil "'Cik)s ‘ Jn C T, A, C LJ(I_1 i)ETn Ii],-«~7ik}'
(i15e-40k)ETn
Let € > 0 be given, write € = ) €, for certain €, > 0. Choose one covering by
choosing J,, € J such that Z(h,wik)eJn (ciy - - ¢i,)® < p(Ap) +€n. Then Uy, J, give
rise to a cover of U, A,, and hence, we have
w(UnAy) < Z Z (ciy - rciy)” < Z(M(An) +€n) = ZN(An) te
N (i1,emin)EJn n n

Since € was arbitrary the inequality follows.
14



So we conclude that p indeed is an outer measure on Z. O

Lemma 7.1.2. Let I}, ;, be the cylinder set with initial terms (l1,...,1,), and
let u be the outer measure defined in Equation (4). Then we have

wlliy,.,) = (e - r,)®
Proof. We have by definition of p

w(liy,...1,,) = inf Z (ciy -ei)’ | JC T, Iy, 0, C U

. ) D1yeeeylk
(ir,ayed (i1,eyin)EJ
We start by showing ,u(Il1 _____ 1) < (cy---a,)®. Take J = {(l1,...,ln)}, then we get
Iy, © U(“ sivyed dingeie = Liy o, - 1t also follows Z(il,...,z‘k)eJ(Cil )t =

(ciy - -+, ). To show the opposite direction of the inequality we take J € J where
Ilh...,l" - U(“ .... ieT Iil,...,ik- Take (jl, R ,jk) € J such that (ll, SRRy S T ) S
I;, ...~ Here we have two cases that we need to look at.

Case 1:1f k > n, then we have (I1,...,0,,1,1,...,1) = (j1,...,jr) where the length
of the first sequence is k. Then (¢;, ---¢,)° = (¢, -+ ¢, - 1---1)° = (¢5, -+ ¢4, )° <
Z(’Ll Vik) GJ(cil -“cik)s'

Case 2:1fk < n,then (Iy---lg) = (j1- - jr). Sowehave (¢, ---¢1,,)® < (¢, -+ ¢,)° =
(i €)* < Xiy,inyes (Ciy o ¢i,)?, which proves the statement. O

Next we transfer this outer measure p to the set F.

Notation 7.1.3. For any arbitrary set £ C R" and (41, ...,%) € Jk, we denote
Ei17-~~7ik = Sil 0---0 S'Lk (E)

Remark that by [Fri82, Thm. 3.4.1], the intersection of Fj,
sequence consists of one point that we denote as z;, ;, ..., so that

for a given

ooy lke

ﬁ(A):M({(ilviQa"'): th ~~~~~ i QA})

Lemma 7.1.5. The function i is an outer measure on F.

Proof. We check the three requirements of an outer measure to verify this claim.

(i). We evaluate fi at the empty set fi(0) = p({(i1,42, ) Npey Firroin € 0}).
For any (i1,42,---) we have (), F},,. s, is nonempty, meaning that no such
sequences exist. We conclude fi()) = pu(0) = 0.

(7). Let A C B, we want to show [i(A) < ji(B). We have by assumption

{ ’L177,2, m Fll) ik C A} ’L]_,’LQ, ﬂ Fll, ik g }
This implies
M({(ilvi%"'): ﬂF’U, ik —A}) <M< 2177/2a' ﬂ U] yeenslle = })7

which results in fi(A4) < f(B).
15



(iti). To show fi(U;A;) <37, fi(A;), we start by observing

{(i1, i, -+ ): ﬂ Fi,. i, CUA;} = U{(ilvi%"'): ﬂ Fi,..in CAj},
k=1 j
and then evaluate i at this set

A(U;Ay) = u(U{(il,i2,~-~>:

DL
=
N
o
—

~—

E
Il
-

D)
e
N
S
=

< ZN({(ilvi%"'):
= >4,

=
I
—

We conclude that fi is an outer measure on F'. O

Definition 7.1.6. Let Sp,...,S,, be an IFS. This system satisfies the open set
condition if there is a non-empty, bounded and open set V' such that

i=1

with this union being disjoint.

This condition assures that the components S;(F') of the iterated function system
do not overlap ‘too much’. In the middle fourth Cantor set example, the open set
condition holds for Sy and Sy with V' as the open interval (0,1).

We want to show that, provided that .S; satisfies the open set condition, the
Hausdorff dimension of the attractor is given by Equation (3). For that we require
the following geometrical lemma.

Lemma 7.1.7. Let {V;} be a collection of open disjoint subsets of R™, let ay,as,r €
R with r > 0 and 0 < a1 < az such that each V; contains a ball of radius a1 and is
contained in a ball with radius asr. Then any ball B of radius v intersects at most
(14 2az)™a;™ points of the closures V;.

Proof. By assumption, we know |V;| < 2aqr for all V;. So if some V; intersects the
ball with radius r, then V; must be contained in the ball with radius (2as + 1)r
concentric with the ball with the radius r. Note that (a;7)™ is less or equal to the
volume of V; for all V;. Let ¢ denote the number of closures V; intersecting with
the ball with radius r. Then there exists q disjoint balls with radius a;r that are
contained in the ball with radius (2as 4+ 1)r. It follows that g(a17)™ < (2a2 + 1)"r™,
giving us directly the stated bound for g. O

7.2. Main theorem on the Hausdorff dimension of self-similar sets. Now
we have introduced and collected all we need in order to show the main theorem of
this work.

Theorem 7.2.1. Let {S1,...,Sm} with ratios 0 < ¢; < 1 for 1 <i <m be an IFS
with attractor F. Suppose the open set condition holds for this system, then the
Hausdorff dimension of F is equal to s, where s is the unique solution for
m
Z c; =1.
i=1
16



Proof. We denote by s > 0 the unique solution for El 1 ¢; = 1. Observe that such
an s exists uniquely since the function s — >, ¢} is strictly decreasing and has
value m > 1 at s = 0, and has limit 0. We show that dimy (F') = s by showing that
the Hausdorft measure satisfies 0 < H*(F') < co. For the latter, we need a suitable
upper and a lower estimate of the Hausdorff measure.

We first show that H*(F) < oo. Recall, for any arbitrary set A C R" and
(i1,-..,ik) € Jx we denote A;, ;= S; 0---08;, (A). We recall the attractor is
the unique set that satisfies F' = (J!, S;(F), we can iterate the attractor as follows

F—O 651 G Usos

1,j=1

T 117 ;Zk l JFlh

Hence the unions [ J 7. Fir,...ip, form a cover of F. These covers of F' will provide a
suitable upper estimate for the Hausdorff measure. We use Lemma 2.0.4 to obtain
|4 | =|5;(A)| = ¢j]A|, and hence

|Fiv il = (e - e )[F] < (max e)*|F.

Let § > 0, to find a suitable §-cover, take ks big enough such that (maxj<; <k, ;)" |F| <
6. Then {F;,, . | (i1,...,ik;) € Tk, } forms a d-cover of F. Therefore,

TOED AN
Tk

and hence

< gl_r)% Z|Fll, ik |S

Tk

:(%IE)I(I) (Cil '”Ciké)s|F|S

ks

m m
= lim (Z cfl>~~~ Z ¢ |IF]?
§—0 \ - . ks

11:1 Zk(s:l

=|F|® < 0.

Now we aim towards showing H*(F') > 0. We use the outer measure ji we defined
in Definition 7.1.4 to estimate a suitable lower bound for the Hausdorff measure
over F. Tt can be shown by Lemma 7.1.2 that a(F) = 1, and so we obtain that
[(F) is a mass distribution, see Definition 6.3.1.

We now want show that i satisfies the mass distribution principal in Theorem
6.3.2. By the open set condition 7.1.6, there exists a nonempty bounded open
set such that it satisfies | J,S;(V) C V, with S;(V) are disjoint. By continuity
of similarities V' > S(V) = /-, S;(V). By Theorem 3.3.1, it follows that the
decreasing sequence of iterations S*(V') converges to F. In particular we have
VOoFandVy, 4 D Fi i foreach finite sequence (i1, ...,ix) € J.

We fix 0 < r < 1 a radius of a ball B,.. We want to estimate ji(B,) by considering
the sets V;, . i, with diameters comparable with that of B, and with closures
intersecting F'N B,.. Let (i1,i2,...) be an infinite sequences in Z. The function
N — R: k> ¢, - - - ¢;, has limit 0, so there exists the smallest &', depending on our
choice of sequence, such that

(5) Ciy = Ciy, < T
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Now for such a &', it holds that ¢;, ---¢;,, | > r, this follows by minimality of &’.
Therefore, iy 7 < ¢yt o0 ¢y, and sO

(6) (12‘ignm ci)r < e, < iy Cyy

We denote by @ the set of all such sequences (iy,...,i) where k' satisfies the
condition above. Then for every infinite sequence in 7 there is exactly one value
of k such that (i1,...,ix) € Q. Recall that V3,...,V,, are disjoint, implying that
Vitooosie1s Vinooin2y - -+ Vig,..ix,m are disjoint as well. Since V is compact we can
use Theorem 3.3.1 to express the attractor F as F = (), S*(V).

Take x € F, then there exists (i1,...,%, ) such that x € ()2, F}, ... €
Fi,....i, With (iy,...,ix) € Q. So F C |JF;) €UV () with (i) € Q. Now we choose
0 > a; > a9 such that B,, C VC B,,. This is possible since both balls are open.
We have

Baﬂ"(mini ci) g Balcil---cik g Vil ik g BGQCil"'C‘ - Ba2r7

vvvvv i —

where the first inclusion follows by Equation (6), and the last inclusion follows by
Equation (5). We define @1 to be the set of all sequences (i1,...,%) € @ such
that the given ball B, intersects V“% We now use Lemma 7.1.7 to obtain

Q1] < AE2e2) 05 0. So we have

(a2 min ¢; )"

f(By) = i(F N B,), since the mass is distributed over F
< i (UwyeqV () N By), since it covers F
< i (Vwea Vi)
S Z (Cila 7Czk)s
(1)€Q1
<)) r’
Q1
<qr’

Lastly we take a set U C F, we have U C Bjy|. This implies fi(U) < fi(Bjy|) <
q.|U]*, as we estimated. By the mass distribution principal Theorem 6.3.2 it follows

e = O

We now have 0 < H*(F') < 0o, so by Corollary 6.0.3 we conclude dimpy (F) =s. O

> 0.

7.3. Examples of determining the Hausdorff dimension. We have seen that
it is not easy to determine the Hausdorff dimension of a fractal by estimating
upper and lower bounds for the measure on the set. Theorem 7.2.1 offers us a
straight forward formula to compute the dimension of the set. In fact, it reduces
the problem to a simple calculation. We know from earlier the middle fourth Cantor
set is the attractor F' of the similarities S1,S2: [0,1] — [0, 1] with S;: 2 — %J} and
So: x> %:c+ g. The open set condition holds by considering the open interval (0, 1).

2 . . . .

We have 7 | ¢f = %s + %s =2($)* = 1. This equation yields dimy (F) = 11;)%;
In the von Koch curve V we have seen that the attractor is the union of four

similarities each of ratio % We now calculate it’s dimension using Theorem 7.2.1.

We consider the open equilateral triangle in R?, with vertices (0, 0), (1,0), (%, ?)
so the open set condition is satisfied. Therefore, a straight forward calculation gives

us dimpy (V) = 125
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