WHEN THUE-MORSE MEETS KOCH

JUN MA AND JUDY HOLDENER

ABSTRACT. In this paper, we reveal a remarkable connection between the
Thue-Morse sequence and the Koch snowflake. Using turtle geometry and
polygon maps, we realize the Thue-Morse sequence as the limit of polygonal
curves in the plane. We then prove that a sequence of such curves converges
to the Koch snowflake in the Hausdorff metric. In the final section we consider
generalized Thue-Morse sequences and provide a characterization of those that
encode curves converging to the Koch snowflake.

1. INTRODUCTION

The Thue-Morse sequence and the Koch snowflake have much in common. Both
are defined iteratively. Both exhibit properties of self-similarity. Both first appeared
in the early 1900’s (the Koch snowflake in 1906 and the Thue-Morse sequence in
1912). And both continue to appear frequently - yet independently - in popular
mathematical writing today. In this paper, we will show that the commonality
between these two famous objects is deeper yet. Indeed, by realizing the Thue-
Morse sequence geometrically as the limit of polygonal curves in the plane, we will
show that the connection between the Thue-Morse sequence and the Koch snowflake
is much stronger than one might expect.

The Thue-Morse sequence is a two symbol sequence typically defined by iterating
a substitution map o. Given the alphabet A = {a, b}, define the morphism o : A* —
A* by setting o(a) = ab and o(b) = ba. If 6 = a, we see that o generates the
sequence of words:

{c"(a)}n>0 = a, ab, abba, abbabaab, abbabaabbaababba, ...
This sequence converges to what is commonly known as the Thue-Morse sequence:

t = lim ¢"(a) = abbabaabbaababbabaababbaabbabaab...

Of course, there is nothing special about the symbols a and b, and in this article we
choose to use the alphabet ¥ = {F, L}, where F' and L represent commands for a
turtle in the plane (in the sense of the turtle geometry developed in the early 1980’s
[1].) The symbol F represents a forward motion of the turtle in the plane by one
unit and L a counterclockwise rotation of the turtle by the fixed angle § = /3.

Definition 1.0.1. Let ¥ = {F, L}. Then the Thue-Morse turtle programs of degree
n, denoted by T'M,, and T'M,,, are defined to be the following words in ¥*

™M, = o™ (F) and TM, =o"(L)
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The trajectories encoded by the Thue-Morse turtle programs turn out to be
surprisingly interesting. Figures 1 and 2 below show the results of the Thue-Morse
turtle programs of degrees 4 through 10.

ﬁﬂﬂ%ﬁﬂ%

™, ™

FI1GURE 1. Thue-Morse turtle programs of degrees 4 through 7

TMg

FI1GURE 2. Thue-Morse turtle programs of degrees 8 through 10

Indeed, the trajectories corresponding to the even terms of the Thue-Morse se-
quence are starting to resemble the familiar Koch snowflake! Skeptical? Consider
TMy.

F1GURE 3. The Thue-Morse turtle program of degree 14

The primary purpose of this paper is to examine the sequence of curves encoded
by Thue-Morse turtle programs {TMas, }. In subsections 3.1-3.3, we use turtle ge-
ometry and polygon maps to realize the programs T Ms,, as polygonal curves in
the plane. We then present a few useful preliminary results involving computa-
tions in the Hausdorff metric (subsection 3.4 and 3.5). In our two main results -
Convergence Theorems I and II - we prove that a sequence of Thue-Morse turtle
trajectories does, in fact, converge to the Koch Snowflake. In the final section,
we consider possible generalizations of Thue-Morse turtle programs, exploring the
existence of other iterative turtle programs that produce curves converging to the
Koch snowflake.



WHEN THUE-MORSE MEETS KOCH 3

2. Two FAMOUS MATHEMATICAL OBJECTS

2.1. The Thue-Morse Sequence. The Norwegian mathematician Axel Thue first
discovered the Thue-Morse sequence in 1912 while studying avoidable patterns in
sequences of symbols [12]. Thue proved that the sequence is overlapfree, meaning
that it contains no substrings of the form wuwuw.) The sequence was later redis-
covered by Marston Morse (1917), who was interested in the aperiodicity of the
sequence [8]. Since the early 1900’s, interest in the Thue-Morse sequence has con-
tinued. In 1944, Morse and Hedlund proved that the sequence is cubefree (meaning
it contains no substrings of the form www) [9], and there have been numerous writ-
ings of late that focus on the many interesting properties exhibited by the sequence
[[3], [7], [6], [10]]. Below we list a few basic properties that are relevant to this pa-
per. The properties, as stated, involve even terms only because it is the even terms
of the Thue-Morse sequence that appear to be converging to the Koch snowflake.

Property 2.1.1. Forallm € N, TMo, 10 = TMonTMop TMop T Moy, and T Moy, 1o =
TMo, T My, T Mo, TMo,,.

Note that Property 2.1.1 implies that the even terms of {T'M,, } are palindromes.
This ensures the bilateral symmetry of the polygonal curves they encode.

Property 2.1.2. Given Qo = {T Moy, TMor} and n > k,
T My, = o*"2*(TMyy) € Q5 and TMo, = 0® 28(TMyy,) € Q3.

Property 2.1.3. If 7 : ¥* — ¥* is the morphism defined by 7(F) = L and 7(L) = F,
then T(TMQk) = TMQk and T(TMQk) = TMQk.

Remark 2.1.4. The bar notation, TMy, = 0?"(L), was actually chosen to reflect
Property 2.1.3. In general, if w is a word over a two symbol alphabet {a, b}, then
w denotes the word obtained by exchanging all a’s to b’s and all b’s to a’s [3].

2.2. The Koch Snowflake. Now considered a classical fractal object, the Koch
snowflake was first introduced by Helge von Koch in 1906 [13]. It is constructed
by starting with a line segment of unit length, extracting the middle third and
replacing it with two line segments of length 1/3 (see Figure 4). The process is
continued indefinitely, with the middle third of any line segment at each stage
being replaced with two line segments of length equal to 1/3 of the line segment.

»4/\—

FIGURE 4. Edge replacement in the Koch snowflake

The Koch snowflake is commonly defined by way of a Lindenmayer system with
initial string F' and rewriting rule ' — F — F + +F — F, where “4” denotes a
counterclockwise rotation of 7/3 radians and “” a clockwise rotation by the same
amount [11]. The “reflected” rewriting rule F' — F + F — —F + F amounts to the
morphism s : ¥* — ¥* defined by x(F) = FLSFL?FL°F and k(L) = L, where
¥* is the monoid of words over ¥ (the operation being concatenation.) Note that
FLSFL?’FLPF can be factored in two ways:
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(1) (FL*)(LFL)(LFL)(L*F)

(2) (FL)(L*FL)(LFL*)(LF)
Defining ¢ = L*FL* and b = LFL we see that the rewriting rule  is reminiscent
of 0%, which generates the even terms of the Thue-Morse sequence (in particular,
see Property 2.1.1). For if we assume that L is the empty word (representing a
counterclockwise rotation of 27), then

k(a) = k(LAFLY) = L'(F)L* = LY(FLY)(LFL)(LFL)(L*F)L*
= abba = 0*(a)
and
k(b) = K(LFL) = Le(F)L = L(FL)(L*FL)(LFL*)(LF)L
= L(FL)(L*FL)LS(LFLY)(LF)L
= baab = o*(b)

Moreover, further iteration of x will result in the following.

Proposition 2.2.1. Letn € N, and consider the set of all words over ¥ subject to
the relation LS = e (where € is the empty word). Then the following two identities
hold true.

(1) k*(LAFL*Y) = o?"(L*FL*)

(2) k"(LFL) = o*(LFL)

Proof. Proceed by induction. Clearly, k°(L*FL*) = L*FL* = ¢°(L*FL*) and
kY(LFL) = LFL = ¢°(LFL). Now suppose that (1) and (2) hold for n and
compute:

o H2([AFLY) = o2 (LAFLY)o?"(LFL)o?"(LFL)o?" (L*F L)
= L*"(F)L*Lk"(F)LLr"(F)LL*x™(F)L*
= LA[s"(F)L5k™ (F)L2k™(F)Lok" (F)| L4
= k" (LAFLY)

02" +2(LFL) = o> (LFL)o*(LA*FL4)o* (LAFL4)o> (LFL)
= Lk"(F)LLAK™(F)LALAk™(F)LALk" (F)L
= L[x"(F)LPk™(F) L™ (F) LPk"(F)] L
= k" (LFL)
O

Finally, we note that the trajectories encoded by x(L*FL*) and k(LFL) are
simply rotations of that encoded by x(F). Hence x(L*FL*) provides another en-
coding of the Koch snowflake. In light of the previous proposition, this means that
the sequence {o*"(L*FL*)},,>1 also encodes the Koch snowflake, and it is this for-
mulation that we will be using in this paper. Moreover, we can replace F' in the
rewriting rule with any other turtle sequence that restores the initial heading. For
example, any power of F' would work.

3. PRELIMINARIES

3.1. Turtle Geometry and the Position Homomorphism. A turtle program
is defined to be any word over the alphabet 3 = {L, F'} where F' denotes a forward
motion of the turtle by one unit and L a counterclockwise rotation by some fixed
angle 6. If 8 = 2x/N, then the set of all words over ¥ subject to the relation
R = {L" = ¢} is denoted by ¥%. The length of a turtle program, |w|, is the



WHEN THUE-MORSE MEETS KOCH 5

number of letters in w. By |w|r, we denote the number of L’s in w, and similarly,
|w|F denotes the number of F’s.

A turtle state is an ordered pair (7,9) consisting of a position vector ¥ € R?,
and a unit vector ¥ describing the turtle’s heading. The basic turtle commands F'
and L define certain changes in the turtle’s state; the command F represents the
transformation T mapping the state (7, 9) to the state (¥+ 0, 0), and L represents
the transformation T, mapping (7, ?) to (7, Rg0), where Ry is the rotation matrix
cosf) —sinf

Ro = [sin@ COSQ:|79:27T/N.

For the purposes of this paper, 6 will always be fixed at 7/3 (and hence R = {L°® =
e}.)

A string w of F’s and L’s then describes the general turtle transformation T,
consisting of compositions of these two basic transformations. Such transformations
T, can be expressed in the form T, (7, 0) = (F+ M0, Rd), where M is a matrix
of the form [ Z _2 } € Ms(R) and R = R} for some positive integer k. As
described in [5], the set of pairs (M, R) € G = M3(R) x (Ryp) is a group under the
binary operation

(My, Ry)(Ma, Ry) = (My + Ry My, Ri Ry),
and there is a homomorphism % : £5 — G defined by

for any w = H L™ F™ € ¥%. The map v is useful, because it allows us to compute

i=1
the turtle’s position and heading with ease. Indeed, if the turtle starts with the
state (7,0) = ({0,0),(0,1)) and follows the string of commands w, then its new
position and heading are 7 o ¢ (w) - ¥ and mg 0 tp(w) - ¥, respectively. In this paper,
we define the position homomorphism ¢ : ¥ — R? as follows, with the assumption
that the turtle’s initial state is always (7, 9) = ((0,0), (0, 1)).

Definition 3.1.1. Given 99 = (0,1) and the map ¢ : M2(R) — R? defined by
$o(M) = M - 9y, the position homomorphism g : ¥% — R? is defined to be the
composition g = ¢g o 71 ° Y.

9:55 5 My(R) x (Rg) ™ My(R) 2 R2

It is worth noting that although the position homomorphism furnishes the fi-
nal position of the turtle only, it does retain some information about the turtle’s
heading. In particular, if w = wywse, and ¥(wy) = (M1, Ry), ¥(w2) = (Ma, R2),
then

g(wiwz) =m0 (wiwz) - do
= (M1 + Ry - My) - g
= My - 99+ Ry - M - g
= g(w1) + Ry - g(ws),
and we see that ¥ (wiwy) depends on Ry = mg o ¢(wq). Furthermore, by defining
the multiplication on G = {g(w)lw € X%} to be g(wi) B g(w2) = g(wi) + w2 0
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Y(wr) - g(wy), we are simply equipping G with the multiplication it has inherited
from G = M3(R) x (Rp). The following proposition is easy to check, so we will
state it without proof.

Proposition 3.1.2. The set G = {g(w)|lw € E%} is a group under the binary
operation

g(w1) B g(wz) = g(wy) + m2 0 P(w1) - g(wz)

and g : X5 — R? is a homomorphism.

3.2. Thue-Morse Turtle Programs. The goal of the current section is to com-
pute the heading and position of a turtle that has followed the Thue-Morse turtle
programs T Ms,, and T'Mo,. The next lemma will be helpful.

Lemma 3.2.1. Let w,w’ € X% be two words satisfying mo(w) = M, mop(w') =
M’ and 73 o p(w) = ma 0 h(w') = R%. Then for all integers n > 0,

(1) w3 0 p(0?"(w)) = 2 0 (0" (w')) = Rf.

(2) T 0 Y(0?(w)) = 2L - M — =L M and
m O¢(02n(w1)) _ 3"2+1 M — 3";1 M

Proof. We prove (1) by induction. Assuming 72 0t (w) = ma09)(w') = R2, suppose
7y 0 p(0?™(w)) = my 0 P(0*(w')) = R2. Then

My 0 (o T2 (w)) = my 0 (0 (w)o* (w)o " (w')o?" (w))
= m 09(0%" (w)) - (m2 0 Y (0" (w'))? - w3 0 (07" (w))
= (Rj)*
=R

To prove (2), apply induction once again. The base case (n=0) follows from the
assumption that 71 o(w) = M and 7 otp(w') = M’. Setting M,, = 7 09(c?"(w))
and M/ = m109(0?"(w')) and recalling that @ = 7/3 so that Ry = I and R+ Rj =
—1I, we compute:

m o P(a?" 2 (w)) =m0 p(a?(w)o? (w')o? (w')o (w))
=M, + R- M) + Rj- M + RS- M,
=+ RS M, + (R;+ Rj)- M)
=2M, — M/,

Assuming M,, = 71 o (02" (w)) = % M — 3”51 - M', the above computation
then yields the desired result.

O

With the previous lemma in hand, we are now ready to compute the exact
position and heading resulting from a Thue-Morse turtle program.

Proposition 3.2.2. For alln € N,

(1) T2 O w(TMgn) = T © 1,#1(TM27L) = Rz
(2) m o (T May) = 22— Ry
)

(3) T O’l/}(TMQn

Proof. Let w = TMy = FLLF and w' = TMy = LFFL. Since m o (T M) =
ma 0 (T Mz) = R3, (1) follows directly from (1) of the previous lemma.

343n~1
— % - Ry
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The proof of (2) follows from the following computation. Let M = 71 o (T Ms) =
Ry and M’ =71 0p(TMs) = 2Ry
mo(TMy,) =m 017721(02”72(TM?))
Z%'Re— 3" -1 . 9R,

_ 3—3"! R ?
= > - Ry

The proof of (3) is similar. Let M = 709 (TM2) = 2Rp and M’ = my op(TMs) =
Ry.

T O IZJ(TMQ,L) =m0 w(UQ"_Q(TMQ))
n—1 noi
= 341 9R, - 1. R,
_ 3-4—32”71 Ry

O

We conclude this subsection with two more definitions that will prove to be
helpful in the proofs of the main convergence theorems.

Definition 3.2.3. For integers n > 3 the length of g(TMa,), denoted by [, is
_
defined to be I,, = |g(T Ma,)|.

Recalling that we set the initial position vector of the turtle to be 75 = (0,0),
we can use Proposition 3.2.2 to compute [,, exactly.

_
L, =|g9(TMay) |

3—3n—! =
0+ =5— R |

_gn-—1 .
. Rg - Vo |
3"~ 13

Q

|

w 3

For the reader wondering why we define [,, for n > 3 only, note that it is precisely
the Thue-Morse turtle program of order 3 (that is, T'Ms) that corresponds to what
is commonly considered to be the initial configuration of the Koch Snowflake (see
Figure 1). Hence it makes sense to consider T My as our starting point. With this
in mind, we then define the scaling factor S,, of each iteration T'M,, as follows.

Definition 3.2.4. For n > 3, the scaling factor S, of T'Ms, is defined to be

Sp =1/,

=3/l,

_ 2
= 321
3.3. The Polygon Map. Our next goal is to realize turtle programs (in particular
Thue-Morse turtle programs) as polygonal curves in the plane. Let S be a subset
of ¥% and let H(R?) be the set of nonempty compact subsets of R?. Equipped with
the homomorphism g : X% — R?, we can then define a map K[] : S — H(R?) that
assigns a polygon to each word over S. As F. M. Dekking presents in [[4], p. 80],
define the polygon map K[-]on s € S to be K[s] = {a-g(s) : 0 < a < 1}, and extend
the map to all words over S by requiring that K[VW] = K[V]U (¢(V) B K[W]) for
any V,W € §* where g(V)B K[W] := g(V) + m 0o y(V) - K[W].

Asindicated above, there can be many different ways of realizing a turtle program

in the plane. As the examples below illustrate, the realization will depend on the
way we define S.
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Example 3.3.1. The most general polygon map is obtained by defining S = ¥*. In
this case, Kiyre : £ — R2 is the map one typically associates with turtle geometry.
That is, Ky : ©° — R? assigns to each word w = ajagas...a; € X* the trajectory
traversed by a turtle that follows each command a; € {F, L}, in turn, starting with
a1 and finishing with a,, .

Example 3.3.2. Let A = {L*F3L* LF3L}, and consider the polygon map Ky
A* — H(R?). In light of Proposition 2.2.1, the polygon Kjs[o*"(L*F3L%)] is the
nt" stage of the Koch snowflake. Defining KSo, = o*"(LA*F3L*) and Ko, =
%Kks[KSQn], the Koch snowflake IC can then be defined as the limit: lim,_, o Ko, .
Here the limit is taken over nonempty compact subsets of R? under the Hausdorff
metric (see the next section).

Example 3.3.3. For all integers k > 0, if Qo = {T Moy, TM2y} then the polygon
maps {Kar : @ — H(R?)} produce polygonal curves constructed out of the basic
component edges Kor [T May] and Kox[TMay]. For example, the polygons Kg[T M)
and Kg[TMyg) are depicted in Figure 5 below. These polygon maps will play a
critical role in the proofs of the convergence theorems.

FIGURE 5. Left: Kg[TMl()] overlaying Ko[TMlo] = Kturt[TMlo]
Right: Kg[TMig] overlaying Ko[T M1o] = Kpurt[T Mio]

3.4. The Hausdorff Metric. The distance between two subsets of a metric space
is defined using the Hausdorff metric (see [2]). Given the complete metric space R?
under the Euclidean metric d and H(R?), the space of nonempty compact subsets
of R?, the Hausdorff distance between two points A, B € H(R?) is defined by

h(A, B) = maz{d(A, B),d(B,A)},
where d(A, B) is the Euclidean distance between two sets:

d(A, B) = max{d(z,B) : x € A}.

Introducing the notation d(A4, B) Vd(B, A) to denote maxz{d(A, B),d(B, A)}, we

get the following definition.

Definition 3.4.1. The Hausdorff distance between two sets A, B € H(R?) is de-
fined to be h(A, B) = d(A, B) Vd(B, A).

A particularly simple situation is the case where the two sets A and B are parallel
line segments. As Lemma 3.4.2 below indicates, in this case the Hausdorf distance
h(A, B) is computed easily using the (Euclidean) distances between the endpoints.

Iﬁmma 3.4.2. If AB and CD are two parallel line segments in R? with AB and
CD pointing towards the same direction, then h(AB,CD) = d(A,C) VvV d(B, D).
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Proof. To compute the Hausdorff distance between two parallel line segments AB
and CD, we will consider two cases. In the first case, the projection of one line
segment onto the line containing the other is contained in the other line segment.
In the second case, the projection of one line segment is not contained in the other.
Without loss of generality, we can assume that the two cases are as depicted in
Figure 6.

“ih

i

FIGURE 6. Case i (left): The projection of one line segment is
contained in the other. Case ii (right): The projection of one line
segment is not contained in the other.

Case i: Assume that the projection of AB onto the line containing C'D is con-
tained in C'D (see Figure 5(left)). In this case,

d(AB,CD) = max{d(z,CD):x € AB}
=h
d(CD,AB) = max{d(z,AB):z € CD}

=d(A,C)Vvd(B,D)
Since h is always less than or equal to |AC| and |BD|, h(AB,CD) = d(AB,CD)V
d(CD,AB) = d(A,C) VvV d(B, D).
Case ii: Now assume that the projection of one line segment is not contained in
the other line segment (see Figure 5(right)). Then

=d(A,QC)
d(CD,AB) = maxz{d(z,AB):z € CD}
= d(B, D)
Hence h(AB,CD) = d(A,C) V d(B, D) holds for the second case as well, and
this completes the proof of the lemma. O

Also of use in this paper is the following lemma which computes the Hausdorff
distance between the two polygons that result from applying two consecutive Koy
maps to the turtle programs T Moo and T Moy 5.

5

Lemma 3.4.3. For k Z 3, h(KQk[TMQkJ,_Q]’K2k+2[TM2k+2]) = 5 (lk + 3) and
h(Kox[TMoayy2], Kogya[T'Map2]) = ?lk

Proof. As illustrated in Figure 7, Kop o[T Moy o] is the single line segment AE
while Kok [T Magy2] is the polygonal curve consisting of the four line segments:
AB,BC,CD, and DE.

To compute h( Kok [T Moy 2], Kogto[T Mak42]), we need to compute the two dis-
tances d(sz[TM2k+2}, K2k+2[TM2k+2D and d(K2k+2[TM2}C+2L K2k[TM2k:+2D~
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I

FIGURE 7. The polygons Koi[T Maj12] and Kapy2[T Moy 42]

d(Kop [T Magy2], Kogo|T Mog42]) = maz{d(x, Kogo[T Moky2]) : © € Kok [T Mok o]}
= sin(nw/3) (I + 3)

and

d(Kopr2[T Mopt2), Ko [T Magy2]) = max{d(x, Kop[T Magy2]) : @ € Kopyo[T Mojyo]}
— hy
— h1

2
We see then that h(KQk[TM2k+2], K2k+2[TM2k+2]) =hi1Vhy = Sin(ﬂ'/?))(lk + 3)
That is, h(KQk[TM2k+2], Koo [TMQ]C+2]) = @(lk + 3)
To compute h(Ko[T Mok 2], Kokyo|T Majy2]) we now refer to Figure 8. Much

like the previous situation, Kopio[TMapi2]) is the single line segment AB and

Ko [T My 2] is the union of four line segments: AB, BC,CD, and DE.

L+3 L+3

FIGURE 8. The pO]ngHS KQk[TM2k+2] and K2k+2[TM2k+2]

A computation similar to that of the previous case shows that

. V3
h(KQk[TMQkJrQ},K2k+2[TM2k+2]) = sm(w/?;)lk = TZk

O

Finally, we list several useful properties of the Hausdorff metric. Some are in-
cluded as standard exercises in textbooks (see, for example [2]), and the others
easily checked.

Property 3.4.4. For all A, B € H(R?) and z € R?, h(z + A,x + B) = h(A, B).
Property 3.4.5. For all A, B € H(R?) and A € R, h(AA,AB) = Mh(A, B).
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Property 3.4.6. Let R be a rotation matrix and A, B € H(R?). Then h(R-A, R-B) =
h(A, B).
Property 3.4.7. For all A, B,C,D € H(R?),h(A|UB,CUD) < h(A,C)V h(B,D).

As the next lemma shows, Property 3.4.4 and Property 3.4.6 together yield a
fifth property involving the polygon maps Koi. This property will be useful in
proving the convergence theorems.

Lemma 3.4.8. For any wy, w2, ws € Xk, h(g(w1) B Kopws], g(w1) B Kogws]) =
h( Kz [w], Kop[ws]).

Proof. Let wy, ws, w3 € X%, and let m3 0 ¢(w1) = R. Then

h(g(w1) B Kak[wa], g(w1) B Koxws]) = h(g(w1) + REap[ws], g(w1) + REKax[ws))
= h(RKQk[wQ], RKQk[wg]) (3.4.4)
= h(ng[UJQ], ng[wg]) (346)

O

4. PRELIMINARY CONVERGENCE RESULTS

In this section, we examine the polygons Koy [T Ma,| more closely. In particular,
we start by considering the difference between two consecutive polygon maps Koy
and Koy o applied to a given Thue-Morse program T M, (and scaled down by S,,).
As the following result shows, when k is large the difference is small.

Proposition 4.0.9. Let h be the Hausdorff metric on H(R?) and 3 < k < n. Then
given any € > 0, there exists N € N sufficiently large such that

h(SnKQk[TMZn]7 SnK2k+2[TM2n]) <e
for alln > N.
qn—k—

k
Proof. Consider T My, = [[,_, ' v;, where v; € {T'Magy2, TMoj12}. Then
4n—k—1

Kop[TMs,) = U,y (9(viva..v;—1) B Koiv;]). (Note: In the case where ¢ = 1,
g(v1va..v,-1) = g(e).)

By Property 3.4.5 we find that

h(SnK2k[TM2n]7 SnKQkJrQ [TM2n]) S Sn : h(KQk[TMZn]7 K2k+2[TM2nD (*)

and because each of the polygons Koi[T Ma,] and Kok 2[T Ma,] is a union of edges
of the form g(vyvy...v;_1) B Kog[v;] and g(vyvs...v;_1) B Kagyo[v;] respectively, we
can apply Property 3.4.7 to show that the right-hand side of (x) is bounded above
by

4n—k—1

Sn smar;_—q {h(g(’U1’U2...’Uz’_1) H K2k[7}i]), g(Ul’UQ...'U/L'_l) =3 K2k+2[vi})}.
Hence, by Lemma 3.4.8, we conclude that h(Kax[T May], Kopt2[TMay]) < Sy -

4n—k—

max;_, 1{h(K2k[vi],K2k+2[vi])}, and since v; € {TMoagyo, TMogyio} for all i,
each h(Kog[vi], Koky2[v;]) is bounded above by the maximum of h(Kog[T Mag2],

K2k+2[TM2k+2]) and h(KQk[TMQk-_‘_Q}, K2k+2[TM2k+2]). Applying Lemma 3.4.3
then yields

h(Sn Kok [T May], Sn Kok12[TMay,]) < maz{Sy sin(r/3)(lx + 3), Sy, sin(7/3)l1 }

< Spsin(w/3) (I + 3)

2 343 V3

3n—2-1 2 2
3143 V3
3n—2-1 2

[VANVAN
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. . . k-1 e
Since k is fixed, it is easy to see now that we can make gn,zfi’ . @ arbitrarily

small by making n sufficiently large. (]

The previous theorem still holds if k = 7 for even n or k = ”7“ for odd n. When

n is even we find that h(Sy, Kop [T Map], SpKopt2[T May]) < éf:;ff . § The case
for odd n is similar. However, the theorem does not hold any more if k =n —m
for any finite m, because in this case we get h(S, Kok [T May], Sy Kogto[TMay,]) <
33?1,7:1“3 . @ < 31_’”-@ which does not approach 0 with increasing n. This implies
that k£ can be chosen to be arbitrarily large because as n approaches infinity, 5
approaches infinity too. Nevertheless, k cannot be arbitrarily close to n. Moreover,
we can generalize the proposition for any two finite K, maps, not necessarily the

consecutive ones.

Proposition 4.0.10. Let h be the Hausdorff metric on H(R?) and j, k € N satis-
fying 3 < j < k. Then given any € > 0, there exists N € N sufficiently large such
that

h(Sanj [TMQn], SnKQk[TMQn]) <€
for alln > N.

Proof. The proof starts out similarly to that of the previous result. Suppose

TM,,, = Hi;k v; where v; € {T'May, TMoy}. Once again apply Properties 3.4.5,
3.4.7 and Lemma 3.4.8 to conclude

h(Sn K of [T Man)], Sp Ko [TMay]) < Sy, - mazi ) {h(Ka;[v;], Kop[vi])}

Since v; € {T' Moy, T Moy}, h(Kaj[vs], Kox[v]) is bounded above by

mam{h(ng [TMgk], ng [TMQk]), h(ng [ng], ng [TMQk])}

The triangle inequality then yields

k-1
h(Ko; [T Moy, Kok [T Mayg]) < h(Kom [T Ma], Kom12[T Mag))

3
Il

J

and
(Ko [T o], Kor[TMog]) <Y h(Kom[TMoag), Komyo[TMoy)).

m=j

Next note that for each j < m < k — 1, T My, and T Mo, can both be rewrit-

ten as products: T My, = H?;WH1 Whn; and T Moy, = ]_[i?%l Wi, Where Wy, ; €
{TM2m+2, TM2m+2}. Therefore h(Kgm [TMQk]7 K2m+2 [TMQk,]) and h(Kgm [TMgk],
Kom+2|TMsy]) are both bounded above by

maz{h(Kom [T Mam2], Kam2[T Mam2]), M(Kom [T Mam 2], Komt2[TMam2])}
We conclude that h(Ko;[TMa,], Kok [T May]) is bounded above by

k-1
> maw{ (Ko [T Moy 2], Kam [T Mo 12))), W(Kom [T Mo 2], Kom o[ TMamy2])}-

m=j
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Finally, by Lemma 3.4.3, h(Kopm [T Mom+2], Komao[T Momt2]) = sin(w/3) (L, + 3)
and h(sz [TMQm_;,_g], K2m+2[TM2m+2]) = sin(ﬂ'/S) lm- Hence

h(SnKQj [TMQn]a SnK2k[TM2nD é Sn : h(K2j [TM2n]7 KZk[TMZn])
< S-Sk sin(n/3) (b + 3)

<S5, - (k - ]) Sin(ﬂ/3)(lk71 + 3)
k—2 .
<E= - (h-j)- 4
Clearly, for finite j and k, h(S, Ka;[TMay], Sy Kok[TMay,]) approaches 0 as n
approaches infinity. (I

Remark 4.0.11. The previous two propositions make up a key component to the
proof of the convergence of the polygonal Thue-Morse curves {.S,, Ko (T May,) 52 5.
Furthermore, if {5, Ko (T May,)}5% 5 converges to K(TM) € H(R?) in the Haus-
dorff metric, then the propositions tell us that the set K(T'M) does not depend on
our choice of k. That is, we can use the polygon map Koy, : % — H(R?) of our
choice. This is a very powerful result.

We prove one final lemma before presenting our main results.
Lemma 4.0.12. For all wi, wa, v1, v2 € X% satisfying ma o Y(w1) = w2 0 P(v1),
d(g(wr) B g(ws), g(v1) B g(v2)) < d(g(wi), g(v1)) + d(g(w2), g(v2))
Proof. Suppose 73 0 ¢(wy) = w3 0 (v1) = R. Then
d(g(w1) B g(wz), g(v1) B g(v2)) = d(g(wi) + R - g(ws

(
<| (g(w1) = g(v1)) [+ ] (R~ g(w2) — R - g(v2)) |
<d(g(w),g(v1)) +d(R - g(ws2), R - g(v2))
< d(g(w1),g(v1)) + d(g(w2), g(v2))

5. THE MAIN RESULTS
Theorem 5.0.13. (Convergence Theorem I) For positive integer n > 8, let
K, = { §+1 zfn z:s even
== if nois odd
Then the sequence of compact sets {Sp Ko, [T Man]}o2 g converges in the Hausdorff
metric.

Proof. In order to prove convergence, we show that the sequence is Cauchy. That
is, we prove that for each € > 0 there exists a natural number N such that for all
n,m > N, h(S, Kok, [T Map], Sm Kok, [T May,]) < €. Without loss of generality, we
will assume that n < m. Choosing Ni, No € N to be such that 324 - (%)N1 <3
and 2v/3 - (%)% < §,welet N = max{Ny, No}. By the triangle inequality and the
symmetry of h, we get that h(S, Kok, [T Map], SmKak, [T Map]) is bounded above
by

h(Sn Kok, [T May], Sm Kok, [T Moy)) + h(Sm Kok, [T Mam)], Sm Kok, [T Mam]).
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By triangle inequality again, the left hand side of the summand is bounded above
by
m—1
D (SiFKok, [TMyi], Siy1 Ko, 12[T Maiy)).-
We will show next that each term _h(SiKg;ci [T Ms;), Sit1 Kok, +2[T Ma;q2]) in the
above sum is bounded above by % Then when ¢ > 3 we have ﬁ < y%,
and therefore, h(SZKle [TMQZ], Si+1K2ki+2[TM2i+2]) < 108 - (%)Z
To prove h(SZKle [TMQi],Si+1K2ki+2[TM2i+2]) < 31-6,‘7221_17 suppose TMQ»L =
i—k; i—k; R -
H?:l Vj and TM27;+2 = H?:l Wi where v € {TMQki,TMQki} and w; € {TMQ}C,’:JFQ, TMQki+2}.

i—kj i—k;
Then ngi [TMQZ] = U?:l (g(’l)lvg...’l]jfl)BE‘ngi [’Uj]) and KZki+2[TM2i+2] = U?:l (g(wlwg...wj,l)EE
KQkH_Q[U)j]). By Property 3.4.7 h(SZK2k1 [TMQz], SZ‘+1K2]€1+2[TM22‘+2]) is equal to

max_ L {R(Si(g(v1v90j1) B Koy, [0]), Sit1 (g (wwa-ewj_y ) 8 Kop, +2[w;])}-

Next note that Ky, and Koy, 42 are two consecutive polygon maps and w; =
o?(vj). Hence g(viva...vj—1) B Koy, [vj] and g(wiws...w;j_1)BKag, 1o[w;] are parallel
line segments, and by Lemma 3.4.2 we can compute h(S; Koy, [T Ma;], Si+1Kok, +2[T Mai12])
by computing the distances between the endpoints of edges. In particular,
h(S;i Ko, [T Ma;], Siv1 Kok, +2[T Mait2]) equals

max;%;ki {d(S;i(g(viva...vj—1) B g(v))), Sit1(g(wrwsa..wj—1) B g(w;)))}.

Since 72 0 ¥(v;) = w2 0 P(w;) = R2 for all j and mp o ¢ is a homomorphism,
T 0 P(V1v2...0j_1) = T 0 Y(wywa.. wj_1). By Lemma 4.0.12, we conclude then
that h(S;Kak, [T Ma;], Si+1 K2k, +2[T Ma;42]) is bounded above by

max‘ﬂ " {d(Sig(vive..vj_1), Sit1g(wiwse..w;—1) + d(S;g(vj), Sit19(w;))}.

Moreover, recall that g : X% — R? is a homomorphism, so g(v1vs...vj_1) = g(v1) B
g(ve) B ...H g(vj_1). Hence we can continue to apply Lemma 4.0.12:
h(Si Ko, [T Mai), Si1Kow,12[T Mait2])
< mazj_y {d(Si(g(v1v2..vj-2) B g(vj-1)), Sis1(g(wiwz...w;—2) B g(w;-1)))
 +d(Sig(vj), Sivrg(w;))}
S max;*;ki {d(Sig(Ulvg...’Uj_g), Si+1g(w1w2...wj_g))+d(Sig(vj_1), Si+1g(UJj_1))
| Td(Sig(v)), Sivag(w;))}
< ma% U d(Sig(v), Sipag(w))}

< Yoy {d( zg(vz) Sit1g(wi))}-

Therefore, it suffices now to find an upper bound for d(S;g(v;), Six+19(w;)). We
consider two cases:
Case i: d(Sig(vr), Si+19(wy)) = d(S;g(T Mz, ), Si+19(TMak,+2)). In this case, we
employ Proposition 3.2.2 to compute:

d(Sig(T Mag,), Sit19(TMay,1+2))  =| Sig(TMax,) — Sis19(T May,12) |

k-1 ok R
:| 31‘—22,1 3 321 R9 ’U]E) _1 37 21 1° 3 23 : .kRO * Vo |
— - — K3
=|Re~vo|'|3i72_1‘3 32 —3%21_1‘323 -

_ 2‘(31'71_31%-71)
= @EronEIoI)
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and since k; > 3, we have

2.(301_3ki—1y 2.(31-1—30) 9
(31‘—2_1)(31‘—1_1) S (3i—2_1)(3i—1_1) S 3i—2_1°

Case ii: d(Sig(v1), Six19(wi)) = d(Sig(TMag,), Si+19(TMak,+2)). We handle the
second case in a similar way. Once again, apply Proposition 3.2.2 to compute:

d(Sig(TMax,), Siy19(TMay,12)) =| Sig(TMay,) — Siz19(TMay,12) |

_ 2 343ki—1 N 2 343k N
_| 3i—2_1 ° 2 'RG * Vo — 3i—1_71 ~ 2 'RG + Vo |
_ . 2 343ki—! 2 343k

=| Ry |- | grd—y - 35— — o2 - 33|

2.3 lggkily
- (3’i—2,1)(3i—1,1)°

Since k; < ¢, we have

2.(30~ 1 p3ki—1) 2.(31-143i-1) < 4-(3171)
(3i—2_1)(3i—1_1) = (31‘—2_1)(31‘—1_1) = (31‘—2_1)(31’71_1)3

i—1
and for ¢ > 2, ﬁ < % Hence, for ¢ > 2

2.(3i-1y3ki—1) < 6
(3’i—2,1)(3i—1,1) —_ (3i—2,1)a

and ﬁ is an upper bound.
Taking the larger of the two upper bounds, we see then that ﬁ serves as

an upper bound for d(S;g(v;), Si+19(w;)) in both cases, and we can return to our
computation...

i—k;
h(S; Ko, [T Ma;], Sit1 Kok, +2[T Ma;12]) SZ?:I d(%ig(vl)75i+1g(wl)>

i—ki
S 4 : (3@'72,1)
If 7 is even and k; = %, then 4 ki . ﬁ = 43 . (31-,271) = (3i§'§:1), and
therefore .
6-2°

h(Si Kok, [T Ma;], Siq1 Kog, +2[T Mait2]) < Gz-1)

The case where i is odd is similar, and hence h(S; Ko, [T Ma;], Si+1 Kok, +2[T Maito]) <
108 - (2)*. Thus

m—1 m—1
2 .
E h(SiKQki[TMgi],Si+1K2ki+2[TM2i+2]) < E 108'(5)2
2 2
= 32U (S - ()
324- 13y = Gy
2
24 - (=)™
< 3.0
2
24 - ()N
< 3.0
< £
2

Now consider the right hand term of the summand. By Proposition 4.0.10,
h(Sm Ko, [T Mam], S Kok, [T Mayy,]) is bounded above by 32:”,’,1__21*3 ke — k) - §

m_go
If m,n are both even, the bound is equal to 3§m:1r3 S @ Other cases are

similar, and because m < 3% (m > 8), for m sufficiently large we have
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32 243 m-n V3 _ 37243 . V3
3m —1 2 2 3m—1 2
3% m
< 2+3.3T.£
3m—1 2
2. 3%
- A
3m—1 2
4.3%
o 43T WS
3m 2
1 m
= Qﬁ'(g)T
1
< 23 ()"

Therefore, we found a natural number N such that for all n,m > N,
h(SnKan [TM2nL SmKan [TM2m])

< h(SnKog, [T May), SmKok,, [T Maom]) + h(Sm Kok, [T Man)], Sm Kok, [T Map])
€ €
< 5 + 5

€

We conclude that the sequence {S, Ko, [T Ma,]}52 ¢ converges in the Hausdorff
metric, and this completes the proof of the theorem. ([

Since (H(R?), h(-,-)) is a complete metric space [2], we can conclude further that
{SnKap, [T M2,]}52 5 converges to a compact set. As the next theorem will show,
this compact set is precisely the Koch snowflake K (as defined in Example 3.3.2).
Theorem 5.0.14. (Convergence Theorem II) For positive integer n > 5, let

b — 5 if nis even
T 2 if s odd
Then the sequence {S, Koy, [T M2y} s converges to K in the Hausdorff metric.

Proof. We prove the convergence by showing that H (S, Ko, [T Map], ﬁl@n,gkn)

n—kn

approaches 0 as n approaches infinity. Consider T'Ms,, = Hle v;, where v; €
__ n—kn

{TMsy,,, TMsoy, } and KSo, o, = H?:l i, where y; € {L*F3L* LF3L}. Then

Koi, [TMan) = UL, (9(010200i1)B Ko, [01]) and Kan—or, = UL, (901920511
BKks[y:]) (For the definition of Kjs map, see Example 3.3.2). Since w3 o ®(v;) =
ma0®(y;) = R for all i, the corresponding edges of Koy, [T'May,] and Kay,—2y,, (that
is, v; and y;) are parallel line segments. Hence, similar to the proof of Theorem
5.0.13, we apply Property 3.4.7, Lemma 3.4.2, and Lemma 4.0.12 (multiple times)
to conclude that

h(Sn Ko, [T Map), st Kon—2k,,)
< maxiZ; " {A(Sn(g(v1v2...vi—1) B Ko, [0:]), g2 (9(y1y2--vio1) B Kislyi]))}



WHEN THUE-MORSE MEETS KOCH 17

n—kn
<maziZ; " {h(Sn(g(viva..vi1) B g(vs)), ﬁ(!](ylyz--yi—l) Bg(yi)))}
n— k:n
< maatl " {32511 d(Suglvs), grtwrlyi)}
Hence it suffices to compute d(Sn Kok, [v;], gm2rr Kks[y;]). Once again, there are
two cases to consider.
Case i: If v; = TM% and y; = L*F3L*, then
d(Sng(”J)z 3n— kn g(yj)) = d(Sng(TMQk ), 3n— kn (L4F3L4))
=| Sng(T Mz, ) — g(L*F?LY) |

3n— kn

_ 2 3—gkn -1 1 o
—|W' 3 “ Ry - UO—W'(—3)'R0'UO|
_ - 2 3—3kn—1 1

_| R9 * Vo | : | 3n—2_71 ' 2 + 3n—Fkn—1

33" ka_)

- 3n—kn,(3n—2_1)

< 3

— (3n—2,1)

Case ii: In the second case, v; = T'Moy, and y; = LF3L. Then
A(Sng(v)), 721 9(y;)) = d(Sng(T Moy, ), 3— g(LF?L))

=| Sng(TMay, 1 73,L o (LF3L)|
n—1
:lgngﬁ% Ry - 9 — 3Ry - UO‘
~ kp—1
:l R9 *Vo | - ‘ 3n—22,1 : 3+32 3n—11n—1
3(3""Fn+1)

3n—kn ,(311—2_1)
3(3n7kn +37L7kn)
6

IA A

In either case, d(Sng(v;), ﬁg(yy‘)) < ﬁ, and therefore

—kn

h(SnKan,[TM%LLﬁ’@n—%n) <mcw;z 1 {Z] 1 (S’fbg[ ]73n kng[y]])}

n—kn
< Z4k d( glg[vj]awg[yj])
< 4n . Br—2-1)
If n is even, then k, = 5, and h(S, Kok, [TMan), 5t Kon-2x,) < ms—g-

Clearly, we can make (3L7221) arbitrarily small by increasing n, and the case where

n is odd is similar. We conclude then that {S, Ko, [T Ma,]} and {Kap—2k, } con-
verge to the same compact set in the Hausdorff metric. That is, {S, Kok, [T M2,]}
converges to K. (]

Hence, by using sufficiently coarse polygon maps, we see that the Thue-Morse
sequence {T'Ma, },>3 does indeed encode the Koch snowflake.

6. A GENERALIZATION

In previous sections of this paper, we have focused primarily on the Thue-Morse
turtle sequence. At this point, we will broaden our focus somewhat by examin-
ing what we consider to be generalized Thue-Morse turtle sequences. To be more
concise, if w,w’ € 3% and o is the same substitution map defined in the introduc-
tion, then o2 defines the sequence of turtle programs: {o?"(w)},>1. A generalized
Thue-Morse sequence is defined to be the limit lim,, ., 02" (w). A natural question
to ask next is:
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Which w,w' € ¥% generate turtle programs {o?"(w)},>k that en-
code turtle trajectories converging to the Koch snowflake?

To answer this question, we first observe that if {o*"(w)},>) encodes the Koch
snowflake, then the replacements w — o2(w) and w’ — o?(w’) should reflect the
replacement rule used to define the Koch snowflake. Referring to Figure 9 below,
we see that this occurs when w and w’ satisfy the following three properties:

— —_—
(1) g(w) and g(w?) form two sides of an equilateral triangle, meaning that
R

—
lg(w)| = |g(w?)|. The similar statement must hold true for w’.

(2) g(ww'w’) = ¢1g(w) for some real number ¢; > 1

(3) g(ww'w'w) = cag(w) for some real number ¢y > ¢; > 1

—
. gw')
gw)

—_—
gw)

—
gw)

FIGURE 9. The replacement structure corresponding to o2 (w)

It is not difficult to characterize the words w and w’ that satisfy these properties.
—
As it turns out, w and w’ will have to be such that |w|, = |w'|, mod 6 and g(w)

—_—
and g(w’) lay in the same line but in the opposite direction. We will prove two
lemmas before establishing this result.

RN ——
Lemma 6.0.15. If w € X% with |w|, = m, then |g(w)| = |g(w?)| if and only if
m = £2 mod 6.
Proof. Assume m o ¢(w) = M and |w|, = m. Then m o¢(w?) = M + RJ'M =

- -
(I + Ry")M. Observe that |g(w)| = |m1 o ¥(w) - To| = Vdet M and |g(w?)| =
LN _—

Vdet(I + Rp")v/det M. Hence |g(w)| = |g(w?)| if and only if det(I + Ry') = 1
A simple calculation then shows that det(I + Rj') = 1 precisely when m = £2
mod 6. (]

Hence property (1) forces |w|r, and |w’|f, to be congruent to either 2 or 4 modulo
6. Assuming that properties (2) and (3) hold as well, we can conclude further that
|w|p = |w'|p mod 6.

Lemma 6.0.16. If w,w’ € X5 with |w|p = m and |w'|, =n and {w,w'} satisfy
properties (1), (2), and (3) above, then m =n = +2 mod 6.

Proof. Tf w and w’ satisfy properties (1), (2), and (3), and |w|p, = m and |w'|f, = n,
then

[ _ 1,0 m—+2n
glwww'w) = glww'') + Ry g(w)
m—+2n
= cig(w) + Ry " g(w)
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—_— —
Since g(ww'w'w) = c2g(w), we see then that Rj' ™" g(w) = (c;—c1)g(w), and hence
R;”“" = (co — 1)1 is a scalar matrix. Since cg > ¢1, we conclude that Rg"”"
positive scalar matrix, and therefore, Rg”“gn = I. Equivalently, m+2n =0 mod 6,
and since m and n are congruent to +£2 mod 6 (by Lemma 6.0.15), we conclude

that m =n mod 6. O

is a

Note that the above proof actually shows that co depends on ¢p; in fact, co =
1+ ¢;. We are now ready to complete our characterization of w and w'.

Theorem 6.0.17. Two words w and w' in X% satisfy the three properties:

(1) lg(w)| = |g(w?)| and |g(w')| = |g((w')?)].
(2) glww'w") = c1g(w) for some real number c; > 1

(3) glww'w'w) = cag(w) for some real number cq > ¢1 > 1
— —_
if and only if |w|p = |w'|r mod 6, and g(w) and g(w') lay in the same line but in

the opposite direction.

Proof. Assume w and w’ in X% satisfy properties (1), (2), and (3). If |w|;, = m and
|w'|r = n, then Y(w) = (M, Ry") and ¢(w') = (M', Ry) for some M, M’ € M>(R),
and
glww'vw') = (M+RpM' + Ry M') - %
= (M + (Ry* + R;*™™™)M") - 1

—

— g(w) + (R + Ry*+™)g(w).

— —_—
Since g(ww'w') = c1g(w), (e1 — 1)g(w) = (RF + Ry ™) g(w'), and by the previous

lemma, m = n = 2 mod 6. Hence RJ' + Ry = RJ' + RZ™ = —I, and
— [ — T .
(c1 — 1)g(w) = —g(w'). Therefore, g(w) = _Wg@),)’ and since ¢; > 1, we
— —_— !
conclude that g(w) and g(w’) lay in the same line but in the opposite direction.
— —_—
Conversely, assume that g(w) = —dg(w’) for some d > 0, and let m = |w|, =

|w'|p, = £2 mod 6. By Lemma 6.0.15, we already know that w and w’ satisfy the
first property. Next compute:

glww'n’) = g(w) + Ry g(w') + K™ g(w')
= I —d(Ry + R3™)g(w]
— (1+ d)g(w)

Since d > 0, 1 +d > 1, and we see that w and w’ satisfy the second property. For
the third property, compute:

—
gww'w'w) = g(ww'w') + R3"g(w)
e
= (1 +d)g(w) +g(w)
—
= (2+d)g(w)
Clearly, 2+ d > 1+d > 1, and hence w and w’ satisfy property (3) as well. O
In light of this characterization of w and w’, it is interesting to revisit the

situation where w = TM,, and w’' = TM,,, with n > 3. Indeed, one can
check that |[TMa,|r, = |[TMay,|p = 2271 = 2 mod 6, and Proposition 3.2.2 en-
_

e se— J—
sures that g(T'Ma,) and g(TMa,) have opposite directions when n > 3. Hence
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{T My, mzn} satisfy our characterization — as we would expect. As the next the-
orem illustrates, we could have established the same results without dealing with
an arbitrary n. In particular, proving that T'Mjg satisfies the two criteria would
have been enough.

Theorem 6.0.18. If w and w' are two words in Yy, satisfying the properties
(1) |wlp = |w'|p =+2 mod 6
(2) g(w) and g(w’) lay along the same line but in the opposite direction,
then for allm >0, o®™(w) and o®*(w') satisfy properties (1) and (2) as well.

Proof. Assuming {w,w’} and {o?"(w), " (w’)} satisfy the two properties, consider
the pair {02"2(w),o?"*2(w’)}. The proof that {o?"*2(w),o?" 2(w’)} satisfies
property (1) is similar to the proof of the first part of Lemma 3.2.1. If |02 (w)|, =

lo?"(w')|L = k = £2 mod 6, then 75 0 (02" (w)) = 73 0 PY(a?(w')) = R’g, and

m 0 (0?2 (w)) =m0 (0" (w)o" (W) (w')o*" (w))

Similarly, ma 0 ¢ (02" 2(w')) = RE, and we see that |02""2(w)|, = |02 F2(w')|L =
k==2 mod 6 as well.

Now assume that 71 0 ¥(0*"(w)) = M and 7 o (0?"(w')) = M’, and assume
that {o2"(w), %" (w')} satisfies property (2). Then M = cM’ for some negative
real number ¢, and by Lemma 3.2.1,

9022 (w)) = (2M — M) - Ty = (2¢ — )M’ -
and

oo™ W) )= @M T = (2O
Therefore, g(o?"+2(w)) = g2

too. We see then that g(o 2””( )) and g(a?"*2(w')) are parallel, but point in the
opposite direction. That is, {o2"T2(w), 0?2 (w')} satisfies property (2). O

L. g(o?*2(w’)). Since c is negative, is negative

Certainly, the formulation of the Koch snowflake given in section 2 (with w =
LF3L and w' = L*F3L*) satisfies the characterization described above. To illus-
trate the results of Theorems 6.0.17 and 6.0.18, we close this section with a couple
of more interesting examples.

Example 6.0.19. Ifw = LFL°FLFL and w' = L3FLF?L*, then |w|, = |v'|L =
—_ —
2 mod 6 and g(w) = —g(w'). Below are the trajectories Kpy[o?"(w)] for n = 3.

In the previous example, w and w’ represented edges of the same length As the

next example illustrates, this is by no means necessary. In fact, ||g( )| — | g( N
can be as large as we like.

Example 6.0.20. Ifw = LFL°FLFL andw' = L3FLF?*LFLF?L*, then |w|p =
— —_—

|w'|, = 2 mod 6 and g(w) = —2g(w'). Below is the trajectory Kiu.i[o*™(w)] for

n =4.
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FIGURE 10. The polygon Kiy.¢[0%(w)], where w = LFL’FLFL
and w' = L3FLF?L*

%ﬁ?
K

FIGURE 11. The polygon Kiy[o®(w)], where w = LFL°FLFL
and w' = L*FLF?L°FLF?L*

7. CONCLUSION

In the previous section, we found that there are, in fact, many pairs {w,w’}
that encode the Koch snowflake under iteration of the substitution map o2. One
simply needs to define w and w’ to be such that they satisfy properties (1) and (2)
of Theorem 6.0.18. It is worth noting, however, that in the original Thue-Morse
sequence, w’ is closely linked to w. In particular, w’ = W meaning that w’ is
obtained from w by changing all F’s to L’s and all L’s to F’s. This leads us to one
final question:

Is it possible to find a w € X% not of the form T Mo, or TMos, such
that the pair {w,w'} ={w,w} generates turtle programs {c*"(w)}n>k
that encode turtle trajectories converging to the Koch snowflake?

This, it appears, is a much more difficult question to answer. We have not been
able to find such a w, nor have we proved that one does not exist. What is clear,
however, is that such a w would have to meet a much more stringent set of criteria.
For example, by Lemma 6.0.15, it is not hard to see that w would have to satisfy
|lw|, = |w|p = £2 mod 6, implying that |w| = [w| = £2 mod 6. If the Thue-
Morse turtle programs T Ms,, and TM,,, were the only words of the form {w, w}
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encoding the Koch snowflake, then this would establish an even tighter link between
the Thue-Morse sequence and the Koch snowflake.
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