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Abstract

By choosing the contraction functions in the Interated Function Sys-
tem we extend the construction from two dimensional spaces to three
dimensional spaces to build self-similar sets in 3-spaces. We also extend
the neighbor map concept for the attractors which have difference sizes of
sub-pieces to make them became finite type. Some interesting examples
of self similar sets in three dimensional space are given.

1 Introduction

A Fractal in general, is a rough or fragmented geometric shape that can be split
into parts, each of which is a reduced-size copy of the whole. This essential
property is called self-similarity. A fractal usually has Hausdorff dimension
which is greater than its topological dimension. Now with the aid of computer
programs, fractal geometry has recently grown and is continuing to grow and
we can visualize the beauty of many of the images that they have discovered.

Self-similar sets are a class of fractals which can be rigorously defined and
treated by mathematical methods. In 1981 Hutchinson rigorously defined self-
similar sets by this equation

F=fi(F)U fa(F)U...U fm(F),
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132 Some examples of finite type fractals in three dimensional spaces

where fi, i = 1,...,m are contracting maps (IFS) on R%. Hutchinson proved
that for given maps there is exactly one compact non-empty set, F, which fulfils
the equation. This set F is called fractal or attractor of IFS.

Neighbor maps, which can be considered as a representation of relative po-
sition of pairs of non-empty intersecting sub-pieces. They were first introduced
by C.Bandt and S. Graf[3]. We extend the definition of Bandt on neighbor
maps and neighbor graphs. Two sub-pieces are neighbors if they intersect each
other and the relation between their sizes must be the same with the relation
between the sizes of the pieces on the original fractal. We also extend fractal
constructions from two-dimensional space to three-dimensional space. In nat-
ural, many things has the fractal structure such as fern leaf, cloud, mountains.
We try to find the self similar or self affine structure of those things. From
the geometric point of view, the interesting self-similar sets is the self-similar
sets that have the sub-pieces just touching or have exact overlap. So we have
to enlarge them to see whether they are Cantor sets or they have overlap. We
using a very strong tool that is the neighbor maps to discover that fact.

2 Magnify fractals - The neighbor maps

gapislarge

Figure 1: Using the neighbor maps we can magnify infinitely any self-similar
sets

Fractals are sets or entities that look the same under magnification. Small
pieces of such a set are similar to the whole set. Such sets are ”self-similar.”

To obtain a interesting structure in the self-similar sets, it is often required
that overlaps between pieces are sufficiently thin or just touching, which is
expressed by the open set condition:

Definition We say that the IFS {fi1,..., fm} satisfies the open set condition
(0SC), if there exists an open set V such that

m

U AWV)cV and £:(V)Nf(V) =0, Vi#je{l,...m}.

=1
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Figure 2: The relative position of sub-pieces.

We call such open set V' a feasible open set of the f;, or of F.

The OSC controls the overlap of the sub-pieces F; of fractal F'. If an IFS
satisfies the open set condition then the Hausdorff dimension and the self-
similarity dimension of the attractor coincide.

However, it is not easy to check the open set condition. In 1992 Bandt and
Graf introduced an algebraic equivalent for OSC [3]. We take some notations,
let fi : R — R? contractive similarities with contraction factor r, i € I =
{1,...,m}and F =J, fi(F), I" := {(wi)iz1,.n |wi € IVi=1,...,n}, I* :=
U, I, for w = uy...u, € I", define f, := fu, o...0 fu, and F, := f,(F).
Given an IFS {fi, ..., fm}, for each u,v € I*, u = ujus... and v = v1v;..., where
ug, v € [, k € N. Let N = {h = f;'f, | u,v € I*,u; # v1}. The algebraic
formulation of OSC reads as following Theorem

Theorem [3] The iterated function system {fi1,..., fm} satisfies the open set
condition if and only if there exists § > 0 such that | h —id ||> 0, for all
heN.

The norm in this theorem is the norm on affine maps, which can be || g ||:=||
A || 40| if g = Az + b, where

| A|l=max{|| Az || |z € R? with ||z [|<1}.
In 2001, Bandt [4] described an algorithm deciding on separation, when all the

contraction factors are equal to r. The algorithm is as followed: Starting with
identity map id, we applied the automorphism

hij(g) == f;"g-f;, i,j=1,---,m, and i #j

Repeat this process with the obtained maps belonging to a neighborhood U of
id until all the maps run out of U. The reality of this algorithm is confirmed
by following proposition:



134 Some examples of finite type fractals in three dimensional spaces

Proposition [4, Lemma 4.1] Given similarities f; = rA;(z + a;), where r €
(0,1), and A; are orthogonal matrices. Let U be the neighborhood of id in the
space of similarities defined as

(1+s)c

= <
U= {sBr+b| b <

} where c=  max |a4|.
i€{l,--,m}
Then the complement of U is mapped into itself by each hy;.

Neighbor maps, which can be considered as a representation of relative
position of pairs of non-empty intersecting sub-pieces. They were first intro-
duced by C.Bandt and S. Graf[4]. We take the sierpinski gasket to explain the
neighbor maps. Suppose that our sirpinski gasket have three sub-pieces in the
origin (see Figure 2) and the IFS have three contraction functions {f1, fo, f3}.
The relative position of sub-pieces F; and Fs were represented by the map
g =f1r L f2(F), The relative position between sub-pieces F; and Fy are the
same with the relative position between the fractal F and its image f; * fo(F).
Suppose that Fy[)Fz have very small gap (they do not touching when the
contraction factors r are smaller than 0.5, let take » = 0.499). Because the
relative position between sub-pieces F; and F5 are the same with the relative
position between the fractal ' and its image f; ' fo(F) then F'() f; ' f2(F) also
has a gap. Because F is larger than F} then the gap of F/( f; * fo(F) is bigger
than the gap of Fy (| F>. When we go to the next level; the relative position
between Fio and Fb; are the same with the relative position between the fractal
F and fi3' fo1(F). We continue other deeper level we have the relative position
between Fis090 and Fby111 are the same with the relative position between the
fractal F' and f1_21222 f21111(F). So we can imagine that we enlarge Fj2229 equal
to F so the gap between Fjs290 and Fb1111 also to be enlarged that we can see
in the Figure 1. It leads us to understand that when we apply the Bandt’s
algorithm this example then the algorithm will never stop because the gap go
bigger and bigger, that out of the neighborhood U and never come back to h;;.
Bandt and Graf have give the definition of neighbor map for the maps have the
same contraction factors. Given fi, ..., f, a neighbor map is an element of the
set {fitfo| FuNFy # 0,u+#vel}.

We extend the definition of Bandt on neighbor maps and neighbor graphs.
Two subpieces are neighbors if they intersect each other and the relation be-
tween their sizes must be the same with the relation between the sizes of the
pieces on the original fractal. A type is a standardized relative position of two
intersecting pieces of the fractal.

Definition: We say two pieces F,, and F,, are neighbors if

. Tk Tk
F,NF, #0,u,ve I u; #v, mn— <r,, <max—.

kel 1 kel 1
where u = ujus....,v = v1v2.... and ry , is the contraction factor of the con-

tracting map fy, ! fo, ru. = =

Ty
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With above definition two pieces F,, and F), are neighbors if they intersect
each other and their sizes can be comparable that they are not big different.

Definition: A neighbor map is an element of the set

V={f'fs | FuNF,#0,F, and F, are neighbors }

3 The neighbor graph-Finite type Fractals

The two pieces f, and F), are neighbors, and the type of that relation between
fu and F, are presented by the neighbor map h = f, ! f,. Every fractal that
has a finite type neighbor map is called a finite type fractal. A type is a
standardized relative position of two intersecting pieces of the fractal and the
neighbor graph will show the relation between types. More detail we have

Definition: The neighbor graph G = (V, E) of an IF'S {f;}, is given by the
sets

V={ff | F.NF,#0,F, and F, are neighbors },
E={(g.h,ij) eV xV xI* | h= f"gf; min & <rp <maxr—k}

kel 7] T kel 7
where i, € I, rp, = %ru,v.

The fractals has finite type neighbors is finite fractals. If a self-similar set
is a finite type fractal then the Bandt’s algorithm will stop after sometime and
we get the number of types. In the following part of this paper we give many
new examples of finite type fractals in three dimensional space.

4 Some three-dimensional examples - The choice
of IFS

Until now there are just a few examples of fractals in R? with d > 3. We have
two examples are well-known: the Menger sponge and the fractal tetrahedron
[19] and recently, the three-dimensional twindragon [1] and the fractal octahe-
dron, the three -dimensional modification of Sirpinski’s triangle [6]. Rendering
the pictures in this paper we use new solfware packages from Russia for three
dimensional fractals [14, 15, 16] . So that the fractal objects in three dimen-
sional space can be visualized. That could be one of the reasons make the
research on three-dimensional self-similar fractals has been increasing.

In this paper we turn fractal in plane to fractal in space by two ways: The
first way is we change the number of functions in IFS (Example 6), and the
second way is to keep the number of subpices, it means keep the number of the
functions in the IFS of both versions 2D and 3D (Examples 1 up to 5).
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In plane in each function if IF'S we usually using one rotation matrix, when
we go to space we have to combine many rotation. In this paper we use three

3m
rotation matrices M,M',M" where M is the rotation by > in the X-axis
3r 3m
combine with the rotation by - in the Y-axis and M’ is the rotation by -

™
in the X-axis combine with the rotation by 5 in the Y-axis, more exactly :
1
0
0

Example 1. The simplest 3D fractal is the rectangular cuboid
F =[0,n] x [0, ¥/n] x [0, Vn?]
with the TFS: {fx(z)=rMz+ (k—1)}, k=1,2,....nand r =1//n

Example 2 (See Figure 1 ). The rectangular cuboid canbe made by different
sizes of subpieces:

F=10,2] x [0¥/2] x [0, V4]

The IFS has three functions:
fl(x) = TM:I:7 fQ(ZI:) = T2M2$+(1,0,0)/ and fg(ZI:) = TQM/I'I;+(17 \3/57 \3/1)/7
r=1/2

Figure 3: The rectangular cuboid in the Example 2

Example 3 (See Figure 4 ). The spiral fractals made of three equal sizes of
subpieces. The IFS: fi(x) = rMz —v,fo(x) = —rMz — v, f3(x) = rMx where
r = 1/Y3, v = (1,0,0). About the type of spiral fractals we can see the
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Figure 4: The spiral fractal

Figure 5: Eight face neighbor types of the spiral fractal

Figure 5 and count the numbers of sub-pieces around F. When neighboring
pieces meeting in a single point or a line are neglected we can see 8 face neighbor
types. Other versions of spiral fractals with different sizes of sub pieces can see
in the Figure 6

-

Figure 6: The spiral fractal with three different sub-pieces

Example 4 (See Figure 6 ). The spiral fractals made of three different sizes
of subpieces. The IFS: fi(z) = rMz +v, fo(z) = r2M?z, f3(x) = —r?M?x +v
where 7 = 1//2, v = (-1/3,/2/3,Y4/3)".

Example 5 (See Figure 7 ). The new Menger sponse uses only 4 contraction
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Figure 7: The new Menger sponse with 4 contraction functions in I'F'S

functions in The IFS: fi(x) = rMz + v,fo(x) = rMx + (2,0,0), f3(z) =
r2M?x + (1,0,0), fa(z) = r2M?x + (1,0,2/3/3)" where r = 1//3.

Figure 8: The golden dodecahedron fractal

Figure 9: The 50 fixed points of the functions in IF'S of the golden dodecahedron

Example 6 (See Figure 8 ). The golden dodecaheron fractal has 50 contraction
functions in IFS fi.(z) = §(x — ax) + ar if k = 1,...,20, and fi(x) = 6%(x —
ax) + ak, if k = 21,...,50, where ¢ is the golden ratio and aj are the vertex
points on the dodecahedron and the midpoints of the lines which connect that
vertex points (see Figure 9 ).

When cutting the golden dodecahedron fractal we have slices as we can see
in the Figure 10 and Figure 11. My friend, Ruediger suggests me that the
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Figure 10: Two sides of cutting slides of the golden dodecahedron

Figure 11: There is a hole in the center of the golden dodecahedron fractal.

golden dodecahdron fractal contains plane segments and in the center there is
a hole. We can implies that holes exists almost everywhere, but it need tobe
proved so there is much left to explore about this golen dodecahedron fractal.
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