
Substitution Dynamics

Steven Finch

January 23, 2014

Starting with 0, the bit substitutions½
0→ 01

1→ 10


½
0→ 01

1→ 0

generate recursively the infinite Prouhet-Thue-Morse word 0110100110010110 and

Fibonacci word 01001010010010100101, respectively [1]. What can be said about

the entropy (loosely, the amount of disorder) if we introduce some randomness into

such definitions?

If [2, 3] ⎧⎨⎩ 0→
½
01 with probability 12

10 with probability 12

1→ 0

with independence assumed throughout, then the set of possible words at step − 2
is {001 010 100} at  = 4 and

{00101 00110 01001 01010 01100 10001 10010 10100}

at  = 5. Define

 = −1 + −2 for  ≥ 2 0 = 0 1 = 1

(Fibonacci’s sequence) and [4]

 = (2−1 − −2−3) −2 for  ≥ 3 0 = 0 1 = 1 2 = 1

At step 2, there are 4 = 3 words, each of length 4 = 3; at step 3, there are 5 = 8

words, each of length 5 = 5. The corresponding entropy is

lim
→∞

ln()


= lim

→∞
1

+1

"
ln() +

−1X
=2

−2 ln(−  + 1)

#
= 04443987251 = ln(15595521944)

0Copyright c° 2014 by Steven R. Finch. All rights reserved.

1



Substitution Dynamics 2

Here is a somewhat artificial example on three symbols (with motivation to come

later). If [5] ⎧⎪⎪⎨⎪⎪⎩
0→ 01

1→
½
10 with probability 12

20 with probability 12

2→ 22

with independence assumed throughout, then the set of possible words at step  is

{0110 0120} at  = 2 and
{01101001 01102001 01102201 01201001 01202001 01202201}

at  = 3. Define [4, 6]

 = (−1 + −2)−1 for  ≥ 3 1 = 1 2 = 2

At step 2, there are 2 = 2 words, each of length 2
2 = 4; at step 3, there are 3 = 6

words, each of length 23 = 8. The corresponding entropy is

lim
→∞

ln()

2
=

∞X
=1

1

2+1
ln

µ
1 +

−1


¶
= (03547882102) ln(2)

Imagine now replacing the symbol 2 in the preceding by the empty symbol. We

obtain ⎧⎨⎩ 0→ 01

1→
½
10 with probability 12

0 with probability 12

which is recognized as an “intertwining” of the Prouhet-Thue-Morse and Fibonacci

substitutions [5]. The set of possible words at step  is {0110 010} at  = 2 and
{01101001 0110001 011001 0101001 010001 01001}

at  = 3. The sequence {} remains relevant, but unfortunately the word lengths
are no longer consistent. Because the word lengths are 2 at most, we deduce that

the entropy is ≥ (03547882102) ln(2). More precise bounds would be good to see
someday.

More examples are found in [5, 7, 8, 9]. Let  = (1 +
√
5)2 be the Golden mean

[10]. Starting with 0, the substitution [11]⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
0→ 02324

1→ 32324

2→ 323

3→ 12324

4→ 12323
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gives rise to 023243231232432312323. Rewriting every positive digit via

1→ ++ 2→ +− 3→−+ 4→ −−

we obtain 0 +−+−−+−++−+−−+−++−+−+  which turns out to be

identical to the sequence

 = sgn

µ
sin

µ
2

2

¶¶
=

⎧⎨⎩ + if {2}  12
− if {2}  12
0 if  = 0

where {} denotes the fractional part of   0. Letting

() =

X
=1

 Σ() =
1



X
=1

()2

it appears that

max
1≤≤

() ∼ − min
1≤≤

() ∼ 1

6 ln()
ln()

as  → ∞, but the existence and identity of lim→∞Σ() ln() remain open.

This circle of ideas reminds us of the following question: is the series

∞X
=1

(−1) |sin()|


convergent? The answer is yes; its delicate proof is connected with Diophantine

approximation [12]. Another self-similar sequence appears in [13] (in a different

context). We hope to report on [14, 15] later.

0.1. Penrose-Robinson Tilings. Penrose [16, 17, 18] discovered a famous tiling

of the plane that is nonperiodic and generated by two types of rhombi with equal edge

length (one with acute angle 5 and the other with acute angle 25). Bisecting

the rhombi across the obtuse angles gives the Robinson triangles  and  in Figure

1. More on this decomposition ( is also known as a Golden triangle) appears in

[19, 20, 21, 22]. Again, what can be said about the entropy if some randomness is

introduced?

We proceed in close analogy with random Fibonacci words, omitting all details.

Define [2, 4] µ



¶
=

µ
(2−1 − −1−2) −1¡
2 − −1−22−2

¢
−1

¶
for  ≥ 2
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Figure 1:  and  triangles.

µ
0
0

¶
=

µ
1

1

¶


µ
1
1

¶
=

µ
2

4

¶


When  = 1, there are 1 = 2 triangles of type , each partitioned into 3 = 2

triangular subregions (Figure 2); next there are 1 = 4 triangles of type  , each

partitioned into 4 = 3 subregions (Figure 3). When  = 2, there are 2 = 12

triangles of type , each partitioned into 5 = 5 subregions (Figure 4); next there are

2 = 88 triangles of type  , each partitioned into 6 = 8 subregions (not pictured).

The corresponding entropy is

lim
→∞

ln()

2+1
= lim

→∞
ln()

2+2
= 0606094

A rapidly convergent expression for this constant would be welcome, as would a

rigorous definition of quasiperiodicity in two dimensions.

0.2. Acknowledgements. I thank Claude Godrèche and Johan Nilsson for their

pictorial explanations of 2 = 12 and David Wing for his helpful comments.
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Figure 2: 1 = 2

Figure 3: 1 = 4

Figure 4: 2 = 12 (four duplicates occurred among the original sixteen).
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