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Abstract

Here, we explore symmetric fractal binary trees with branching ratio greater than or equal to one. We then provide
a relationship between trees with reciprocal ratios which illustrates a duality between trees with branching ratios
smaller than one and trees with branching ratios larger than one. In addition, we present examples of digital artwork
based on these binary trees.

Introduction

Symmetric binary fractal trees and their canopies have been discussed in numerous contexts (see [[1] and [3]),
and may be generated many ways — but their most intuitive generation is probably using recursion. After
first drawing a vertical trunk of length 1, branches of length r are drawn to the left and right of the trunk at
an angle 0. See the left image in Figure[3|for an example.

Figure 1: Nine nonagon trees sprouting Figure 2: Dual trees with alternating
from a base nonagon. branching ratios.

This process is repeated recursively, scaling the branches by a factor of r at each iteration. We refer
to the collection of all points obtained after n branchings of a tree as a canopy. Mandelbrot and Frame’s
treatment in [3] covers the idea of minimum connectedness in depth. This and other papers (such as )
familiarize us with the family of canopy sets when r < 1. We present artistic insights into the geometry of
fractal trees and reflect upon trees with branching ratios » > 1 (see Figure @ In fact, trees with branch-
ing ratio > 1 have canopies related to those of trees with r < 1, as we will see below. We defer a discussion
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of the images in Figures 1 and 2 until the section on artwork, so that we may introduce the geometry of dual
trees first.

Figure 3: Binary trees of 6 iterations with = 25° and r = 5/8 (left), r = 1 (middle), and
r = 8/5 (right).

Note that trees with » > 1 become unbounded as the depth increases. For any r > 0, scaling a
n

rendering to depth n by the scale factor o, = (Zi:o ri)_l keeps trees at any depth bounded, which is
useful for producing graphical images.

Duality of Trees

TP G Figure |4 illustrates the concept of dual trees which was
8 P i briefly introduced above. There are seven bold copies of
& 3 a symmetric tree with turning angle 180/7° and branch-
ing ratio 7/10; however, the lighter structures in the
: : background are actually made up of seven copies of a
7 N different symmetric binary tree! This tree also has a
q - turning angle of 180/7°, but now with a branching ra-
& 2 tio which is greater than 1 — branches of these trees are a
factor of 10/7 longer than than the branches they came
S 2 from. Because this is a divergent process, the trunk of
= = this tree is scaled by (7/10)", where n is the number of
‘ iterations which will be drawn, so that scaling by 10/7 n
4 » times will result in branches reaching a length of 1 at the
final stage of drawing. Notably this ratio is the reciprocal
of the ratio used for the lighter trees, and the collections
of canopies of these trees are exactly the same.
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Figure 4 : Dual trees with 7-fold symmetry.

Why do these trees overlap exactly? Let’s look at the two trees shown in Figure @ The black tree has a
branching ratio of 5/8 and a branching angle of 25°, and is rotated 25° counterclockwise. The gray tree has
a reciprocal branching ratio of 8 /5, also with a branching angle of 25°. Both are rendered to a depth of 5.

Now consider the thick, black path going from O to P, which is created by following the sequence of
instructions RRRLL (R meaning branch right, and L meaning branch left). Make a symmetric path (thick,
gray, dashed) starting at P and going to O. If we start at P with the same trunk length we started with at O
and follow the exact same instructions, we have to end up back at O.

The trick is to now look at this gray path backwards, starting from O. The branches now get larger
each time, by a factor of 8/5 (since they were getting smaller by a factor of 5/8 when going in the opposite
direction). The size of the trunk is the length of the last branch drawn in following the black path from O to
P. This must be (5/8)5 times the length of the trunk, since the tree is of depth 5.
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The sequence of instructions needed
to follow this gray path is RRLLL. It turns
out this is easy to predict from the geom-
etry. Recall that beginning at P, we fol-
lowed the instructions RRRLL along the
gray path to get to O. When we reverse this
path and go from O to P, we follow the
instructions in reverse — except that in go-
ing in the reverse direction, what was pre-
viously a left turn becomes a right turn, and
vice versa.

So all we need to do to get the re-
verse instructions is to reverse the string  Figure 5: Dual trees with branching ratios of 5/8 and 8 /5.
RRRLL to get LLRRR, and then change
the L’s to R’s and the R’s to L’s, yielding RRLLL.

There is one important detail to address: the fact that the black tree with branching ratio 5/8 is rotated
by 25° to make everything work out. Again, this is easy to see from the geometry of the figure. Look at the
thick gray path for a moment. Since following the instructions RRLLL means that in total, you make one
more left turn than you do right turns, the last branch of the path must be oriented 25° to the left of your
starting orientation (which was vertical). This tells you precisely how much you need to rotate the black tree
to make the two paths have the same starting and ending points.

Note that not all the endpoints of the paths in these trees overlap. But with enough copies drawn (as in
Figure[), all the endpoints of one set of trees will exactly overlap with those of the trees with the reciprocal
ratio. We note that this exact overlap is due to the way the scale factor is defined above.

Artwork

Exploring fractal binary trees with > 1 generated more
results than could be visited and more questions than
could be answered in this paper.

While divergent trees can be scaled according to their
iteration such that they converge to unions of convergent
trees, what about scaling and convergence when r = 17?7
Can we extend our current technique of scaling to include
convergence of trees when » = 17 Can we characterize
what appears to be the limiting shape of the canopies as
seen in Figure[6]? We conjecture that when the branching
angle 6 is p/q-360°, with p/q in lowest terms, the canopy
rendered to an iteration depth of n with branching ratio
equal to 1 will become denser in a regular g-gon as n gets
larger and larger. Notice how the canopy in Figure 6, gen-
erated with branching angle 1/7 - 360° degrees to a depth
Figure 6 : Tree with branching ratior = 1. of twenty iterations starts to look like a filled-in regular
heptagon.
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Figure @ shows how very unexpected structures can arise from the use of parameters which do not seem
intuitively applicable to binary trees; in particular, the study of dual trees brings close attention to those trees
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Figure 7 : The structure of dual trees with thirteen fold symmetry and branching ratios
very close to one.

near the critical point of » = 1. The discovery of a large space of interesting yet non-familiar trees which
visually confirmed our ideas about duality inspired much of the research and artwork.

Returning to the discussion of the initial artwork, Figure [I]illustrates nine symmetric fractal trees built
of nonagons, each growing from a face of the central nonagon. In general, a union of n n-gon trees with
branching ratios r and arranged with n-fold symmetry will have the same canopy as n n-gon trees built of
n-gons ascending in size according to the ratio 1/r (the expanding trees must be drawn with base n-gon
scaled by r?, where i is the number of iterations being rendered).

Figure 2 illustrates another variation on the theme of dual binary trees. In this image, the branching
ratios alternate between 2 and 1/4 for the seven copies of the lighter trees, and between 1/2 and 4 for the
one copy of the darker tree.

These pieces only begin to explore the parameter space of binary trees along with their dual trees. There
is still much work yet to be done.
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