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Abstract

Combinatorics on words is a field of mathematics and theoretical computer science that
is concerned with sequences of symbols called words, or strings. One class of words that
are ubiquitous in combinatorics on words, and theoretical computer science more broadly,
are the bordered words. The word w has a border u if v is a non-empty proper prefix and
suffix of w. The word w is said to be bordered if it has a border. Otherwise w is said to
be unbordered.

This thesis is primarily concerned with variations and generalizations of bordered and
unbordered words.

In Chapter 1 we introduce the field of combinatorics on words and give a brief overview
of the literature on borders relevant to this thesis.

In Chapter 2 we give necessary definitions, and we present a more in-depth literature
review on results on borders relevant to this thesis.

In Chapter 3 we complete the characterization due to Harju and Nowotka of binary
words with the maximum number of unbordered conjugates. We also show that for every
number, up to this maximum, there exists a binary word with that number of unbordered
conjugates.

In Chapter 4 we give results on pairs of words that almost commute and anti-commute.
Two words x and y almost commute if xy and yx differ in exactly two places, and they
anti-commute if zy and yz differ in all places. We characterize and count the number of
pairs of words that almost and anti-commute. We also characterize and count variations
of almost-commuting words. Finally we conclude with some asymptotic results related to
the number of almost-commuting pairs of words.

In Chapter 5 we count the number of length-n bordered words with a unique border.
We also show that the probability that a length-n word has a unique border tends to a
constant.

In Chapter 6 we present results on factorizations of words related to borders, called
block palindromes. A block palindrome is a factorization of a word into blocks that turns
into a palindrome if each identical block is replaced by a distinct character. Each block is a
border of a central block. We call the number of blocks in a block palindrome the width of
the block palindrome. The largest block palindrome of a word is the block palindrome of the
word with the maximum width. We count all length-n words that have a width-t [argest
block palindrome. We also show that the expected width of a largest block palindrome
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tends to a constant. Finally we conclude with some results on another extremal variation
of block palindromes, the smallest block palindrome.

In Chapter 7 we present the main results of the thesis. Roughly speaking, a word is
said to be closed if it contains a non-empty proper border that occurs exactly twice in the
word. A word is said to be privileged if it is of length < 1 or if it contains a non-empty
proper privileged border that occurs exactly twice in the word. We give new and improved
bounds on the number of length-n closed and privileged words over a k-letter alphabet.

In Chapter 8 we work with a generalization of bordered words to pairs of words. The
main result of this chapter is a characterization and enumeration result for this general-
ization of bordered words to multiple dimensions.

In Chapter 9 we conclude by summarizing the results of this thesis and presenting
avenues for future research.
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Chapter 1

Introduction

Combinatorics on words is a field of mathematics and computer science that is concerned
with sequences of symbols called words, or strings. This thesis is primarily concerned with
variations of bordered [91] and unbordered words. A word (or string) is a sequence of
symbols taken from a finite alphabet. The word w has a border u if w = ux = yu for
some words z,y. The word w is said to be bordered if it has a border u with 0 < |u| < n.
Otherwise w is said to be unbordered. Note that borders are allowed to overlap; see
Example 1. Bordered and unbordered words are ubiquitous in combinatorics on words
and appear in many computer science applications. For example, they occur in frame
synchronization [75, 90, 50, 77], data compression [102], pattern matching [21, 52, 69], and
more.

Example 1.
The French word entente is a bordered word. It has two borders ente, and e.
The English word murmur is also a bordered word. Its only border is mur.

Enumerating and proving properties about subsets of bordered and unbordered words
has been of great interest in the field of combinatorics on words for a while. For example
on the problem of enumeration, Nielsen’s [30], and Lossers and Chapman’s [20] recurrences
for the number of unbordered and bordered words, Guibas and Odlyzko’s [51] recurrences
for the number of words that have a specific set of border lengths, Holub and Shallit’s
recurrence for the number of bordered words with a maximal border of size 1, and many
more [50, 58, 84, 82].

Two additional well-known and intimately connected variations of bordered words are
the closed words [37, 2] and the privileged words [67]. Roughly speaking, a word w is said
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to be closed if it has a non-empty proper border u that occurs exactly twice in w. Similarly,
a word is said to be privileged if it is of length < 1 or if it contains a non-empty proper
privileged border that occurs exactly twice in the word. A variation of closed words was first
introduced by Gilbert [17] under the name prefiz-synchronized codes in the field of frame
synchronization; see Section 2.4 for the definition of prefix-synchronized codes. Guibas and
Odlyzko [50] further studied these codes, enumerating them. Later Carpi and de Luca [25]
independently discovered closed words, under the name periodic-like words. Since closed
words and privileged words were defined in 2011 and 2013 a number of researchers have
tried to enumerate the closed and privileged words. See [10, 79, 86, 87| for current bounds
on the number of closed and privileged words.

Periodicity is another property that has been widely studied in the field of combinatorics
on words. An integer p is said to be a period of the word a,as - - a, if a; = a;1, for all ¢,
1 <i <n—p. Itis known that a length-n word has a period p if and only if the word also has
a border of length n — p. So periodicity and borderedness are very closely connected. For
more on the connections between periodicity and borders see: the Ehrenfeucht-Silberger
problem [36, 63, 64], Duval’s conjecture [33, 34, 57, 61, 59, 35], Harju and Nowotka’s results
on border correlation [56, 60], and more.

In the next section we outline the main results and structure of this thesis.

1.1 Thesis outline

In Chapter 2 we give necessary definitions and we present a literature review on results on
borders relevant to this thesis.

In Chapter 3 we complete the characterization due to Harju and Nowotka [56, 60] of
binary words with the maximum possible number of unbordered conjugates. We also show
that for any number, up to this maximum, there exists a binary word with that number of
unbordered conjugates. We use the theorem-proving software Walnut written by Hamoon
Mousavi [78] to aide us in the proofs. This work appears in [27].

In Chapter 4 we give results on pairs of words that almost commute and anti-commute.
Two words x and y almost commute if xy and yx differ in exactly two places, and they
anti-commute if xy and yx differ in all places. We characterize and count the number of
pairs of words that almost and anti-commute. We also characterize and count variations
of almost-commuting words. Finally we conclude with some asymptotic results related to
the number of almost-commuting pairs of words. This work appears in [14].



In Chapter 5 we count the number of length-n bordered words with a unique border.
We also show that the probability that a length-n word has a unique border tends to a
constant.

In Chapter 6 we present results on factorizations of words related to borders, called
block palindromes. A block palindrome is a factorization of a word into blocks that turns
into a palindrome if each identical block is replaced by a distinct character. Each block is a
border of a central block. We call the number of blocks in a block palindrome the width of
the block palindrome. The largest block palindrome of a word is the block palindrome of the
word with the maximum width. We count all length-n words that have a width-t largest
block palindrome. We also show that the expected width of a largest block palindrome
tends to a constant. Finally we conclude with some results on another extremal variation
of block palindromes, the smallest block palindrome.

In Chapter 7 we present new and improved bounds on the number of length-n closed
and privileged words over a k-letter alphabet. These improved bounds are the two main
results of this thesis and they can be found in [12].!

In Chapter 8 we work with a generalization of bordered words to pairs of words. The
main result of this chapter a characterization and enumeration result for this generaliza-
tion of bordered words to multiple dimensions. We also give results similar to those of
Nielsen [80] for this class of pairs of words. This work appears in [13].

Finally in Chapter 9 we conclude by summarizing the results of this thesis and present-
ing avenues for future research.

The work in Chapter 3 appears in a joint paper [27] with Trevor Clokie and Jeffrey
Shallit. The work in Chapters 4, 7, and 8 appear in single-author papers [14, 12, 13].

!Submitted manuscript.



Chapter 2

Background

2.1 Words

Let ¥ denote a finite non-empty set called an alphabet. The elements of ¥ are called
symbols or letters. Let e denote the empty word. Let X" denote the set of all length-n
words over the alphabet . We use ¥* to denote the set of all finite words over the alphabet
Y. We write X7 = 3* — {e}. In this thesis we primarily work with the k-letter alphabet
Y ={0,1,...,k—1}.

Let w € X*. Finite words are typically indexed starting at 1, but in this thesis we
index starting at 0. If the characters of a word w are not defined explicitly (e.g., w =
Wowy + -+ Wy_1), then the i’th symbol of w is denoted by w[i]. The length of w is denoted
by |w]. A word z is a subword (or a factor) of w if there exist words wu, v such that w = uxv.
The subword z is a prefiz (resp., suffix) of w if u = € (resp., v = €). A word w is said to
be a proper subword of w if u # w. The word “proper” can be used as a modifier for any
type of subword, like a prefix or a suffix. For example, the word sub is a proper prefix of
the word subword, but subword is not a proper prefix of subword. A word u is said to be
an internal subword of w if w = zuy for some non-empty words x and y. For example, the
word rest is not an internal subword of the word restoration, but the word rat is.

In the combinatorics on words community, subword sometimes means subsequence, a
word that can be derived from the original word by deleting 0 or more characters and
preserving the same order of the remaining elements. For example, the word sword is a
subsequence of the word subword. But this alternative is not studied in this thesis.



2.2 Powers

A word w is said to be a power if it can be written as w = 2* for some non-empty word
z where i > 2. Otherwise w is said to be primitive. For example, hotshots = (hots)? is
a power, but hots is primitive. Let pg(n) denote the number of length-n powers over Y.
Let 1x(n) denote the number of length-n primitive words over ¥,. We clearly have

pr(n) = k" — p(n).
From Lothaire’s 1983 book [72, p. 9] we also have that
Yr(n) =Y p(d)k"

dn

where p is the Mobius function. The Mobius function g : N : {—1,0,1} is defined as
follows:

1, if a®fn for all a > 1 and n has an even number of prime factors;
p(n) =< —1, if a®>fn for all a > 1 and n has an odd number of prime factors;
0, if a®|n for some a > 1.

The words u and v are said to be conjugates of each other if there exist non-empty
words z, y such that u = zy and v = yx. If x and y are both non-empty, then v is said to
be a non-trivial conjugate of u. If xy = yx, then x and y are said to commute. Let o be
the left-shift map, so that o'(u) = yx where u = xy and |z| = 4, where i is an integer with
0 < i < |u|. For example, any two of the words eat, tea, and ate are conjugates because
eat = o(tea) = o*(ate).

Lyndon and Schiitzenberger [73] showed that there is a close connection between con-
jugates, commutativity, and powers. They proved the following characterizations.

Theorem 2 (Lyndon-Schiitzenberger [73]). Two non-empty words x and y commute if
and only if there exists a word z, and integers i,j > 1 such that x = 2* and y = 7.

Corollary 3. Let u be a non-empty word. Then u has a non-trivial conjugate v such that
u = v if and only if there exists a word z, and integer i > 2 such that u = v = 2.

Let u and v be two words of equal length. The Hamming distance ham(u,v) between
u and v is defined to be the number of positions where v and v differ [53]. For example,
ham(four, five) = 3.



As we have already seen, Lyndon and Schiitzenberger characterized all words z, y that
commute. Alternatively, they characterized all words u that have a non-trivial conjugate
v such that ham(u,v) = 0.

One might naively think that the smallest possible Hamming distance between xy and
yx after 0 is 1, but this is incorrect. Shallit [92] showed that ham(xy, yx) # 1 for any words
x and y; see Lemma 4. Thus, after 0, the smallest possible Hamming distance between xy
and yz is 2. If ham(zy, yx) = 2, then we say = and y almost commute.

Lemma 4 (Shallit [92]). Let x and y be words. Then ham(zy,yx) # 1.

The problem of characterizing and determining the number of pairs of words that almost
commute is solved Chapter 4.

2.3 Periodicity

An integer p is said to be a period of the word w = ajay---a, if a; = a4, for all ¢,
1 < i < n—p. There are other equivalent definitions of periodicity that prove useful.
One such definition is the following: An integer p is said to be a period of the word
w = aias---a, if there exists a length-p word z, a possibly empty prefix y of z, and
positive integer j such that w = 27y. A length-n word is said to be periodic if it has a
period p with p < n/2. The period p = 0 is trivially a period of any word, so we generally
disregard it in our analysis of the periods of a word. Historically the term “period” has
also referred to the word that is repeated instead of its length. We only use the length
definition in this thesis.

For example, applying both definitions of periodicity to the word w = alfalfa, we get
that w has periods 3, and 6, and it can also be written as (alf)?a or (alfalf)'a. The
notions of borderedness and periodicity are quite closely related, as is shown in Theorem 5.

Theorem 5. A word w has a period p if and only if it also has a border of length |w| — p.

Proof. =: Suppose w has a period p. Then w = 27y where j is a positive integer and
x = yz for some words y, 2. Substituting z into w, we get w = (yz)’y. Clearly (yz)’~'y is
a border of w, and is of length |w| — p.

<—: Suppose w has a border of length |w| — p for some p > 0. Then w = zu = vx
for some non-empty word z of length |w| — p and some words u,v. Clearly we have
wli] = wli + |v|] for 1 <i < |w| — |v|]. So w has a period |v| = |w| — |z| = p. O
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When considering periods, often the shortest are of interest. Let sp(w) denote the
shortest period of the word w. The shortest period of a word is sometimes referred to as
the period. Theorem 5 shows a connection between the shortest period of a word and the
word’s longest border. Since the shortest period and longest border are trivially related,
it is natural to attempt relating shortest periods to shortest borders in some way.

The shortest border of a word must be unbordered, for otherwise the word would have
a shorter border. One could ask the question, when is the shortest border also the shortest
period? Or equivalently, when does a word have a unique (non-trivial) period, or exactly
one unbordered border? One could also loosen the restriction of looking at borders, and
just look at subwords. What relation is there between the shortest period and the longest
unbordered subword? This question was asked in 1979 by Ehrenfeucht and Silberger [36].
More precisely, they conjectured that if the length of a word w is greater than or equal to
twice the length of the longest unbordered subword, then the shortest period is equal to
the length of the longest unbordered subword. This is illustrated in Conjecture 6. We use
lu(w) to denote the length of the longest unbordered factor of w.

Conjecture 6 (Ehrenfeucht and Silberger [36]). Let w be a word. If |w| > 21u(w), then
sp(w) = lu(w).

Conjecture 6 was quickly proven false later in 1979 by Assous and Pouzet [5] with the
following counterexample:

w = 0"10""110"10""*10"10" 10" (2.1)

A largest unbordered subword of w is 0"7210"10" "1, so lu(w) = 3n+6. The shortest period
of w is 4n + 7, and it is realized by the prefix 0"10"T110"10""21. Clearly |w| = 7n + 10 is
strictly greater than 21lu(w) = 2(3n + 6), and lu(w) # sp(w). Though the 21lu(w) bound
was not quite right, it is still interesting to consider what the actual bound is, and how
close one can get to it.

In 1982 Duval gave the first correct bound, outlined in Theorem 7.
Theorem 7 (Duval [31]). Let w be a word. If |w| > 4lu(w) — 6, then sp(w) = lu(w).
Along with Theorem 7, Duval also conjectured that if a word w has an unbordered prefix
of length lu(w) then |w| > 21lu(w) is a sufficient condition for sp(w) = lu(w). If Duval’s

conjecture were true, then it would imply that any word w has sp(w) = lu(w) whenever
w > 3lu(w) (see Conjecture 8).

Conjecture 8 (Duval [31]). Let w be a word. If |w| > 31lu(w), then lu(w) = sp(w).
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In 2004 Harju and Nowotka [57, 59] solved a slightly stronger version of Duval’s con-
jecture (see Theorem 9), which is known as the “extended Duval conjecture.” Holub [(1]
later gave an alternate proof of Theorem 9.

Theorem 9 (Harju and Nowotka [59]). Let w be a word. If |w| > 3lu(w) — 2, then
lu(w) = sp(w).

Though Duval’s conjecture has been solved, the counterexample on (2.1) that disproves
Ehrenfeucht and Silberger’s conjecture also shows that the bound in Theorem 9 is not

optimal. So Harju and Nowotka [57, 59] conjectured that the optimal bound is close
to (7/3) lu(w). Finally, Holub and Nowotka [(/] resolved this conjecture, culminating in
Theorem 10.

Theorem 10 (Holub and Nowotka [61]). Let w be a word. If |w| > Llu(w) — 2, then
sp(w) = lu(w).

Moving on from the Ehrenfeucht-Silberger problem and Duval’s conjecture, we turn
back to Theorem 5, which connects borders to periods. Lyndon and Schiitzenberger [73]
gave a more detailed characterization of words that have a border. They showed that if a
word is bordered it must be periodic and have a certain structure.

Theorem 11 (Lyndon-Schiitzenberger [73]). Let y be a possibly empty word and z, z be
non-empty words. Then xy = yz if and only if there exist words u, v, and an integer e > 0
such that © = uv, z = vu, and y = (uv)u.

Corollary 12. Let w be a non-empty word. Then w has a border if and only if there exists
a non-empty word u, a possibly empty word v, and an integer i > 1 such that w = (uv)'u.

Recall back to Section 2.2 the definition of a power. If a word is a power then it is
also periodic. We saw that Lyndon and Schiitzenberger characterized powers in terms of
commuting words. Shallit [92] extended the notion of commutativity to allow for character
mismatches. He considered ham(zy, yz). When ham(zy, yx) = 0 (resp., ham(zy, yz) = 2),
we say that x and y commute (resp., almost commute).

Just as powers can be seen as a special case of periodicity, almost commuting pairs of
words can be seen as a special case of a concept introduced by Klavzar and Shpectorov [65],
the 2-error border. A word w is said to have a 2-error border of length i if there exists
a length-i prefix u of w, and a length-i suffix v’ of w such that w = uxr = yu' and
ham(u,u’) = 2 for some z, y. The 2-error border was originally introduced in an attempt



to construct graphs that have properties similar to n-dimensional hypercubes. The n-
dimensional hypercube is a graph that models Hamming distance between length-n binary
words. See [100, 101] for a characterization of 2-error borders. See [13] for an algorithm to
detect whether a word has a 2-error border in linear time.

2.4 Enumeration

Let U* denote the set of length-n unbordered words over the alphabet . Let u,, = |UF |.
In 1973 Nielsen [30] studied unbordered words under the name “bifix-free words.” A bific
of a word w is a non-empty word that is both a proper prefix and suffix of w. A word
being called bifix-free means that it has no bifix, or in other words, that it is unbordered.
Nielsen’s main result of that 1973 paper was that the sequence u,, obeys the recurrence

1, if n =0;
Up = § kup_1 — uy, if nis even;
k1, if n is odd.

Nielsen also gave a procedure to efficiently list all length-n unbordered words. Additionally,
he proved that the limit lim,, o u,/k™ exists. In particular, he showed that for k = 2 there
are (¢ + o(1)) - 2" unbordered binary words, where ¢ ~ 0.267786.

Later, in 1995, Lossers and Chapman [20] proved a recurrence for the number b, of
length-n bordered words over Y. They showed that

0, if n=1;
by, = bpo+ (1 — bn/Q)k_”/Q, if n is even;
bp_1, if n is odd.
The autocorrelation [52, 51] of a word w, roughly speaking, is a binary word that

says what borders are in w. More precisely, the autocorrelation of a length-n word w is
ac(w) = ajas - - - a, where

~J 1, if w has a length-: prefix that is also a suffix of w;
o 0, otherwise.

Notice that a, is always 1 since w is a length-n prefix and suffix of itself.



Example 13. Consider the word 1011011011. It has autocorrelation ac(1011011011) =
1001001001 since its only borders are of length 1, 4, and 7.

It is quite easy to see that not every binary word is “realizable” as a correlation of some
word. To see this, suppose a word w of length n > 3 has autocorrelation 0"~211. Clearly
w then has exactly one border of length > n/2. So w can be written as w = ut = su where
u > n/2. Then u must be bordered, and so w has more than one border.

So which binary words are autocorrelations of other words? How many valid auto-
correlations are there? How many length-n words are there with a fixed autocorrelation?
In 1978 Guibas and Odlyzko [51] answered these questions. They characterized all valid
autocorrelations by giving necessary and sufficient conditions for an autocorrelation to be
valid. They showed that there are n®1°8™ different valid autocorrelations. They also gave
a recurrence for the number of length-n words having a fixed autocorrelation.

Framing Nielsen’s result differently, one could say that in a sense, he was counting the
number of words with a maximum “border” of length 0. This particular framing raises
some very natural questions. Is there a simple formula for the number of words of length
n that have a maximum border of length ¢ for ¢ > 17 What is the expected length of the
maximum border of a word? What is it asymptotic to? Does it converge to a constant?
In 2016 Holub and Shallit [65] answered some of these questions. They gave a recurrence
for the number of length-n words having a maximum border of length 1 (see Theorem 14).
They also showed that over a k-letter alphabet, the expected length of the maximum border
ag of a word is asymptotic to a constant. In particular, when k£ = 2 the expected length
of the maximum border ay of a length-n word is 1.641 4 o(1).

Theorem 14 (Holub and Shallit [65]). Let v, denote the number of length-n words over a
k-letter alphabet that have a maximum border of length 1. Then the sequence v, obeys the
recurrence

0, ifn=1;
)k, if n=2;
Un = kvp_1 — (k= 1)vye, ifn >4 is even;
kvn_1 — V(ng1)/2, if n > 3 is odd.

Since Nielsen’s paper there have been multiple generalizations and variations of bor-
dered words, and with them, there have been more interesting enumeration results. Anselmo
et al. [1] introduced a generalization of unbordered words to two dimensions called unbor-
dered pictures. A picture can be thought of as a rectangular m x n matrix with values
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taken from some finite alphabet. A picture p is said to be a bordered picture if there ex-
ists another picture p’ that occurs in opposing corners of p. Otherwise p is said to be an
unbordered picture. For example, see Example 15.

Example 15. The picture

[ )
O = —
=

is bordered with borders 0
11
L O},[O 1},M, and [1].

In their paper, Anselmo et al. attempted to enumerate and generate unbordered pic-
tures using similar arguments to Nielsen’s. But they noted that this is not possible since
Nielsen’s arguments relied on a result that does not map on the the two-dimensional case.
It remains an open problem to count the number of unbordered pictures of size m x n over
a k-letter alphabet.

In the case of unbordered pictures, generalizing to two dimensions meant adding another
co-ordinate to the words themselves so that when you refer to a symbol you need to give
an z-value and a y-value (in the graphical sense). But this is not the only way to generalize
unbordered words to two dimensions. One could explore a certain notion of borderedness
with respect to ordered pairs of words (u,v). The two words in the pair correspond to the
two dimensions.

Let u and v be words of length m and n, respectively. Let w be a non-empty word. In
this thesis (u,v) to refers to an ordered pair of words. The pair (u,v) has a right-border if
u has a non-empty proper suffix that is a prefix of v. If w is a suffix of u and prefix of v
then w is said to be a right-border of (u,v). Analogously, the pair (u,v) has a left-border
if u has a non-empty proper prefix that is a suffix of v. If w is a prefix of u and suffix of v
then w is said to be a left-border of (u,v)

A pair of words (u,v) is said to be mutually bordered if (u,v) has both a right-border
and a left-border. If (u,v) has neither a right-border nor a left-border, then (u, v) is said to
be mutually unbordered (or cross-bifiz-free [3]). The pair (u,v) is said to be right-bordered
if (u,v) has a right-border but not a left-border. Similarly (u,v) is said to be left-bordered
if (u,v) has a left-border but not a right-border.

Example 16. The pair of English words (delivered, redeliver) is mutually bordered.
The word red is a right-border of the pair and deliver is a left-border of the pair.
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The pair of English words (mail, box) is mutually unbordered since it has no right-
border or left-border.

The pair of English words (overlap, lapse) is right-bordered. The word lap is a
right-border of the pair.

Mutually unbordered words have previously arisen in digital communications as a gen-
eralization of a method of frame synchronization [3, 30]. The goal of frame synchronization
is to let the receiver of some piece of data know where the boundaries of the frames in
the data are (i.e., both the sender and receiver are on the same page). Typically this is
done by inserting a specially chosen word periodically into the data stream as a kind of
delimiter.

In 2000 van Wijngaarden and Willink [30] proposed a new method of frame synchro-
nization where a set of different words are interleaved into the data stream periodically
instead of appearing as a contiguous subword. An important part of frame synchronization
is the detection of the periodically inserted word. In 2004 Bajic and Stojanovic [3] calcu-
lated statistical quantities related to the detection of distributed sequences in random data.
For more work on mutually unbordered words, also called cross-bifix-free words, mutually
uncorrelated words, or non-overlapping words, see [7, 12,9, 17,18, 71,97, 19, 26, 96]. Also
see [H5, 54], where overlap-free languages are studied. A language is said to be overlap-free
if no prefix of a word in the language is a suffix of another word in the language. In this
thesis we choose not to use the terminology “cross-bifix-free”, “mutually uncorrelated”,
or “non-overlapping” since we require a specific name for pairs of words (u,v) with the
property that (u,v) has either a right-border or a left-border but not both.

A word is said to be periodic if its least period is less than or equal to half the length of
the word. In some applications, such as DNA sequencing, one is working with long words
that have long least periods. Keeping this in mind, one may want to extend the notion
of periodicity to one that includes ordinary periodic words and also includes words that
share characteristics with periodic words. In 2001 Carpi and de Luca [25] defined a class
of words called periodic-like words, later called closed words [24, 0].

There are a few equivalent definition of closed words. A complete return [13] to the
factor u in a word w is any factor of w having exactly two occurrences of u, one as a prefix
and one as a suffix. Therefore a word w is closed if and only if it is a complete return to
one of its factors [23, 6]. The following definition displays the connection between closed
words and bordered words. A word w is said to be closed (or periodic-like) if |w| < 1 or if
w has a border that occurs exactly twice in w. If u is a border w and u occurs in w exactly
twice, then we say w is closed by u. If u is a border of w and u occurs exactly twice in w,
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then w is said to be closed by u. It is easy to see that if a word w is closed by a word wu,
then v must be the largest border in w. Otherwise u would occur more than two times in
w.

A word w is said to be privileged if |w| < 1 or if w is closed by a privileged word. See
Example 17 for examples of words that are closed and privileged and words that are not
closed and not privileged.

Example 17.

The English word entanglement has the border ent and only contains two occurrences
of ent. Thus entanglement is a closed word, closed by ent. Since |ent| > 1 and ent is
unbordered and therefore not privileged, we have that entanglement is not privileged.

The English word abracadabra is closed by abra. Furthermore abra is closed by a.
But |a| < 1, so abra is privileged and therefore so is abracadabra.

The only border of the English word eerie is e and e appears 3 times in the word.
Thus eerie is neither closed nor privileged.

Privileged words were first introduced in 2013 by Kellendonk et al. [67]. Later in 2013
Peltomaéki [31] established some results on the basic properties of privileged words. Clearly
every privileged word is also a closed word, so a lower bound for the number of privileged
words also acts as a lower bound for the number of closed words. Let Ci(n) denote the
number of length-n closed words over a k-letter alphabet. Let Py (n) denote the number of
length-n privileged words over a k-letter alphabet.

e Forsyth et al. [10] showed that Py(n) > 2"75/n? for all n > 0.

e Nicholson and Rampersad [79] improved and generalized this bound by showing that
there are constants ¢ and ng such that Py(n) > cm for all n > ng.

e Rukavicka [30] showed that there is a constant ¢ such that Ci(n) < cln n\k/—% for all
n > 1.

e Rukavicka [37] also showed that for every j > 3, there exist constants «; and n; such
that Py(n) < aj%ﬁlnoj (n) ]1:[1 In”(n) length-n privileged words for all n > n;
where In®*(n) = n and In* (n) Z::21n(ln°j_1(n)).

e We improve on these bounds on the number of privileged and closed words in Chap-
ter 7.
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Closed words were first introduced in 1960 in the context of coding theory [17]. They
arose as a response to a difficulty in the use of “comma-free codes.” A set S of length-n
words is said to be a comma-free code if a;a;yq - - a,bibs---b;_1 is not in S for all ¢ with
2 < i < n where (ajas---ay,, biby---b,) is a pair of words in S. When using a comma-
free code to communicate information, the receiver can always synchronize by looking at
the stream of data and checking for a codeword. A difficulty that arises with comma-
free codes is that figuring out whether a given block of the stream is a codeword can be
quite complicated. So Gilbert [17] defined a subset of comma-free codes (called a prefiz-
synchronized code [50]) that gets around this issue.

A code is said to be prefiz-synchronized if every codeword starts a fixed length-p prefix
u = ajay - - - ap, and for every codeword b,bs - - - b,,, the prefix u does not exist as a subword
of by -+ -byajag -+ -ap—1 = ag---apbps1 -+~ byp_pay - - - ap_y. Clearly the codewords of a prefix-
synchronized code are not themselves closed words, but it is obvious from the definition
that there is a connection. It follows from the definition of prefix-synchronized codes
that for any codeword bbs - - - b,, of such a code with common prefix of length p, the word
biby - - - bpby - - - by is closed. Conversely, if ¢icy - - - ¢, is a length-n closed word with a length-
p border that does not appear internally, then the word cicy---¢c,—, is a codeword of a
prefix-synchronized code.

Let G,(n) denote the number of length-(n + p) words w such that u is a border of
w and w is not an internal subword of w. Gilbert [17] conjectured that in the binary
case, the prefixes u that maximize G, (n) are those of the form 1*0. In a paper written in
1978, Guibas and Odlyzko [50] answered Gilbert’s conjecture. They showed that Gilbert’s
conjecture is true (for large n) over the binary alphabet, and alphabets of size k = 3
and k = 4, but is not true for alphabets of size k > 5. See [77, 70] for constructions of
prefix-synchronized codes.

In their seminal 1977 paper Knuth, Morris, and Pratt [69] defined a class of words called
palstars. In order to define palstars, some other terms and notation need to be defined first.
The reversal of a word w is denoted by wf. A word w is called a palindrome if w = wf. A
word w is called a palstar if it can be written as a concatenation of one or more even-length
palindromes. A word v is a prime palstar if it is a palstar but cannot be written as the
concatenation of two even-length palindromes. Let PSi(n) denote the number of length-n
palstars over a k-letter alphabet. Let PPy (n) denote the number of length-n prime palstars
over a k-letter alphabet. Clearly PPy (2m + 1) = 0 and PSi(2m + 1) = 0 for all m > 0
since palstars are defined to be of even length. In 2011 Rampersad et al. [32] showed that
the set of all length-(2n) prime palstars is in bijection with the set of length-n unbordered
words. In other words, they showed that PPy (2n) = w,. In 2014 Richmond and Shallit [35]
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counted the palstars by demonstrating that PSi(n) obeys the recurrence
2n
PSk(2n) = Z u; PSg(2n —14).
i=1

They also showed that PSy(2n) € ©(a}) where a4, is a positive real constant with 2k —1 <
ap < 2k —1/2.

2.4.1 Conjugates

Recall that two words = and y are said to be conjugates of each other if there exist words
u,v such that r = wv and y = vu. Let o : X} — X} denote the conjugate function, where
o(e) = ¢, o(cw) = we for w € 3} and ¢ € ¥y, Let 0(w) = w and o' (w) = o' (o(w))
for i > 1. For example, the word hotshots = o (hotshots) = (hots)? is a power and the
word hots is primitive.

Clearly every power is bordered, and even more is true, every conjugate of a power
is bordered (see Theorem 18). But not all bordered words are powers. There are O(k")
bordered words of length n over a k-letter alphabet [30]. Tt is also easy to prove that there
are O(k™?) powers of length n over a k-letter alphabet. Since there are so many more
bordered words than there are powers, it is very natural to ask, how many unbordered
conjugates must a primitive word have?

Theorem 18. Let w = x' for some word x and some integeri > 1. Then o’ (w) is bordered
for all 5 > 0.

Proof. Tt is sufficient to show that all conjugates of w are bordered.

Let v a conjugate of w. Then there exist words st such that v = st and w = ts. Since
w = ' it follows that t = 2/r and s = 22* where i — 1 = j + k and © = rz. Then
v = st = zafxir = 2(rz)*(rz)’r = (2r)?, which is clearly bordered. O

In 1971 Silberger [91] showed that every primitive word must have at least one un-
bordered conjugate. Silberger also conjectured that every word with k& distinct letters
in its representation has at least & unbordered conjugates. In 1979 Ehrenfeucht and Sil-
berger [30] solved the conjecture, proving that every primitive word with k letters has at
least £ unbordered conjugates.

Theorem 19 (Ehrenfeucht and Silberger [30]). Let w be a primitive word. Let a be a letter
that appears in w. Then there is an unbordered conjugate of w that begins with a.
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In 2017, Holub and Miiller [62] characterized all binary (primitive) words with exactly
two unbordered conjugates. They showed that any binary word with exactly two unbor-
dered conjugates can be expressed as the concatenation of two palindromes.

Let us now shift our attention to the unbordered conjugates of ordinary words. In two
papers, Harju and Nowotka [56, 60] established results on the unbordered conjugates of
words. In their 2004 paper [56], Harju and Nowotka focused on words over the binary
alphabet. They showed that over the binary alphabet, every unbordered conjugate of
a word must be followed by a bordered conjugate (see Theorem 20). In other words
nuc(w) < |n/2] for all length-n binary words w.

Theorem 20 (Harju and Nowotka [50]). Let w be a binary word. Then o'(w) or o' (w)
is bordered for all i > 0.

Corollary 21 (Harju and Nowotka [50]). Let w be a binary word of length n > 1. Then
nuc(w) < |n/2].

They also showed that the only binary words w of even length that reach nuc(w) = |w|/2
are the “cyclically overlap-free words”, which only exist as words of length 2¢ or 3 - 2¢ for
some ¢ > 1.

Theorem 22 (Harju and Nowotka [56]). Let w be a word of length 2n where n > 1. If w
has n unbordered conjugates, then it is of length 2 or 3 - 2% for some i > 1.

Let mnucy(n) denote the maximum number of unbordered conjugates of a length-n
word over a k-letter alphabet. Combining Corollary 21 and Theorem 22 it follows that
mnucy(2°) = 27! and mnucy(3 - 2°) =3 -2 for all i > 1.

This leads to a few natural questions that were left open as of Harju and Nowotka’s
2004 paper, and that we answer in Chapter 3:
1. For m > 0, is mnucy(2m + 1) = m?

2. Let 2m be a positive integer not of the form 2¢ or 3 - 2¢ for any ¢ > 1. Then is
mnuce(2m) =m — 17

3. For any i up to mnucy(n), does there exist a binary word of length n such that it has
exactly ¢« unbordered conjugates?
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In their 2008 paper, Harju and Nowotka [60] studied the unbordered conjugates of
words over an alphabet of size k > 3. They showed that for any n > 1 and any 2 < i < n,
there exists a length-n word w over a k-letter alphabet having nuc(w) = i. In fact, they
proved more than this, but to precisely state their results some notation is needed.

Let 8 : X5 — X} be the border correlation function of a word, and defined as follows:
B(w) = apay - - - ap_1, where

u, if o'(w) is unbordered;
a; = .
b, if o'(w) is bordered.

For example, 5(1001) = bubu since 1001 is bordered, 0011 is unbordered, 0110 is unbor-
dered, and 1100 is unbordered.

Harju and Nowotka showed that for n sufficiently large one can pick any border corre-
lation pattern v of length n except any conjugate of ub™ ! and there is always a word w of
length n over an alphabet of size 3 (and thus a word over an alphabet of size k > 3) with
B(w) = v (see Theorem 23).

Theorem 23 (Harju and Nowotka [60]). Let n > 1 and k > 3 be integers. Let A denote
the set of all length-n words over the alphabet {u,b}.

e Ifn¢g{57,9,10,14,17}, then for any v € A such that v & {c*(ub"') : i > 0} there
exists a length-n word w over over an alphabet of size k such that f(w) = v.

o Ifne€{57,910,14,17}, then for any v # u™ € A such that v € {o*(ub™ ') : i > 0}
there exists a length-n word w over an alphabet of size k such that f(w) = v.

Corollary 24. Let w be word of length n > 1 over an alphabet of size > 3. Then nuc(w) <
n.

2.5 Applications

From Section 2.3 we see that borders and periods are very closely related. Borders and
periodicity occur communication theory, coding theory, automata theory, and algorithms.
Let us now discuss some algorithms that use borders.

The naive way to search for a string u of length m in a larger string w of length n is
to try to match u against every length-m subword of w. This strategy leads to a O(mn)
runtime. But there are ways to improve the runtime of string searching by using borders.
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Knuth, Morris, and Pratt (KMP) [69] came up with a string searching algorithm that
runs in linear time, barring any preprocessing. Their algorithm essentially uses an automa-
ton to search for matches in the data. Suppose ¥ is some finite alphabet. Let w be a word
of length n and u be a word of length m < n. We describe the automaton for u. Each
state in the KMP automaton is a prefix of u. For the purposes of this automaton, prefixes
can be empty. The start state of the KMP automaton is the empty string e. Suppose o' is
a prefix of u and c¢ is the character right after u’ in u. If ¢ does not exist, then transition
to the state € on any input. Suppose ¢ exists. The KMP automaton will always have a
transition from state u’ to state u'c on input ¢. If «’ is bordered, then on input ¥ — {c}
KMP automaton always has a transition from state v’ to the state representing the largest
border of «'. If «' is unbordered, then on input 3 — {c} the automaton transitions to the

start state €. See Figure for an example of the KMP automaton.
6
ananas

Figure 2.1: KMP automaton for the word ananas.

Boyer and Moore [21] also created a string searching algorithm in 1977. Note that Boyer
and Moore’s original paper had an error. A complete proof of the Boyer-Moore algorithm
was given by Rytter [$8] in 1980. Though the worst case runtime of the Boyer-Moore
algorithm is still O(mn), the best case is much better at O(n/m). Their algorithm works
by combining two heuristics, one of which is based on borders. One heuristic they use is
called the “good suffix rule.” The Boyer-Moore algorithm starts matching from right to
left instead of left to right. Again suppose w is a word of length n and u is a word of length
m < n. When searching for v in w with Boyer-Moore, the good suffix rule is used when
some but not all characters in a suffix of u have been matched. Call this suffix that has
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been matched v. When v has been matched the algorithm shifts the pattern u to the right
until one of three things happens:

1. One finds another occurrence of v in w (shifting to a position where the suffix of u
has border v).

2. One finds a prefix of u matches a suffix of v (shifting to a border of u).

3. The pattern v moves past the matched portion v.
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Chapter 3

Unbordered conjugates

3.1 Introduction

In two fundamental papers, Harju and Nowotka [56, 60] studied the unbordered conjugates
of a word. In particular, letting nuc(w) denote the number of unbordered conjugates of w,
and mnucg(n) denote the maximum number of unbordered conjugates of a length-n word
over a k-letter alphabet, they proved that

(a) for binary words w of length n > 4 we have nuc(w) < n/2;

(b) for n > 2 even, there exists a binary word of length n having n/2 unbordered conju-
gates iff n = 2¥ or n = 3 - 2* for some k > 1.

In other words, they explicitly computed mnucy(n) for all even n and bounded it above
for odd n.

In this chapter we complete the understanding of mnucs(n) by proving that mnucs(n) =
|n/2| for all odd n > 3; see Theorem 25. We also show that for every possible number,
up to mnucy(n), there exists a word having that number of unbordered conjugates; see
Theorem 29. !

Much of this chapter was taken verbatim from the author’s paper [27].
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3.2 Preliminaries

Our strategy is to show, using a decision procedure, that the maximum of nuc(w), over
all words of length n, is actually achieved by a factor of the Thue-Morse word [98, 99].
We use the theorem-proving software Walnut written by Hamoon Mousavi [78] that imple-
ments this decision procedure. Walnut is a program that evaluates the truth of first-order
statements concerning claims about k-automatic sequences. The Thue-Morse word

t =0110100110010110 - - -

is a well-known [3] infinite 2-automatic [3] word.
Now recall some definitions from Chapter 2.

Let o : X5 — X5 denote the cyclic shift function, where o(e) = €, o(cw) = wc for
w € XF and ¢ € Xy, Let 0%(w) = w and ¢'(w) = ¢ (o (w)) for i > 1.

Suppose w is a binary word of length n. Let 8 : X} — X} be the border correlation
function of a word (introduced by Harju and Nowotka [56]), and defined as follows: §(w) =
apay - -+ an_1, where

_ Ju, if o'(w) is unbordered;
“= b, if o'(w) is bordered.

3.3 Main results

A result from Harju and Nowotka [56] shows that a binary word has no two consecutive
cyclic shifts that are unbordered. This result immediately tells us that a binary word of
length n can have at most |n/2] unbordered conjugates. For a binary word w of even
length to achieve this bound, every other cyclic shift must be unbordered, or, in other
words either B(w) = (ub)“I/? or B(w) = (bu)™!/2. Harju and Nowotka [70] showed that
the only words of even length that achieve this bound are the circularly overlap-free words,
which are of length 3 -2 and 2¢ for ¢ > 1.

Let w be a binary word. Suppose w is of even length and is not circularly overlap-
free. Clearly w cannot have |w|/2 unbordered conjugates, but it could potentially have
|w|/2 — 1 unbordered conjugates. Then B(w) = (ub)'b(ub)*l/?=i=1b for some i > 0, up to
conjugation. Now suppose w is of odd length. No circularly overlap-free words exist of odd
length, so it makes sense to think that w could contain a maximum of ||w|/2| unbordered
conjugates. Then B(w) = (ub)*/21b, up to conjugation.
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Let w be a bordered binary word. Then w = uvu for some words u and v. By the left
border of w we mean the occurrence of u that begins at position 1 of w, and by the right
border we mean the occurrence of u that begins at position |w| — |u| + 1 of w.

Theorem 25. For all n > 1, there exists a length-n factor w of the Thue-Morse word t
with nuc(w) = mnucy(n). Furthermore, such a factor is guaranteed to occur starting at a
position < n in t.

Proof. When n = 1,2,3 the maximum number of unbordered conjugates mnucy(n) is
achieved by the words 0, 01, and 011 respectively. Specifically we have that mnucy(1) = 1,
mnucy(2) = 2, and mnucy(3) = 2. It is readily verified that each of these words occur as a
factor of the Thue-Morse word at position < n.

Let w be a length-n word at position m of the Thue-Morse word. The first step is to
create a first-order predicate isBorder(l,m,n) that asserts that a cyclic shift of w has a
border of a certain length. More specifically, we want to know whether the {’th cyclic shift
of w has a border of length k. There are three cases to consider.

1. When a prefix of the right border is a suffix of w and a suffix of the right border is a
prefix of w. In other words, w = yuvz for words u, v, z,y where zy = u, |y| = [, and
|u| = k. This predicate is denoted by isBorderC1(k,1,m,n).

2. When both borders are completely contained inside of w. In other words, w =
yuuz for words y,u,x where |yu| = [, and |u| = k. This predicate is denoted by
isBorderC2(k,l,m,n).

3. When a prefix of the left border is a suffix of w and a suffix of the left border is a
prefix of w. In other words, w = yvuz for words w, v, x,y where zy = u, |you| = [,
and |u| = k. This predicate is denoted by isBorderC3(k, [, m,n).

isBorderC1(k,l,m,n) == ((k+1I>n)= (Vii <n—-0)=Tm+1+i =Tm+1—k+1i])
ANNMi(i<k4+l—-n)=Tm+i=Tm+n—k+1i)))

isBorderC2(k,l,m,n) == (k+1<n)A (I >k))= (Vi(i < k) =
Tim 41+ = T[m + 1 — k +4)))

isBorderC3(k,l,m,n) == (k+1<n)A(I<k)=(Vi(i<k—-1)=Tm+n—k+1+1]
=Tm+I1+i)ANMi(i<l)=Tm+i =Tm+k+1i])))

isBorder(k, I, m,n) := isBorderC1(k, I, m,n) A isBorderC2(k, 1, m,n) A isBorderC3(k, 1, m,n).
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We define the predicate isBordered(l, m,n) that asserts that the {’th cyclic shift of a
length-n word at position m in the Thue-Morse word is bordered. We can create this
predicate by checking whether this word has a border of size < n/2.

isBordered(l, m,n) := 3i(2i <n Ai > 1 AisBorder(i,l, m,n)).

Recall that when |w| is odd and w has a maximum number of unbordered conjugates,
we have that f(w) = (ub)"*21p, up to conjugation. So we have exactly one pair of adjacent
bordered cyclic shifts, and the rest of the cyclic shifts of w alternate between bordered and
unbordered. The predicate isAlternating0(l, m, n) asserts that all of the cyclic shifts of a
length-n word at position m in the Thue-Morse word alternate between unbordered and
bordered, except for the ['th and [ + 1’th cyclic shifts, which are both bordered.

isAlternating0(l, m,n) :=
Vi(((i 1 Ni <n—1)= (isBordered(i, m,n) = —isBordered (i + 1,m, n))))A
(i 1) AN (i=n—1)) = (isBordered(n — 1,m,n) = =isBordered (0, m, n))).

Now we create a predicate hasMNUCO(m, n) that asserts that a length-n word at posi-
tion m in the Thue-Morse word achieves the maximum number of unbordered conjugates.

hasMNUCO(m, n) := Ji(((¢ < n — 1 A isBordered(i,m,n) A isBordered(i + 1,m,n))V
(i =n — 1 AisBordered(n — 1,m,n) A isBordered(0, m,n))) A isAlternating0(i, m, n)).

Similarly, recall that when |w| is even and w has a maximum number of unbordered
conjugates, we have that B(w) = (ub)'b(ub)®I/2==1p for some i > 0 or B(w) = (ub)*/?
up to conjugation. So we have that either all of the cyclic shifts of w alternate between
bordered and unbordered, or there are exactly two pairs of adjacent bordered cyclic shifts,
and the rest of the cyclic shifts of w alternate between bordered and unbordered. The
predicate

isAlternatingE(e, l,m, n)

asserts that all of the cyclic shifts of a length-n word at position m in the Thue-Morse word
alternate between unbordered and bordered, except for the I’th, [+ 1'th, e’th, and e+ 1’th
cyclic shifts, which are all bordered. Note that isAlternatingF(n,n, m,n) asserts that all
of the cyclic shifts of a length n word at position m in the Thue-Morse word alternate
between unbordered and bordered.

isAlternatingE(e,l,m,n) := (Vi (((t #IANi # eANi <n— 1) = (isBordered(i, m,n) <
—isBordered(i + 1,m,n)))A (L #Z DA (i F#e)A(i=n—-1)) =
(isBordered(n — 1,m, n) < —isBordered(0,m, n))))
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Now we create a predicate hasMNUCE(m, n) that asserts that a length-n word at posi-
tion m in the Thue-Morse word achieves the maximum number of unbordered conjugates.

hasMNUCE(m, n) := (34,5 ((¢ < j) A (i < n — 1 AisBordered(i, m,n) A isBordered(i + 1, m, n))A
((j = n — 1 ANisBordered(n — 1, m, n) A isBordered(0,m,n)) V ((j < n — 1)A
isBordered(j, m,n) A isBordered(j + 1,m, n))) A isAlternatingE(i, j, m,n)))V

isAlternatingE(n, n, m, n).

With these predicates we can write a predicate asserting that the Thue-Morse word
contains factors of every length n > 3 that are maximally unbordered and occur at position
< n. We split the computation into cases, one for even length words, and one for odd:

Vn((n >2) = (3 hasMNUCE(z,2n)) Ai < 2n)
Vn((n >2) = (FthasMNUCO(7,2n 4+ 1)) Ai < 2n+ 1),

and Walnut? evaluates these predicates to be true. O

Thus we have that

(

1, ifn=1;
2, ifn=2orn=3;
mnucy(n) = < n/2, ifne{213.2:4>1};

n/2—1, ifn>3evenand n & {2°,3-2:i > 1};
[7/2],  ifn >3 odd

3.4 More about unbordered conjugates

In this section we show that there exist binary words of length n that have exactly ¢
unbordered conjugates where 1 < i < mnucy(n).

The general idea behind the proof is to pick some ¢ > 1 and then pick a word w of
odd length such that nuc(w) = ¢ and mnucs(Jw|) = i. Furthermore we only consider such
words w such that one of w’s conjugates contain 000 as a factor. Then we keep adding 0’s
to w precisely where 000 first occurs. This keeps the number of unbordered conjugates the
same. Then we can keep increasing the size of w in this way until we hit the length we
want.

2See Appendix A or https://cs.uwaterloo.ca/~shallit/Papers/unbordered-factors.txt for
these in Walnut code.
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Lemma 26. For n > 4 odd, there erists a word w € X% such that nuc(w) = [n/2] and
000 is a factor of some conjugate of w.

Proof. By Theorem 25, such a word w exists as a factor of the Thue-Morse word. It is well
known that the Thue-Morse word is overlap-free. So 000 cannot be a factor of such a word
w. But it is possible that w = 0u00, or w = 00u0 for some word u. We can check whether
this is the case for all odd n > 4 by modifying our predicate from the proof of Theorem 25:

Vn ((n > 2) = (3i hasMNUCO(i,2n+ 1)) A (T[)]) = 0AT[i + 1] =0AT[2n +1i] = 0)
V(T[] =0AT[2n —1+1i] =0AT[2n+1i] = 0))),

which evaluates to true. O

Lemma 27. Let n > 4 be odd and w be a binary word of length n such that a conjugate of
w has 000 as a factor and nuc(w) = |n/2]. Then every conjugate of w contains at most
one distinct occurrence of 000 as a factor.

Proof. Suppose, contrary to what we want to prove that a conjugate of w contains at least
two distinct occurrences of 000 as a factor. Call this conjugate w’.

If the two occurrences of 000 overlap, then we can write w’ = s0000¢ for some words
s,t. Then the cyclic shifts 0ts000, 00¢s00, and 0ts000 are bordered. This means that only
||ts|/2] + 1 of the remaining cyclic shifts of w can be unbordered since any unbordered
cyclic shift must be followed by a bordered one. But ||ts|/2|+1 = [(n—4)/2]+1 < [n/2],
so the two occurrences of 000 cannot overlap.

If the two occurrences of 000 do not overlap, then we can write w’ = s000t000 for
some words s,t where s, and t are non-empty. Then the conjugates 00t000s0, 0t000s00,
00s000t0, and 0s000t00 are bordered. By the same argument as above, of the remaining
cyclic shifts, a maximum of ||st|/2] + 2 of them can be unbordered. But ||st|/2| 4+ 2 =
[(n—16)/2)] +2 < |n/2], a contradiction. O

Lemma 28. Let n > 4 be odd and w be a binary word of length n such that a conjugate
w' of w has 000 as a prefir and nuc(w) = |n/2]. Then nuc(w) = nuc(w') = nuc(0'w’) for
all 1> 0.

Proof. Let ¢ > 0 be an integer. We can write w’ = 000u for some word wu. It is clear that
071037 is bordered for all 1 < j < i + 2. Therefore, it suffices to prove that s000¢ is
bordered if and only if s0°*3¢ is bordered where u = ts.
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First we prove the forward direction. Suppose s000t¢ is bordered. By Lemma 27 we
have that s000¢ contains only one occurrence of 000 as a factor. So 000 is neither a prefix
of s00 nor a suffix of 00¢t. Thus, any border of s000¢ must of length < min{|s|, |t|} + 2.
But such a border would also be a border of s0"3t.

A similar argument works for the reverse direction. Therefore nuc(w) = nuc(w’) =
nuc(0%w’) for all 7 > 0. O

Theorem 29. Let k > 2 and n > 1 be integers. For all 1 < ¢ < mnucg(n) there exists
w € X} such that nuc(w) = i.

Proof. Let C' = {5,7,9,10,14,17}. For k > 4, Harju and Nowotka [60] showed that for all
integers ¢ with 1 < ¢ < n there exists a word w € X} such that nuc(w) = i. For k = 3,
Harju and Nowotka [60] showed that if n ¢ C then for all integers i with 1 < i < n there
exists a word w € X} such that nuc(w) = i, and if n € C then for all integers ¢ with
1 < i < n there exists a word w € X} such that nuc(w) = i.

To the best of the author’s knowledge, there is no known proof of the existence of such
words for £ = 2. Suppose k = 2. By Theorem 25 there exists a w € XI such that w is
a factor of the Thue-Morse word and mnuce(n) = nuc(w). So assume ¢ < mnucy(n). By
Lemma 26 there exists a binary word u of odd length m such that nuc(u) =i = [m/2]
and 000 is a factor of some conjugate of u. Let u’ be the conjugate of u such that 000 is
a prefix of v/. Lemma 28 tells us nuc(u) = nuc(v’) = nuc(0"™u'). Since nuc(0" ') =i
and [0""™u'| = n, we have that for all 1 < ¢ < mnucy(n), there exists a w € ¥ such that
nuc(w) = i. O
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Chapter 4

Words that almost and anti-commute

4.1 Introduction

Lyndon and Schiitzenberger [73] characterized all words z, y that commute. Alternatively,
they characterized all words u that have a non-trivial conjugate v such that ham(u,v) = 0.

Theorem 30 (Lyndon-Schiitzenberger [73]). Let u be a non-empty word. Then u = xy
has a non-trivial conjugate v = yx such that ham(xy,yx) = 0 if and only if there exists a
word z, and integers i,j > 1 such that v = 2, y = 27, and u = v = 2",

Later, Fine and Wilf [39] showed that one can achieve the forward implication of The-
orem 30 with a weaker hypothesis. Namely, that xy and yx need not be equal, but only
agree on the first |z| + |y| — ged(|z|, |y|) terms.

Theorem 31 (Fine-Wilf [39]). Let x and y be non-empty words. If xy and yx agree on
a prefic of length at least |z| + |y| — ged(|x|, |y|), then there exists a word z, and integers
i,7>1 such that v = 2*, y = 27, and vy = yxr = 2.

Fine and Wilf also showed that the bound of |z| + |y| — ged(|z], |y|) is optimal, in the
sense that if zy and yz agree only on the first |z| + |y| — ged(|z|, |y|) — 1 terms, then zy
need not equal yx. They demonstrated this by constructing words x, y of any length such
that zy and yz agree on the first |x| + |y| — ged(|z], |y|) — 1 terms and differ at position
|z + |y| — ged(|z| + |y|). We call pairs of words z, y of this form Fine- Wilf pairs.

These words have been shown to have a close relationship with the well-known finite
Sturmian words [32].
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Example 32. We give some examples of words that display the optimality of the Fine-Wilf
result.

Let « = 000000010000 and y = 00000001. Then |z| = 12, |y| = 8, and ged(|z|, |y|) = 4.

zy = 00000001000000000001
yx = 00000001000000010000

Let x = 010100101010 and y = 0101001. Then |z| = 12, |y| = 7, and ged(|z|, |y|) = 1.

xy = 0101001010100101001
yx = 0101001010100101010

One remarkable property of these words is that they “almost” commute, in the sense
that zy and yx agree for as long a prefix as possible and differ in as few positions as
possible. See Lemma 34 for a proof of this property.

One might naively think that the smallest possible Hamming distance between xy and
yx after 0 is 1, but this is incorrect. It turns out that ham(xy,yx) # 1 for any words x
and y; see Lemma 33. Thus, after 0, the smallest possible Hamming distance between xy
and yx is 2. If ham(zy, yx) = 2, then we say x and y almost commute.

Lemma 33 (Shallit [92]). Let x and y be words. Then ham(zy,yzx) # 1.

As we saw in Section 2.3, the concept of words almost commuting is very similar to the
2-error border introduced by Klavzar and Shpectorov [65].

In this chapter, we characterize and count all pairs of words z, y that almost commute.
We also characterize and count all pairs of words x, y such that ham(xy, yx) = |zy| (i.e.,
x and y anti-commute).

Let n and ¢ be integers such that n > ¢ > 1. Let H,,(n) denote the set of length-n
words u over Y that have a conjugate v such that ham(u,v) = m. Let h,(n) = |H(n)|.

Let H,,(n,i) denote the set of length-n words u over ¥ such that ham(u, o%(u)) = m. Let
hm(n,i) = |Hy(n, 1))

The rest of the chapter is structured as follows. In Section 4.2 we prove that Fine-
Wilf pairs almost commute. In Section 4.3 we characterize the words in Hs(n,i) and
present a formula to calculate he(n,i); see Lemma 35 and Lemma 36. In Section 4.4 we
characterize the words in H,,(n, i) and present a formula to calculate h,(n,i); see Lemma 38
and Corollary 39. In Section 4.5 we prove some properties of H,,(n,i) and H,,(n) that we
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make use of in later sections. In Section 4.6 we present a formula to calculate ha(n); see
Theorem 49. In Section 4.7 we count the number of length-n words u with ezactly one
conjugate such that ham(u,v) = 2. In Section 4.8 we count the number of Lyndon words
in H,,(n). Finally, in Section 4.9 we show that hy(n) grows erratically.!

4.2 Fine-Wilf pairs almost commute

In this section we prove that Fine-Wilf pairs almost commute. This result appears without
proof in [93]. This result is also basically a special case of Theorem 2.3.5 in [J1].

Lemma 34. Let x and y be non-empty words. Suppose xy and yx agree on a prefiz of
length |x| + |y| — ged(|x|, |y|) — 1 but disagree at position |x| + |y| — ged(|z|, |y|). Then
ham(zy, yx) = 2.

Proof. The proof is by induction on |z|+|y|. Suppose zy and yx agree on a prefix of length
|z| + |y| — ged(|z], |y|) — 1 but disagree at position |z|+ |y| — ged(|z], |y|). Without loss of
generality, let |z| < |y|.

First, we take care of the case when || = |y|, which also takes care of the base case
|z| + |y| = 2. Since |z| = |y|, we have that ged(|x|,|y|) = |z| = |y|. Therefore, z and y
share a prefix of length |x| + |y| — ged(|z], |[y|) — 1 = |z| — 1 but disagree at position |z|.
This implies that ham(x,y) = 1. Thus ham(xy, yx) = 2ham(z,y) = 2.

Suppose [z < |y|. Then ged(|z|, |y) < [z[. So [z] + |y| — ged(|z [y|) =1 = |y| — 1.
Thus zy and yr must share a prefix of length > |y| — 1. However, since |z| < |y|, we have
that x must then be a proper prefix of y. So write y = xt for some non-empty word ¢.
Then ham(zy, yr) = ham(xxt, xtx) = ham(xt, tx). Since xt, tx are suffixes of zy, yr we
have that xt and tz agree on the first |y| — ged(|z|, |y|) — 1 terms and disagree at position
1yl — ged(jz], |y]). Clearly ged(|z], Jy]) = ged(|al,[s#]) = ged(|al|z| + ) = ged(lz], |£),
and |y| — ged(|z|,|y|) = |z| + |¢t| — ged(|z],|t|]). Therefore xt and tx share a prefix of
length |z| + |t| — ged(|x], |¢|) — 1 and differ at position |z|+ [t| — ged(|z], [t]). By induction
ham(zt,tx) = 2, and thus ham(zy, yz) = 2. O

!This chapter is taken almost verbatim from the author’s article [14].
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4.3 Almost-commuting words

In this section we characterize the words in Hy(n, ) and use this characterization to provide
an explicit formula for hy(n, 7).

Lemma 35. Let n, i be positive integers such that n > i. Let g = ged(n,i). Let w be a
length-n word. Let w = xox1 - - Tp/g—1 where |x;| = g for all j, 0 < j < n/g—1. Then
w € Hy(n,i) iff there exist two distinct integers ji, jo, 0 < j1 < jo < n/g— 1 such that
ham(zj,,25,) =1 and x; = T(j4i/q) mod n/g fOr all § # j1,J2, 0 < j <n/g—1.

Proof. We write w = 2oz - - - ¥n/9—1 Where |z;| = g for all j, 0 < j < n/g—1. Since g
divides 7, we have that o'(w) = x;/¢ - - Tn/g—1%0 * * - Ti/g—1-

=>: Suppose w € Hy(n,i). Then

ham (w, ai(w)) = ham(zo®1 - Tn/g—1, Tijg " Tnjg-1%0 " * Ti/g—1)
n/g—1

= Z ham(l’j,x(]‘—ki/g) modn/g)
=0

=2
In order for the Hamming distance between w and o’(w) to be 2, we must have that either

o ham(x;, T(j4i/g) mod n/g) = 2 for exactly one 5, 0 < j <n/g—1; or

. ham(gcjl?x(j1+i/g.) mod 'n/g) = 1 and ham(zj,, T(j,+i/g) mod n/g) = 1 for two distinct inte-
gers ji, j2, 0 < j1 < jo <n/g—1.

Suppose ham(x;, Z(j4i/g) mod n/g) = 2 for some j, 0 < j <n/g — 1. Then it follows that
Tp = T(pti/g) modn/g fOr all p # 7,0 < p < nf/g—1. Since g = ged(n, i), we have that

n/g ;= n/g. Therefore,

ged(n/g,i/g) = 1. The additive order of i/g modulo n/g is I CYIXID]

we have that
L(j+i/g) mod n/g = L(j+2i/g) modn/g = " = L(j+(n/g—1)i/g) modn/g = Lj

and ham(z;, Z(j+i/g) mod n/g) = 2, & contradiction.

Suppose ham(x;,, T(j, +i/g) mod n/g) = 1 and ham(zj,, 2(j,1i/g) mod n/g) = 1 for two distinct
integers ji,j2, 0 < j1 < jo < n/g — 1. Then it follows that ; = Z(j1i/g) mod n/g for all
J # J1,72, 0 < 7 < mn/g— 1. Since the additive order of i/g modulo n/g is n/g, we have
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that if we start at j; and successively add i/g and take the result modulo n/g, then we
will reach every integer between 0 and n/g — 1. Therefore, we will reach j, before we reach
J1 again. Thus, since 2; = % (j1i/g) mod n/g for all j # ji, j2, 0 < j <n/g — 1, we have that

L(ji+i/g) mod n/g = L(j1+2i/g) modn/g = " = Ljs-
But now we have ham(x;,, (j, 1i/g) mod n/g) = 1 and Z(j,1i/g) mod n/g = Tj», Which implies
ham(zj,,z;,) = 1.

<—: Suppose there exist two distinct integers ji, j2, 0 < j; < jo < n/g — 1 such that
ham(z;,,2;,) = 1 and &; = Z(j1i/¢) mod n/g for all j # 71,72, 0 < j < n/g — 1. Since the
additive order of i/g modulo n/g is n/g, we have that if we start at j; and successively
add i/g modulo n/g, then we will reach every integer between 0 and n/g — 1. But this
means that we will reach j5 before we get to j; again. Thus, we have that

L(ji+i/g) mod n/g = L(j1+2i/g) modn/g = " = Lj,-
Similarly, if we start at j, and successively add i/g modulo n/g we will reach j; before
looping back to 7. So

L(ja+i/g) mod n/g = L(ja+2i/g) modn/g = " = Lji-

Therefore, we have that w € Hs(n, 1) since

ham(w, o' (w)) = ham (21 - Tpjg—1, Tisg *** Tnjg—1T0 "+ Tijg—1)
n/g—1

= Z ham(xj, L(j+i/g) mod n/g)

=0

= ham(z;;, Z(jy 1i/g) mod n/g) + (L5, Z(jp1i/g) mod n/g)
= ham(z;,, ¥j,) + ham(z,, ;)

—2.

Lemma 36. Let n, v, and k be integers such that k > 2 andn > 1> 1. Then

1 , n
ho(n,i) = =k (k — Dn[ ——— — 1.
2(”72) 2 ( >n(gcd(n,z) )
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Proof. Let w be a length-n word. Let g = ged(n,i). We split up w into length-g blocks.
We write w = g1 - - - £,,)4—1 Where |z;| = g for all j, 0 <j <n/g—1. Lemma 35 gives a
complete characterization of H(n,). Namely, the word w is in H(n, ) if and only if there
exist two distinct integers ji,j2, 0 < ji < j2 < n/g — 1 such that ham(z;,z;,) = 1 and
Tj = T(j1i/g) mod n/g fOT all § # j1,j2, 0 < 7 <n/g—1. Given ji, jo, xj,, and w;,, all x; for
J # j1,J2, 0 < j<n/g—1are already determined.

There are
n/g—1jo—1 1n/n
DHIRECS
J2=1 j1=0 g\9
choices for j; and j;. There are k9 options for z;,. Considering that z; and zj, differ

in exactly one position, there are g(k — 1) choices for z;, given z;,. Putting everything
together we have that

choices for j; and ja ) i
choices for x;, choices for z;, given xj,

ho(n, i) = -—(——1) G TR

1 )
— _feednd(f — 1)n<

n
2 ged(n, 1) '

Corollary 37. Let m,n > 1 and k > 2 be integers. Then there are exactly

1 n+m
— _pged(ntmm) (. _ _
ho(n +m,m) 2k (k 1)(n+m)(gcd(n—|—m,m) 1).

pairs of words (x,y) of length (m,n) such that ham(zy,yx) = 2.

4.4 Anti-commuting words

We say that the words x and y anti-commute if xy and yx differ maximally, i.e., ham(zy, yz) =
|zy|. Let w be a length-n word. Then w is in H,(n, ) iff we can write w = uv where |u| = i
and ham(uv,vu) = n = |wv| iff v and v anti-commute. Thus there are h,,,(n + m,m)
anti-commuting pairs of words (u,v) of length (m,n). In this section we characterize and
count H,(n,1), giving a formula for the number of anti-commuting pairs of words.

First we introduce some definitions. A graph G is an ordered pair (V| F) consisting of
V', a set of vertices (or nodes), and E C {{u,v} : u,v € V}, a set of unordered pairs of
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vertices, called edges. We say that two vertices u,v € V are adjacent if {u,v} € E. The
graph G = (V, E) is said to be a length-n cycle graph if |V| = n and E = {{v;, V(i41) mod n } :
0<i<n—1}whereV ={v;:0<1i<n—1}. A k-colouring of a graph G is an assignment
of integers {0,1,...,k — 1}, or colours, to the vertices of G such that all adjacent vertices
have distinct colours.

Let w = wowy - - -wy,_1 be a length-n word over Y. Let ¢ be a positive integer such
that i« < n. Let f(w,?) denote the graph (V, E) where V = {w; : 0 < j < n — 1} and
E= {{wj>w(j+i) modn} 0<j<n-— 1}'

Lemma 38. Let w = wowy - - - wy,_1 be a length-n word over X.. Let i be a positive integer
with i < n. Let g = ged(n,i). Then w € H,(n,i) if and only if f(w,i) is composed of g
disjoint length-(n/g) k-coloured cycle graphs.

Proof. =>: Suppose w € H,(n,i). Then

ham(w, o' (w)) = ham(wow; - - - Wy_1, W; - - Wp_1W - - - Wi_1)

In order for the Hamming distance between w and o'(w) to be n, we must have that
ham(w;, W(j4i) modn) = 1 for all j, 0 < j < n — 1. But from the definition of the edge
set of f(w,7) this implies that all adjacent vertices in f(w,i) are labelled with distinct
colours. The additive order of ¢ modulo n is n/g, which implies that each separate vertex
Wo, Wy, - .., Wy—1 is on a separate disjoint length-(n/g) cycle. Thus f(w,i) is composed of
g disjoint length-(n/g) k-coloured cycle graphs.
<= By definition, the vertices w; and w;+4) mod » are adjacent in f(w,%). Since f(w,1)

is k-coloured, we have that adjacent vertices labelled with distinct colours. Thus

n—1

ham(w, o*(w)) = Z ham (w;, Wj4i) mod n) = 7.
=0

]

Let C(n, k) be the number of valid k-colourings of a length-n cycle graph. It is well
known and easy to prove that C(1,k) =0, C(2,k) = k(k — 1), and
C(n,k)=(k—2)C(n—1,k)+ (k—1)C(n —2,k)
=k-D"+(=D)"(k-1)
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for n > 3.
Corollary 39. Let k> 2 and n > i > 1 be integers. Let g = ged(n,i). Then
B, i) = C(n/g. k)’.

Corollary 40. Let k > 2 and m,n > 1 be integers. Let g = ged(n + m,m). Then there
are exactly
hnym(n +m,m) = C((n+m)/g, k)’

pairs of words (x,y) of length (m,n) such that ham(xy, yx) = |xy|.

4.5 Some useful properties

In this section we prove some properties of H,,(n,i) and Hs(n) that we use in later sections.

Lemma 41. Let u be a length-n word. Let i be an integer with 0 < i < n. Ifu € H,,(n,1)
then u € Hp,(n,n —1).

Proof. Suppose i < n/2. Then we can write u = xtz for some words ¢, z where || = |z| =i
and [t| = n — 2i. We have that ham(xtz, tzz) = ham(zt,tz) + ham(z,2z) = m. Consider
the word zxt. Clearly v = zxt is a conjugate of u = wxtz such that ham(xtz, zzt) =
ham(z, z) + ham(tz, xt) = m where u = (xt)z and v = z(zt) with |xt| = n — i. Therefore
u € Hp(n,n —1).

Suppose i > n/2. Then we can write u = zty for some words t, z where |z| = |y| = n—i
and |t| = 2i — n. We have that ham(zty, yzt) = ham(z,y) + ham(ty, zt) = m. Consider
the word tyz. Clearly v = tyz is a conjugate of u = zty such that ham(zty, tyz) =
ham(zt, ty) + ham(y, z) = m where v = z(ty) and v = (ty)z with |z| = n — . Therefore
u € Hp(n,n —1). O

Lemma 42. Let u be a length-n word. Ifu € Hy(n), then ham(u,v) > 0 for any non-trivial
conjugate v of u.

Proof. We prove the contrapositive of the lemma statement. Namely, we prove that if
there exists a non-trivial conjugate v of u such that ham(u,v) = 0 then u & Hy(n).

Suppose u = xy and v = yx for some non-empty words z, y. Then by Theorem 30
we have that there exists a word z, and an integer i > 2 such that v = v = 2*. Let w
be a conjugate of u. Then w = (ts)" where z = st. So ham(u,w) = ham((st)’, (ts)’) =
iham(st,ts). If st = ts, then ham(u, w) = 0. If st # ts, then ham(st,ts) > 2 (Lemma 33).
Since ham(st,ts) > 2 and ¢ > 2, we have ham(u,w) > 4. Thus u & Hy(n). O
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Corollary 43. Let u be a length-n word. If u is a power, then u & Hy(n).
Corollary 44. All words in Hy(n) are primitive.

Lemma 45. Let u be a length-n word. Let i be an integer with 0 < i <n. Ifu € H(n,1),
then any conjugate of u is also in H(n,1).

Proof. Suppose v € H(n,i). Then ham(u,o’(u)) = 2. If we shift both v and ¢*(u) by
the same amount, then the symbols that are being compared to each other do not change.
Thus ham(o?(u), 0™ (u)) = 2 for all j > 0. So any conjugate o7 (u) of u must also be in
H(n,i). O

4.6 Counting almost-commuting words

Lemma 41 shows that H,,(n,i) = H,(n,n — i), which in turn implies that h,(n) <
ZZLZ{QJ hm(n,i). To make this inequality an equality we need to be able to account for
those words that are double-counted in the sum Z}Z{QJ hm(n,i). In this section we resolve
this problem for the case when m = 2 and give an exact formula for hy(n). More specifically,
we show that all words w that are in both Hy(n,i) and Hy(n, j), for i # j, must exhibit a
certain regular structure that we can explicitly describe. Then we use this structure result,
in addition to the results from Section 4.3 and Section 4.5, to give an exact formula for
ha(n). See A179674 in the On-Line Encyclopedia of Integer Sequences (OEIS) [95] for the
sequence (ha(n))n>o-

Lemma 46. Let n,i,j be positive integers such that n > 2i > 2j. Let g = ged(n,i,7). Let
w be a length-n word. Then w € Hy(n,i) and w € Ha(n,j) if and only if there exists a
word u of length g, a word v of length g with ham(u,v) = 1, and a non-negative integer
p < n/g such that w = uPvu™/9-P~1,

Proof.

= The proof is by induction on |w| = n. Suppose w € Hy(n,i) and w € Hy(n, j). First,
we take care of the case when n = 2i, which also includes the base case n = 4,1 =2, j = 1.
Write w = zyz'y’ where |zy| = |2'y'| =i =n/2 and |z| = |2/| = j. Since w € Hy(n, i), we
have that ham(zyx'y’, 2'y’xy) = 2. This implies that ham(zy, 2'y’) = 1. Furthermore, if
ham(zy, 2'y’) = 1 then either ham(z,2’) = 1 or ham(y,y’) = 1.

Suppose ham(z,z’) = 1. Theny = ¢/. Since w € Hy(n, j), we have ham(xyz'y, yx'yx) =
ham(zy, y2') + ham(2'y, yx) = 2. Suppose ham(zy,yz') = 0 or ham(a'y, yx) = 0. Both
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cases imply that ham(zy,yxr) = 1, which contradicts Lemma 33. Thus, we must have
ham(zy, y2') = ham(z'y, yz) = 1. But this implies that

e ham(zy,yz) = 0 and ham(z2'y, ya') = 2, or

e ham(zy,yz) = 2 and ham(2'y, yz') = 0.

Without loss of generality, suppose ham(zy, yz) = 0. By Theorem 30, there exists a word
s, and integers [,m > 1 such that z = s’ and y = s™. Clearly |s| divides ged(n/2,j) =
ged(n,n/2,5) = ged(n, i, j) = g since it divides both || = j and |xy| = i = n/2. Therefore,
there exists a length-¢g word u such that & = /9 and y = w79, Since x and 2’ differ
in exactly one position, and = = u//9, there exists a length-g word v with ham(u,v) = 1,
and a non-negative integer p’ < j/g such that 2’ = u”vu?/97P'~'. Letting p = p/ +i/g =
P+ (n/2)/g, we have w = wyz'y = u"/9uP vu/977 "1y =019 = yPyqn/97P~1,

Suppose ham(y,y’) = 1. Then x = 2’. Since w € Hy(n, j), we have ham(zyzy/, yxy'z) =
ham(zy, yz) + ham(zy’,y'x) = 2. By Lemma 33, we have that ham(zy,yz) # 1 and
ham(zy’,y'z) # 1. So either ham(zy, yx) = 0 or ham(zy’, y'x) = 0. Without loss of gener-
ality, suppose ham(zy, yz) = 0. As in the previous case when ham(z,2’) = 1, there exists
a length-¢g word u such that z = v//9 and y = u(*~7)/9. Since y and y’ differ in exactly one
position, there exists a length-g word v with ham(u,v) = 1, and a non-negative integer
P < (i—j)/g such that y = w”'vul=2/977"1 Letting p = p'+ (i+4) /g = p'+ (n/2+) /9,
we have w = xyxy = w93 9P D9V L = /9P

Now, we take care of the case when n > 2i. Write w = zyx'y'z for words z,y, 2", v/, 2
where |zy| = |2'y/| = i, and |z| = |2/| = j. Since w € Hy(n,i), we have that w and o*(w)
differ in exactly two positions j; < js. But n > 2¢ implies that either

® jo—Jj1>1,0r

e jo—ji1<diand n— (j2—Jj1) > 2 — (2 —j1) > i.
In either case we have that there is a length-¢ contiguous block, possibly occurring in
the wraparound, where w and ¢'(w) match. This translates to there being a length-2i
block in w of the form t¢ where |¢t| = i. Additionally, we have that o™ (w) € H(n,i) and

o"™(w) € Ha(n,j) for all m > 0 by Lemma 45. Therefore, we can assume without loss of
generality that w begins with this length-2i block (i.e., ham(zy, 2'y") = 0).

Suppose ham(xy,z'y’) = 0. Then ham(zyzryz, ryzey) = ham(zyxryz, yryze) = 2.
Clearly ham(zyzyz, xyzry) = ham(zyz, zzy) = 2, so vyz € Hy(n —i,1). Now, either zy =
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yx or xy # yx. If xy = yx, then we clearly have ham(xyxyz, yryzx) = ham(zyz, yzz) = 2.
Therefore, we have xyz € Hy(n —1i,j). Let g = ged(n — 4,4, j). We have that g = ged(n —
i,i,j) = ged(ged(n — 4,4),5) = ged(ged(n, i), j) = ged(n,i,5). If n—¢ > 2i > 2j, then
we can apply induction to zyz directly. By Lemma 41, we have that if zyz € Ha(n — i,1)
and zyz € Hy(n —1,j), then zyz € Ho(n —i,n — 2i) and zyz € Hy(n —i,n —i —j). If
n—i<2iand n—i > 2j, then n—1i > 2(n—2i) and ged(n —i,n— 24, j) = ged(n,i,j) = g.
However, in this case we can have 7 = n— 2¢, which we have to take care of separately since
it does not satisfy the inductive hypothesis. If n — i < 2j < 2i, then n — i > 2(n — i — j),
n—1>2(n—2i), and ged(n —i,n —2i,n —i — j) = ged(n,i,j) = g.

Suppose 7 # n — 2i. By induction there exists a word u of length g, a word v of
length ¢ with ham(u,v) = 1, and a non-negative integer p’ < (n — i)/g such that zyz =
wP ou=D/97P'=1 " Since xy = yr and g | ged(i,j), it is clear that zy = w”/9. Then
w = wyryz = uP THIpuD/97P' =1 Letting p = p’ +i/g, we have w = uPvu™/9P~,

Suppose j = n—2i. Then w = xyxyz where |z| = |x| = n—2i. Since w € Hy(n,n—2i),
we have ham(zyryz, yryzr) = ham(zy, yz) + ham(zy, yz) + ham(z, x) = 2. But zy = yx
by assumption. Thus ham(zy, yz)+ham(z,z) = 2, which is only true when ham(z, z) = 1.
By Theorem 30, there exists a word s, and integers [, m > 1 such that z = s' and y = s™.
Since |s| divides both |z| = j = n — 2i and |zy| = i, we have |s| divides ged(i,j) =
ged(i,n — 2i) = ged(n, i,n — 2i) = ged(n, i, 7) = g. Therefore, there exists a length-g word
u such that = 4//9 and y = u"=9/9. We also have ham(z,z) = 1, which implies that there
exists a length-g word v with ham(u,v) = 1, and a non-negative integer p’ < j/g such that
z = uPvu/9P' 71 Letting p = p' + 2i/g, we have w = xyryz = u?/9u? vu=20/9-7'-1 =
uPou™9—pr—1,

If zy # yx, then we must have ham(zy, yzr) = 2. But since ham(zyzryz, yryzz) = 2,
we must have ham(xyz, yzz) = 0. This means that zyz is a power, but we have already
demonstrated that zyz € Hy(n —4,4). By Corollary 43, this is a contradiction.

<=: Let g = gcd(n, i,7). Suppose we can write w = uPvu™9P~! where |u| = |v| = g, and
ham(u,v) = 1. Since g | ¢, we can write
ham(w, o' (w)) = ham(uPvu™ 9P~ 4P~/ 9yy"/97/97P=1) = 2 ham(u, v) = 2
if p<i/g, and
ham(w, o' (w)) = ham(uPvu™97P~L ™9~ FPyyP~=1) = 2 ham(u, v) = 2

if p>i/g. Since g divides j as well, a similar argument works to show ham(w, o7 (w)) = 2
as well. Therefore, w € Hy(n,i) and w € Ha(n, j). ]
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Lemma 46 shows that any word w that is in Hs(n,i) and Hs(n, j) for j <i < n/2is of
Hamming distance 1 away from a power. Therefore, to count the number of such words,
we need a formula for the number of powers. Recall from Section 2.2, the formulas for

pr(n) and ¥ (n).
Let Hj(n,i) denote the set of words w € Hs(n,7) that are also in Hy(n, j) for some
J <. Let hiy(n,i) = |H)(n,1)|.
Corollary 47. Let n,i be positive integers such that n > 2i. Then
() {n(kz ~Dpe@), il

n(k — 1)k otherwise.
Let HY(n,i) denote the set of words w € Hy(n, i) such that w ¢ Hsy(n, j) for all j <.
Let h(n, 1) = |HY(n,1)|
Lemma 48. Let n,i be positive integers such that n > i. Then

h!(n,i) = {%n(k - 1)(k5ng(n’i)(gcd7(ln,i) - 1) - 2Pk(i))» if i |n;

Ljeed(md)(f; — l)n(m - 3), otherwise.

Proof. Let w be a length-n word. The word w is in H}(n,i) precisely if it is in Hy(n, 1)
but not in any Hs(n,j) for j < i. So computing h3(n, i) reduces to computing the number
of length-n words that are in Hy(n,7) and Hs(n, j) for some j < ¢ (i.e., hiy(n,7)) and then
subtracting it from the number of words in Hy(n, i) (i.e., ha(n,i)). Therefore

In(k — 1) (keedd) (2 — 1) — 2pi(i)), ifi|n;
hy(n,4) = ha(n, i) — hy(n,i) = {3 (cd(n i) ! (gcs(n’l) ) = 2neli) | :
ke (k — 1)n(m -3), otherwise.
O
Theorem 49. Let n be an integer > 2. Then
[n/2]
ha(n) = ) hy(n,i).
i=1

Proof. Every word that is in Hs(n) must also be in Hy(n,7) for some integer i in the range
1 <i < n-—1. By Lemma 41 we have that every word that is in Hs(n,7) is also in
Hs(n,n —i). Therefore we only need to consider words in Hy(n, i) where i is an integer
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ln/2]

with i <n—i = i <n/2. Consider the quantity S = > ha(n, ). Since any member of
=1

Hs(n) must also be a member of Hy(n, i) for some i < |n/2], we have that hy(n) < S. But

any member of Hy(n, i) may also be a member of Hy(n, j) for some j < i. These words are
accounted for multiple times in the sum S. To avoid double-counting we must count the
number of words w that are in Hy(n, ) but not in Hs(n, j) for any j < i. This quantity is

exactly hi(n,i). Therefore
[n/2]

ha(n) =Y hi(n,i).

=1

4.7 Exactly one conjugate

So far we have been interested in length-n words u that have at least one conjugate of
Hamming distance 2 away from u. But what about length-n words u that have exactly one
conjugate of Hamming distance 2 away from u? In this section we provide a formula for the
number h%'(n) of length-n words u with exactly one conjugate v such that ham(u,v) = 2.
See A179677 in the OEIS [95] for the sequence (hy'(n)),>o0-

Let n and i be positive integers such that n > i. Let H)'(n) denote the set of length-n
words u over ¥, that have exactly one conjugate v with ham(u,v) = 2. Let hj'(n) =
|HY'(n)|. Let HY(n,i) denote the set of length-n words w such that w is in Hy(n,4) but is
not in Hs(n, j) for any j # i. Let hlj(n,i) = |HY(n,1)|.

Suppose w € H}'(n,i). Then by definition we have that w € Hs(n, i) and w & Hy(n, j)
for any j # i. But by Lemma 41 we have that if w is in Hs(n,?) then it must also be in
Hy(n,n—1). Soif i # n—i, then w has at least two distinct conjugates of Hamming distance
2 away from it, namely ¢‘(w) and ¢ *(w). Therefore we have i = n —i. This implies that
n must be even, so H)'(2m+ 1) = {} for all m > 1. Since i =n—i = i =n/2, we have
that w € Hy(n,n/2). However w cannot be in Hy(n, j) for any j # n/2. Since any word in
Hs(n, j) is also in Hy(n,n — j), the condition of w € Hy(n, j) for any j # n/2 is equivalent
to w & Ha(n,j) for any j with 1 < j < n/2. But this is just the definition of HY(n,n/2).
From this we get the following theorem.

Theorem 50. Let n > 1 be an integer. Then

hmm_{%@—n@m—mmwm,#nwwm;
" (n) =

0, otherwise.
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4.8 Lyndon conjugates

A Lyndon word is a word that is lexicographically smaller than any of its non-trivial
conjugates. In this section we count the number of Lyndon words in Hy(n). See A226893
in the OEIS [95] for this sequence.

ha(n)

Theorem 51. There are == Lyndon words in Ha(n).

Proof. Corollary 44 says that all members of Hy(n) are primitive and Lemma 45 says that
if a word is in Hy(n), then any conjugate of it is also in H(n). It is easy to verify that
every primitive word has exactly one Lyndon conjugate. Therefore exactly hQT(")
Hj(n) are Lyndon words. O

words in

4.9 Asymptotic behaviour of almost-commuting words

In this section we show that hy(n) grows erratically. We do this by demonstrating that
h(n) is a cubic polynomial for prime n, and that hy(n) is bounded below by an exponential
for even n.

Lemma 52. Let n be a prime number. Then

ha(n) = %k(k —n(n? —4n+7).

Proof. Let n > 1 be a prime number. Since n is prime, we have that ged(n,i) = 1 for all
integers ¢ with 1 <7 < n. Then

(n—1)/2
i=1
1 (n=1)/2 | i N

= —k(k—-1 —1 —fgedm)(f — Dn| ——x —
Sh(k—Dn(n—1) + > : (k >n(gcd(n,i) 3)

1=2

= Shk = Dnln 1) + (” - 3) Sk~ n(n —3)

1
= Zk<k —Dn(n® —4n + 7).
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Lemma 53. Let n > 1 be an integer. Then ho(2n) > nk™.

Proof. Since any word in Hs(2n,n) must also be in Hy(2n), we have that he(2n) >
ha(2n,n). From Lemma 36 we see that

1 2
ho(2n,n) = Ekgcd@”’“)(k — 1)2n( " 7 1) = k"(k — 1)n.

ged(2n, n

Since k > 2, we have that k — 1 > 1. Therefore hy(2n) > k™(k — 1)n > nk™ for all
n> 1. [
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Chapter 5

Words with exactly one border

5.1 Introduction

Earlier in Section 2.3, words with a unique border were mentioned as words where the
shortest period and the length of the shortest border are equal. Harju and Nowotka [58]
counted the number By (n) of length-n words with a unique border, and By(n, t) of length-n
words over a k-letter alphabet with a fixed length-t unique border; see Theorem 54.

Theorem 54 (Harju and Nowotka [58]). Let n, t, and k be integers such that k > 2 and
n>2t>2. Then

By(n,t) = w (k"™ = Wi(n — 2t,t) — E(n — 2t,t))

where
E"=25 —wup_og, ifr > 28;
Wi(r,s) =<1, if r = 2s;
0, otherwise.
and
Er=9)2  ifs <r <3sandr—s is even;
Eg(r,s) =<1, if r=s;
0, otherwise.

Through personal communication with the authors, a small error in one of the proofs
leading up to Theorem 54 was discovered. In this chapter we present the correct recurrence
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for the number of length-n words with a unique border. We also show that the probability
a length-n word has a unique border tends to a constant. See A334600 in the On-Line
Encyclopedia of Integer Sequences (OEIS) [95] for the sequence (Ba(n)),>o-

5.2 Counting words with unique borders

To solve the first problem, we use similar ideas to the ideas used to enumerate bordered
words and mutually bordered pairs of words. Since the shortest border of a word is unbor-
dered, one has that the unique border of a word must be unbordered. It is also true that
the shortest border of a word cannot exceed half the length of the word. By combining
these ideas we get Theorem 55 and Theorem 56.

Theorem 55. Letn >t > 1 be integers. Then the number of length-n words with a unique
length-t border is

0, if n < 2t;
Bi(n,t) = { ukn2 — S B (6, ) k2 if n>2t and n+t odd;
uk™ % — Br((n +1)/2,t) — Zﬁgj Br(i, t)k"™2 ifn > 2t and n +t even.
Proof. Let w be a length-n word with a unique length-t border u. Since w is the unique
border of w, it is unbordered. Thus we can write w = uvu for some (possibly empty) word
v. If n < 2t then By(n,t) = 0 since u is unbordered and thus cannot overlap itself in w.

Suppose n > 2t. Let By(n,t) denote the number of length-n words that have a length-t
unbordered border and have a border of length > t. Clearly Bi(n,t) = uk" % — By(n,t).
Suppose w as another border u’ of length > t. Furthermore suppose that there is no other
border u” with |u| < |u”| < |u/|. Then w is the largest border of «'. Since u is the shortest
border, we have |u| < n/2. But we could possibly have |u'| > n/2. The only possible way
for |u/| to exceed n/2 is if w = uv'uv'u for some (possibly empty) word v. But this is only
possible if n 4+t is even, otherwise we cannot place u in the centre of w. When n+1¢ is odd,
we can compute By(n,t) by summing over all possibilities for v/ (i.e., 2t < |[u/| < [n/2])
and the middle part of w (i.e., v where w = v/v"v’). This translates to

[n/2]
Bi(n,t) = > By(i,t)k" .

=2t
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When n + t is even, we compute By(n,t) the same, except we also include the case where
|u/| = (n +t)/2. This translates to

[n/2]
Bi(n,t) = B((n+1)/2,t) + > Bi(i,t)k" >
=2t

]

Theorem 56. Let n > 2 be an integer. Then the number of length-n words with a unique

border is
[n/2]

Bi(n) = Y Bi(n,t).

5.3 Limiting values

In this section we show that the probability that a random word of length n has a unique
border tends to a constant. Table 5.1 shows the behaviour of this probability as k increases.

The probability that a random word of length n has a unique border corresponds to
the sum

Lemma 57. Let k> 2 and n > 2t > 2 be integers. Then

kro Tkt
Proof. Let w be a length-n word. Suppose w has a unique border of length ¢. Since

t <n/2, we can write w = uvu for some words u and v where |u| = ¢. But this means that
Bi(n,t) < k™' and the lemma follows. O

Theorem 58. Let k > 2 be an integer. Then the limit P, = lim P, ; exists.

n—o0

Proof. Follows from the definition of P, ;, Lemma 57, and the direct comparison test for
convergence. O
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~ Pk
0.5155
0.3910
0.2922
0.2302
0.1890
0.1599
0.1384
0.1219
0.1089

© 00 J O O i W N &

L=
e}

100 | 0.0101

Table 5.1: Probability that a word has a unique border.
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Chapter 6

Block palindromes

6.1 Introduction

A palindrome is a word that reads the same forwards as it does backwards. More formally,
letting wf = w,w,_1 ---w; where w = wyws -+ - w,, a palindrome is a word w such that
w = w’. The definition of a palindrome is quite restrictive. The second half of a palindrome
is fully determined by the first half. Thus, compared to all length-n words, the number
of length-n palindromes is vanishingly small. But many words exhibit palindrome-like
structure. Take the English word marjoram. It is clearly not a palindrome but it comes
close. Replacing the block jo with a single letter turns the word into a palindrome. In
this chapter we consider a generalization of palindromes that incorporates this kind of
palindromic structure.

In the 2015 British Olympiad [!], the concept of a block palindrome was first in-
troduced. Let w be a non-empty word. A block palindrome of w is a factorization
W = W_p, -~ W_Wow1 - - - Wy, of a word such that wy is a possibly empty word, and ev-
ery other factor w_; = w; is non-empty for all ¢ with 1 < i < m. We say that a block
palindrome w_,, - - - w_jwowy - - - wy, is of width t where t = 2m + 1 if wy is non-empty
and t = 2m otherwise. In other words, the width of a block palindrome is the number

of blocks in the factorization. The largest block palindrome® [19] of a word w is a block
palindrome w = w_,, - - - w_qjwowy - - - w,, where m is maximized (i.e., where the width of
the block palindrome is maximized). See [71] for more on the topic of block palindromes

Largest block palindromes also appear in https://www.reddit.com/r/math/comments/ga2iyo/i_
just_def ined_the_palindromity_function_on/.
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and block reversal. Kolpakov and Kucherov [70] studied a special case of block palin-
dromes, the gapped palindrome. If wqy is non-empty and |w_;| = |w;| = 1 for all ¢ with
1 <i < m, then w is said to be a gapped palindrome. Régnier [¢1] studied something simi-
lar to the block palindromes, but in her paper she was concerned with borders of borders,
and not iteratively “peeling” off borders. See [11, 83] for results on factoring words into
palindromes.

Example 59. We use the centre dot - to denote the separation between blocks in the block
palindrome of a word.

Consider the word abracadabra. It has the following block palindromes:

abracadabra,
abra - cad - abra,
a-br-a-cad-a-br-a.

The last block palindrome is of width 7 and has the longest width; thus it is the largest
block palindrome of abracadabra.

Consider the word reappear. It has the following block palindromes:

reappear,
T - eappea-r,

r-ea-pp-ea-r,

r-ea-p-p-ea-r.

The last block palindrome is of width 6 and has the longest width; thus it is the largest
block palindrome of reappear.

Let w be a length-n word. Suppose w_,, - - - w_jwowy - - - w,, is the largest block palin-
drome of w. Goto et al. [19] showed that w; is the shortest border of w_; - - - w_jwowy - - - w;.
This means that we can compute the the largest blocked palindrome of w by greedily “peel-
ing off” the shortest borders of central factors.

Let LBP(n, t) denote the number of length-n words with a width-¢ largest block palin-
drome.

The rest of the chapter is structured as follows. In Section 6.2 we give a recurrence
for LBPy(n,t); see Theorem 60. In Section 6.3 we show that the expected width of the
largest block palindrome of a length-n word tends to a constant; see Theorem 62. Finally,
in Section 6.4 we consider smallest block palindromes in the sense that one “peels off” the
largest non-overlapping border.
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6.2 Counting largest block palindromes

In this section we prove a recurrence for LBPy(n,t). See Table 6.1 for sample values of
LBPy(n,t) for small n, t. Recall that u,, denotes the number of length-n unbordered words
over a k-letter alphabet. See Section 2.4 for a recurrence for wu,,.

Theorem 60. Let n,t > 0, and k > 2 be integers. Then

SO LBPy (0 — 26t — 2), ifn, t even;
LBP,(n.) = 4 21 uzi LBPy(n —2i,¢ = 1) if n even, t odd;
n, = )
’ ; if n odd, t even;
S LBPy(n—2i+1,t —1), ifn, t odd.
where

LBP,(0,0) = 0,
LBPx(2n,2) = u,,
LBP(n,1) = u,.

Proof. Let w be a length-n word. Suppose w has a width-t largest block palindrome
W_pp - - W_1WoW7 - - - Wy, Where t = 2m~+1 iff wy is non-empty and ¢t = 2m otherwise. Clearly
LBP,(0,0) = 0. We know that each block in a largest block palindrome is unbordered, since
it is a shortest border. This immediately implies LBPy(n, 1) = u,, and LBPy(2n,2) = u,,.

Now we take care of the other cases.

e Suppose n, t are even. Then by removing w; and w_; from w, we get w' =
W_yy * + = W_9W3 * * - Wy, Which is a length-(n — 2|w;|) word with a largest block palin-
drome of width ¢ — 2. This mapping is clearly reversible since all blocks in a largest
block palindrome are unbordered, including w;. Thus summing over all possible w;
and all length-(n — 2|w,|) words with a largest block palindrome of width ¢t — 2 we

have
(n—t)/2+1

LBPi(n,t) = Y u;LBPy(n —2i,t—2).
i=1
e Suppose n is even and ¢t is odd. Then by removing wy from w, we get w' =
Wy ** + W_1W1 - + - Wy, which is a length-(n — |wg|) word with a largest block palin-
drome of width t—1. This mapping is reversible for the same reason as in the previous
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case. The word w’ is of even length since |w'| = 2|wy - - - wy,|. Since n is even and
|w'| is even, we must have that |wy| is even as well. Thus summing over all possible
wo and all length-(n — |wg|) words with a largest block palindrome of width ¢ — 1 we

have
(n—t+1)/2

LBPy(n,t) = Y upLBPy(n —2i,t—1).

i=1

e Suppose n is odd and ¢ is even. Then the length of w is 2|w; - - - w,y,|, which is even,
a contradiction. Thus LBP(n,t) = 0.

e Suppose n, t are odd. Then by removing wq from w, we get w’ = w_,, - - - w_jw1 - = - Wy,
which is a length-(n — |wg|) word with a largest block palindrome of width ¢t — 1. This
mapping is reversible for the same reasons as in the previous cases. Since n is odd
and |w’| is even (proved in the previous case), we must have that |wg| is odd. Thus
summing over all possible wy and all length-(n — |wg|) words with a largest block

palindrome of width t — 1 we have

(n—t)/2+1

i=1

1 2 3 4 5 6 7 8 9 10

10 284 12 224 40 168 72 96 64 32 32
11 568 0 472 0 416 0 336 0 192 0
12 1116~ 20 856 88 656 176 448 224 224 160
13 2232 0 1752 0 1488 0 1248 0 896 0
14 4424 40 3328 176 2544 432 1856 640 1152 640
15 8848 0 6736 0 2440 0 4576 0 3584 0
16 17622 74 13100 372 9896 984 7408 1744 5088 2080
17 35244 0 26348 0 20536 0 16784 0 13664 0
18 70340 148 51936 760 38824 2248 29152 4416 21088 6240
19 | 140680 0 104168 0O 79168 0 62800 0 51008 0
20 | 281076 284 206744 1592 153344 4992 114688 10912 84704 17312

Table 6.1: Some values of LBPy(n,t) for n, t where 10 <n <20 and 1 < ¢ < 10.
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6.3 Expected width of largest block palindrome

In this section we show that the expected width of the largest block palindrome of a length-
n word is bounded by a constant. Table 6.2 shows the behaviour of this expected value as
k increases.

The expected width of the largest block palindrome of a length-n word corresponds to

1 . :
Enp = EZZ-LBPk(n, i).

i=1

Lemma 61. Let k> 2 andn >t > 1 be integers. Then

LBPy(n,t) _ 1
< .
kn — kt/2-1

Proof. Let w be a length-n word. Suppose w has a width-t largest block palindrome
W_gy *+ + W_1WoW1 - * + W,, Where t = 2m + 1 iff wq is non-empty and ¢ = 2m otherwise. The
blocks wy, ws, ..., w,, are all determined by w_i,w_»,...,w_,,. Since w; is non-empty for
every 1 <i < m, we have that LBP,(n,t) < k"™ < kn~t/2+1 So

LBP,(n,¢) _ 1
<
kn — kt/2-1

foralln >t >1. O

Theorem 62. The limit By, = lim E, ; exists for all k > 2.
n—o0

Proof. Follows from the definition of E, ;, Lemma 61, and the direct comparison test for
convergence. O
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k ~ Ek
2 |6.4686
3 | 2.5908
4 | 1.9080
5 | 1.6314
6 | 1.4827
7 | 1.3902
8 | 1.3272
9 | 1.2817
10 | 1.2472
100 | 1.0204

Table 6.2: Asymptotic expected length of a word’s largest block palindrome.

In [28], the authors prove that the expected length of the longest unbordered factor in
a word is ©(n). Taking this into account, it is not surprising that the expected length of
the largest block palindrome of a word tends to a constant.

6.4 Smallest block palindrome

A word w, seen as a block, clearly satisfies the definition of a block palindrome. Thus,
taken literally, the smallest block palindrome for all words is of width 1. But this is not very
interesting, so we adjust the definition of the smallest block palindrome. We say that the
smallest block palindrome of a word w is a block palindrome w = w_,, - - - w_jwowy -+ * - Wy,
where each w; is the largest non-overlapping border of w_; - - - w_jwowy - - - w,,, except wy,
which is either empty or unbordered. For example, going back to the example in the
introduction, the smallest block palindrome of abracadabra is abra - cad - abra and the
smallest block palindrome of reappear isr-ea-p-p-ea-r.

A natural question ask is: what is the maximum width fz(n) of the smallest block
palindrome of a word over ;7

e Jeffrey Shallit conjectured that fo(8n + i) = 6n + ¢ for ¢ with 0 < ¢ < 5 and
f2(8n +6) = fo(8n + 7) = 6n + 5. He also conjectured that fx(n) =n for k > 3.
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To calculate fx(n), two things are needed. One needs an upper bound for fi(n). One
also requires words that witness the upper bound. Jeffrey Shallit found the words that
witness the upper bound in the following theorems.

Theorem 63. Let n > 0 be an integer. Then fo(8n+i) = 6n+i for i with 0 <i <5 and
fa(8n+6) = fo(8n+T7) = 6n + 5.

Proof. We start by proving lower bounds on fs(n). Let m > 0 be an integer. Suppose
m = 8n. Then the width of the smallest block palindrome of

(0101)™(1001)"

is 6n. To see this, notice that the smallest block palindrome of 01011001 is of width 6.
Suppose m = 8n + i for some ¢ with 1 < i < 7. Then one can take (0101)"(1001)™ and
insert either 0, 00, 010, 0110, 01010, 010110, or 0110110 to the middle of the word to get
the desired length.

Now we prove upper bounds on fy(n). Let ¢ < n be a positive integer. Let w be a
length-n word. Suppose w has a width-¢ largest block palindrome w_,, - - - w_jwowy - - - Wy,
where t = 2m + 1 iff wy is non-empty and ¢ = 2m otherwise. One can readily verify fi(n)
through exhaustive search of all binary words of length < 8. Suppose m > 4,son >t > 8.
Then we can write w = W_,W_y 1 1W_p12 * * * Wip—2Wpy—1 Wy, Where [Wy, ol [Wi—1|, [wm| > 0.
It is easy to show that |w,, ow.,_1w,| > 4 by checking that all binary words of length
< 8 do not admit a smallest block palindrome of width 6. The upper bound immediately
follows from this. In the worst case we can peel off prefixes and suffixes of length 4 while
accounting for the 6 blocks they add to the block palindrome until we hit the middle core
of length < 8. m

Theorem 64. Let n > 0 and k > 3 be integers. Then fr(n) =n.

Proof. Clearly fr(n) < n. We prove fy(n) > n. If n is divisible by 6, then consider the
word (012)"/6(210)"/%. If n is not divisible by 6, then take (012)"/6/(210)l"/6) and insert
either 0, 00, 010, 0110, or 01010 in the middle of the word, When calculating the smallest
block palindrome of the resulting words, it is easy to see that at each step we are removing
a border of length 1. Thus their largest block palindrome is of width n. O]
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Chapter 7

Bounds for the number of closed and
privileged words

7.1 Introduction

In this chapter we present two of the main results of this thesis. We present improved
bounds on the number of closed and privileged words. The main two results of this chapter
are Theorem 65 and Theorem 66.

Recall that a word w is said to be closed if |w| < 1 or if w has a border that occurs
exactly twice in w. If u is a border w and u occurs in w exactly twice, then we say w is
closed by u. It is easy to see that if a word w is closed by a word u, then u must be the
largest border in w. Otherwise u would occur more than two times in w. A word w is
said to be privileged if |w| < 1 or if w is closed by a privileged word. See Example 17 for
examples illustrating these definitions.

Both closed words [37] and privileged words [67] have been introduced relatively re-
cently, although some equivalent formulations of closed words that have been defined pre-
viously; see Section 2.4 for more information on these equivalent formulations.

Since their introduction, there has been much research into the properties of closed and
privileged words [31, 24, 31, 6, 89, 38, 66]. One problem that has received some interest
lately [10, 79, 86, 87] is to find good upper and lower bounds for the number of closed and
privileged words.

Let Ci(n) denote the number of length-n closed words over 3. Let C(n,t) denote the
number of length-n closed words over ¥ that are closed by a length-t word. Let Py(n)
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denote the number of length-n privileged words over ;. Let Py(n,t) denote the number
of length-n privileged words over ¥ that are closed by a length-t privileged word. See
Tables 7.1, 7.2, and 7.3 for sample values of Cy(n), Co(n,t), P2(n), and Py(n,t) for small n,
t. See sequences A226452 and A231208 in the On-Line Encyclopedia of Integer Sequences
(OEIS) [95].

Every privileged word is a closed word, so any upper bound on Cy(n) is also an upper
bound on Py(n). Furthermore, any lower bound on Py (n) is also a lower bound on Cj(n).
See Section 2.4 for a brief literature review on the best known bounds on Cy(n) and Py(n).

The best upper and lower bounds for both C(n) and Py(n) are widely separated, and
can be much improved. In this chapter we completely resolve the asymptotic behaviour of
the number of length-n closed words, by showing that it is asymptotically @(%) Addi-
tionally, we nearly completely resolve the asymptotic behaviour of the number of length-n
privileged words, by giving a family of upper and lower bounds that are separated by a
factor that grows arbitrarily slowly. We prove the following two theorems.

Theorem 65. Let k > 2 be an integer.

(a) There exist constants N and ¢ such that Cy(n) > c& for alln > N.

(b) There exist constants N' and ¢ such that Cy(n) < /5= for alln > N'.

Theorem 66. Let k > 2 be an integer. Let logi’(n) = n and log}’ (n) = log, (log}’ " (n))
forj > 1.

(a) For all j > 0 there exist constants N; and c; such that
kTL
nlogy’ (n) [T, logi’ (n)

Pi(n) > ¢;

for all n > Nj.
(b) For all j > 0 there exist constants N; and ¢} such that
kn
nT_, logy (n)

Py(n) < ¢

for alln > N7.
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Before we proceed, we give a heuristic argument as to why Cy(n) is in ©(%-). Consider

a “random” length-n word w. Let ¢ = log,(n) + ¢. The probability that w has a length-¢
border u is around k" ¢/k" = kin. Suppose w has a length-¢ border. Now suppose we
drop the first and last character of w to get w’. If w’ were randomly chosen (which it is
not), then we could use the linearity of expectation to get that the expected number of
occurrences of u in w’ is approximately (n —2)k~* ~ k=¢. Thus for ¢ large enough we have

that v does not occur in w with high probability, and so w is closed. Therefore there are
approximately k"¢ € ©(£") length-n closed words.

. Ble o 3 1 5 6 78 9 10
0 |2 30 70 50 30 12 6 2 2 0
11 |2 42 118 9 5 30 13 6 2 2
12 12 60 200 182 114 54 30 12 6 2
13 |2 88 338 346 204 126 54 30 12 6
14 |2 132 570 640 432 232 126 54 30 12
15 |2 202 962 1192 828 474 240 126 54 30
16 |2 314 1626 2220 1612 908 492 240 126 54
17 |2 494 2754 4128 3112 1822 956 504 240 126
18 |2 784 4676 7670 6024 3596 1934 982 504 240
19 |2 1252 7960 14264 11636 7084 3828 1992 990 504
20 |2 2008 13588 26524 22512 13928 7632 3946 2026 990

Table 7.1: Some values of Cy(n,t) for n, t where 10 <n <20 and 1 <t < 10.
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A 1y 2 3 4 5 6 7T 8 9 10
012 16 2 § 6 2 2 0 2 0
11 |2 26 38 16 10 6 4 2 2 2
12 |2 42 68 30 18 4 6 2 2 0
13 |2 68 122 58 38 14 10 6 4 2
14 |2 110 218 108 76 20 14 8 6 2
15 |2 178 390 204 148 46 24 18 14 6
16 |2 288 698 384 288 86 48 16 18 8
17 |2 466 1250 724 556 178 92 36 32 26
18 |2 754 2240 1364 1076 344 190 64 36 28
19 |2 1220 4016 2572 2092 688 388 136 70 56
20 |2 1974 7204 4850 4068 1342 772 268 138 52

Table 7.2: Some values of Py(n,t) for n, ¢t where 10 <n <20 and 1 <t < 10.

n | Py(n) | Cs(n)
13 328 1220
14 068 2240
15 | 1040 4132
16 | 1848 7646
17 | 3388 14244
18 | 6132 26644
19 | 11332 49984
36 20 | 20788 94132
62 21 | 38576 | 177788
40 116 | 22 | 71444 | 336756
60 204 | 23 | 133256 | 639720
108 364 | 24 | 248676 | 1218228
176 664 | 25 | 466264 | 2325048
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Table 7.3: Some values of Py(n) and Cy(n) for n < 25.
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7.2 Preliminary results

In this section we give some necessary results and definitions in order to prove our main
results. Also throughout this chapter, we use ¢’s, d’s, and N’s to denote positive real
constants (dependent on k).

Let w be a length-n word. Suppose w is closed by a length-t word u. Since w is also
the largest border of w, it follows that w cannot be closed by another word. This implies
that

n—1 n—1
Cr(n) = Ci(n,t) and Py(n) = > Pi(n,t)
i=1 i=1

for n > 1.
Let By(n,u) denote the number of length-n words over ¥ that are closed by the word

u. Let Ax(n,u) denote the number of length-n words over ¥ that do not contain the word
u as a factor.

Recall from Section 2.4 that the auto-correlation of a length-t word w is a length-t
binary word a(u) = ajas - - - a; where a; = 1 if and only if u has a border of length ¢t —i+ 1.
The auto-correlation polynomial [50, 51, 52] faw)(2) of a(u) is defined as

t—1

faw(2) =D ari?',

1=0

For example, the word v = alfalfa has auto-correlation a(u) = 1001001 and auto-
correlation polynomial fuq)(z) = 2%+ 2% + 1.

We now prove two technical lemmas that will be used in the proofs of Theorem 65 (b)
and Theorem 66 (b).

Lemma 67. Let k,t > 2 be integers, and let v be a real number such that 0 < v < %.
Then

1
k' — Atk < (B — )t < kb — Atk 4 §’yzt(t — 1)k

Proof. The case when k = 2 was proved in a paper by Forsyth et al. [10, Lemma 9]. We
generalize their proof to k£ > 3.
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When ¢ = 2, we have k* — 2ky < (k — v)? < k* — 2ky + ~+% So suppose t > 3. By the
binomial theorem, we have

) e
Zkt z z() —kt ’}/tkt 1+Zkt z )1(@)
1=2
L(t=1)/2]

t - - t
]C tl{?t 1 /{Zt 2j 23 o kt—Q]—l 25+1 )
DY (#(5) )

So to show that k' — vtk'™! < (k —v)!, it is sufficient to show that

e o t
Lot—20 2 > ft—2i—1,25+1 7.1
! <2j> =T g+ Ty

for 1 <j<[(t—1)/2] <(t—1)/2.

By assumption we have that v < < , 807 < 25 and thus vt — 27 < 6. Adding 2v—2 to
both sides we get vt —2 < 4+ 27, and SO 7t+2 < 2 Ifi >2> 2= then (y+2)i >~t—2.
This implies that 2(i + 1) > y(t — i), and

kozot=i i)

o 41 W

7

+2’

-2
~

Therefore letting i = 2j, we have that k(, ) > 7(2j+1) Multiplying both sides by k!=2/=1~2

we get k'=2~% (] ) > kit (2]11) which proves (7.1).

Now we prove that (k—~)" < k' —ytk'~ + 242¢(t — 1)k*~2. Going back to the binomial
expansion of (k —v)?, we have

- 1 - . —i it
(k=) =kt — k! + E’ygt(t — K2+ Z k(=) (Z)
=3

1
<K' — Atk £ 57275(15 —1)k?

[(t-2)/2] . .
_ Jot=20—1425+1 _ 2022542 ‘
2 ( T \2j 41 To\gj 42

j=1

So to show that (k — )" < k' — ytk'™! + 19%t(t — 1)k'2, it is sufficient to show that

kt—2j—172j+1 t > kt—2j—272j+2 t
2941/ — 2741
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for 1 < j < |(t —2)/2]. But we already have already proved that k(f) > ’y(iil). Letting
i = 2j, we have that /{;(2;“) > 7(2].';2). Multiplying both sides by k!=%72~4%+1 we get
kt72j7172j+1(2jt+1) > 22242 (zjt+2)'

O

Let logy’(n) = n and log}’ (n) = log,(logy’ ' (n)) for j > 1.

Lemma 68. Let ¢ > 1 and k > 2 be integers. Then for any constant v > 0, we have

iy 082 (1) _ {% ifi=1;

n—oo log}'(n) 1, dfi>1.

o . log, (n7) . log, (n)
Proof. When ¢ = 1 we have nh_g)lo Tog, ) ) 7}1_{1;0 log,(n) — I

The proof is by induction on i. Since we will use L’Hopital’s rule to evaluate the limit,
we first compute the derivative of log}’(n*) with respect to n for any constant A\ > 0. We
have

A

in 1og2"(nk) =

i—1

n ] logy! (n*)
j=1
In the base case, when ¢ = 2, we have

log?(n Tog (77
lim 0BE) _y, RomT g
n—00 ]ng (n) N—00 wTomc ()

Suppose 7 > 2. Then we have

o1 ~y
lim —Ing (n) = lim

n—00 logzl<n) n—00 ————— n—oo i=1
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7.3 Closed words

7.3.1 Lower bound

We first state a useful lemma from a paper of Nicholson and Rampersad [79].

Lemma 69 (Nicholson and Rampersad [79]). Let k > 2 be an integer. Lett be the unique

integer such that
Ink , Ink ,
< — - +1_
k—lk <n—t< k‘—lk

Let u be a length-t word. There exist constants Ny and d such that for n —t > Ny we have

n

k
By (n,u) > dﬁ'

We now use the previous lemma to prove Theorem 65 (a).

Proof of Theorem 65 (a). The number Cy(n,t) of length-n words closed by a length-t word
is clearly equal to the sum, over all length-t words u, of the number By (n,u) of length-n
words closed by u. Thus we have that

Cr(n,t) = > Bi(n,u).

ul=t

Let t = |logy(n —t) + log,(k — 1) — log,(Ink)]. By Lemma 69 there exist constants N
and d such that for n —t > Ny we have By(n,u) > dk"/n?. Clearly t < log,(n) + 1 for
all n > 1. Since t is asymptotically much smaller than n, there exists a constant N > N
such that n — ¢t > Ny for all n > N. Thus for n > N we have

k" k"
Cul) 2 Culn ) = 3 Bulma) = 3 g = (1)
|u|=t |u|=t
— dkI_Ing(n_t)+10gk(k_1)_10gk(lnk)JE > dokk’gk(n_t)'Hng(k_l)_lng(lnk)ﬁ
n? — n?
>d . >d 1 W > M
Z dy(n —t) 5 = di(n —logy(n) —1)—5 > ¢~

for some constant ¢ > 0. O
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7.3.2 Upper bound

Before we proceed with upper bounding Cy(n), we briefly outline the direction of the proof.
First, we begin by bounding Cj(n,t) for t < n/2 and t > n/2. We show that for t < n/2,
the number of length-n words closed by a particular length-t word u is bounded by the
number of words of length n — 2¢ that do not have 0' as a factor. For t > n/2 we prove
that Cy(n,t) is negligibly small. Next, we prove upper bounds on the number of words
that do not have 0" as a factor, allowing us to finally bound Cj(n).

Lemma 70. Let n, t, and k be integers such that n > 2t > 2 and k > 2. Let u be a
length-t word. Then

Proof. Recall that By (n,u) is the number of length-n words that are closed by the word u.

Let w be a length-n word closed by u where |w| = n > 2t = 2|u|. Then we can
write w = wvu where v does not contain u as a factor. This immediately implies that
Bi(n,u) < Ag(n—2t,u). But from a result of Guibas and Odlyzko [52, Section 7], we have
that if f,.)(2) > fa@)(2) for words u, v, then Ay(m,u) > Ap(m,v) for all m > 1. The auto-
correlation polynomial only has 0 or 1 as coefficients, depending on the 1’s and 0’s in the
auto-correlation. Thus the auto-correlation p that maximizes f,(2) is clearly p = 1*. The
words that achieve this auto-correlation are words of the form a! where a € ¥;. Therefore

we have

Lemma 71. Let n, t, and k be integers such that n > 2t > 2 and k > 2. Then
Cr(n, t) < k' Ax(n — 2t,0°).

Proof. The number Ci(n,t) of length-n words closed by a length-t word is equal to the
sum, over all length-t words u, of the number By (n, u) of length-n words closed by u. Thus

we have that
Cr(n,t) = Bi(n,u).

|ul=t

By Lemma 70 we have that Bg(n,v) < Ag(n — 2t,0") for all length-t words v. Therefore

|ul=t |ul=t
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Corollary 72. Letn > 1 and k > 2 integers. Then

[n/2]
Ci(n) < Y k' Ap(n —2t,0) + nk/2,

t=1

Proof. 1t follows from Lemma 71 that

n—1 [n/2] n—1
t=1 t=1 t=|n/2]+1
Now we show that .
Z Ci(n,t) < nk™/?1,
t=|n/2]+1

Let w = wowy - - - w,—1 be a word of length n that is closed by a word u of length ¢ > |n/2].
Then w = ux = yu for some words x, y. So w; = Wit (n—y) for all 4, 0 <4 < ¢. This implies
that w = v'’ where v is the length-(n — t) prefix of w, i = |n/|v|], and v’ is the length-
(n —i|v|) prefix of v. Since t > |n/2|, we have that n —t < [n/2]. We see that w is fully
determined by the word v. So since |[v| < [n/2], we have Cy(n,t) < k/"/?l. Thus

n—1 n—1
Yo Gty < D KM <kl
t=|n/2]+1 t=|n/2]+1

Lemma 73. Letn >0,t > 1, and k > 2 be integers. Then

k", ifn <t;

Ak(naot) = (k—l)zt:Ak(n—'l,Ot)a '],fnzt

i=1

Proof. If n < t, then any length-n word is shorter than 0, and thus cannot contain 0' as
a factor. So Ag(n,0") = k"

Suppose n > t. Let w be a length-n word that does not contain 0! as a factor. Let us
look at the symbols that w ends in. Since w does not contain 0, we have that w ends in
anywhere from 0 to ¢t — 1 zeroes. So w is of the form w = w'b0* where i is an integer with
0<i<t—1,be X, —{0}, and w' is a length-(n — i — 1) word that does not contain 0*
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as a factor. There are k — 1 choices for b, and Ag(n —i —1,0") choices for w’. So there are
(k — 1)Ag(n —i — 1,0") words of the form w'b0?. Summing over all possible i gives

t

Ap(n, 0" = (k= 1) Y Ag(n —i,0%.

i=1

Corollary 74. Letn >0,t > 1, and k > 2 be integers. Then

k™, ifn <t
Ap(n, 0 =S k" —1, ifn=t;
kAk(n —1,0") — (k= 1)Ag(n —t — 1,0, ifn >t

Proof. Compute Ag(n,0") — Ax(n — 1,0") with the recurrence from Lemma 73 and the
result follows. O

Corollary 75. Letn >0,t > 1, and k > 2 be integers. Then

k", ifn <t;
Ap(n, 0" = k" UK — 1) — (n — HE" Yk — 1), ift <mn <2t
kAg(n —1,0Y) — (k — 1)Ag(n —t — 1,0"), ifn > 2t.

Since (Ag(n,0")),, satisfies a linear recurrence, we know that the asymptotic behaviour
of Ag(n,0") is determined by the real roots of the polynomial z/** — kz! + k — 1= 0. We
use this fact to find an upper bound for Ag(n,0").

Theorem 76. Lett > 1 and k > 2 be integers. Let
Be(t) =k — (k— k™1,
Then Bu(t) > k — (k — 1)By(1)".
Proof. Since By(t) < k, we have that £, (t)~" > k=t > k~'=1. This implies that

Bu(t) =k — (k= Dk~ >k — (k — 1)) ™.
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Lemma 77. Let k,t > 2 be integers. Let n be an integer such that 2t < n < 3t. Then
Ak(n,()t) S ﬁk(t)n

Proof. The proof is by induction on n. By Corollary 75 we have that
Ap(n, 08 = k" k' — 1) — (n — )K"k = 1)
for t <mn <2t. Let v(t) = (k — 1)k~ 1.
Suppose, for the base case, that n = 2¢. Then

Ap(2t,0") = k'K — 1) —tk" 1 (k — 1) = K* — k"2 (k* + th(k — 1))
K+ th(k —1))
kE—1

— k2t _ ’7(t)]€2t—1(
S k?t . 'Y(t)tk%_l.

Clearly v(t) < 6/t for all t > 2, so Ap(2t) < k* — ~v()tk* 1 < (k — y(t))* = Be(t)*.
Suppose that 2¢ < n < 3t. Furthermore let n = 2t 4+ ¢ + 1 where ¢ is an integer such
that 0 < i < t. Notice that Ap(n —t — 1,0") = Ap(t +4,0") = k(K" — 1) — k"1 (k — 1).
Then
A2t +1i+1,0") = kAg(2t +i,0%) — (k — 1) A(t + 1,0
< k(k =) = (k = )(K'(K" — 1) — k"' (k — 1))
= (k=) )k =) = (k= D(F (K = 1) =ik (k = 1))
= Br(t)* T 4 () Be(0)*T — (k — 1) (K' (K" — 1) — ik ' (k — 1)).
To prove the desired bound, namely that Ag(2t + i+ 1,0%) < B ()1 it is sufficient to

show that Sy ()%™ < 4 (t)"*(k—1)(k*(k' —1) —ik*~1(k—1)). We begin by upper bounding
Br(t)? with Lemma 67. We have

Br(t) T < B — (1) (2t + i)k T 4 57(1&)2(215 +) (2t +4 — 1)k 2
S k2t+i o 2(k o 1)tk,t+i—2 + g(k o 1)2t2ki—4
S k2t+i+1 o (k? o 1)k_2t+i . Q(k . 1)tkt+i—2 4 §<k o 1)2t2ki—4

S kt+i(<k )k 2k — 1)tk — g(k — 1)2t2k—t_4>, (7.2)
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It is easy to verify that (k — 1)k' > k + ¢(k — 1) and 2(k — 1)tk™2 — 2(k — 1)*?k~"* > 0
for all t > 2. Thus, continuing from (7.2), we have

Bk(t)ZtJri S k2t+i+1 o ktJri(k 4 t(k o 1)) S k2t+i+1 - ktJrz'(k + Z(k o 1))
Lttt ) . )
= (k= 1)K — k' — ik Y (k — 1))

=~) "k — 1)K (K" — 1) —ik" (k- 1)).

]
Lemma 78. Let n, t, and k be integers such that n > 2t > 4 and k > 2. Then Ag(n,0") <
Br(t)".

Proof. The proof is by induction on n. The base case, when 2t < n < 3t, is taken care of
in Lemma 77.

Suppose n > 3t. Then

Ap(n,0") = (k- 1) ZAk n—1i,0") < (k—1) Zﬁk = (k— 1)Bk(t)ﬂz(;)ﬂ_k(f)nt

By Theorem 76, we have that f(t) —1 > (k — 1) — (k — 1)k (¢t)*. Therefore

Br(t)" — B(t)" ™ (k—=1) = (k=1)B()"
Bi(t) — Bi(t) —

Ap(n,0") < (k= 1) = Br(®)" < B(t)".

]

Proof of Theorem 65 (b). First notice that Ag(n,0) = (k — 1), since Ax(n,0) is just the
number of length-n words that do not contain 0.

Let N’ be a positive integer such that the following inequalities hold for all n > N’.
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[n/2]
Cr(n) < > K Ay(n —2t,0") + kAp(n — 2,0) + k™!
t=2
(/2]
< Z k’tﬂ n 2t ( o 1)n—2 +nk[n/2]

|_n/2J n—2t [n/2] n—2t
E t n §

t=2
[logy, 7] n—2t [n/2]
. 1 k-1 1 ki
< ( > y(l— W) Py ) eat
t=2 t=|logy n]+1
[log ] n—2|log;, n| n
1 k—1 k ds k
<k (11— S b dy—
< (;kt< ]{;t+2) +n)+ 2
[logy, n] n/2
. 1 k—1 K
t=2

Now we bound the sum in (7.3). Let h(z) = (1 — (k — 1)k~22)™/2. Notice that h(zx) is
monotonically decreasing on the interval x € (0,1). So for k71 < ¢ < k™t we have that
h(xz) > h(k~*). Thus

1 E—1\"? k-1 k—1\"? 11 . L
E(l_ W) <t (1— km) gk((ﬁ—km)h(l{; ))gk:/k_t_lh(x)dx.

Going back to (7.3) we have

n

[logy, n] fn 1 L
) < k" Z / v) da +dy— < k:”“/ h(z)de + dy—.
k- 0 n
Evaluating and bounding the definite integral, we have

/01 h(x)dr = _kk:? [(1 — (k— 1)k_2x)n/2+1r:1

—1 n/2+1 0
- k’2 (1 . (k . 1)k—2)n/2+1 -1
k-1 n/2+1
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1—(1—(k—1)k"2)n/2+1 1 d
§d5< ( 7(1/2+)1) >§d5 <.

Putting everything together, we have that

1 n n+1 n n
Cr(n) < /{;”H/ h(x) dx + d4k— < dﬁk + d4k— < c’k—
0 n

n n n

for some constant ¢ > 0. O

7.4 Privileged words

7.4.1 Lower bound

In this section we provide a family of lower bounds for the number of length-n privileged
words. We use induction to prove these bounds. The basic idea is that we start with the
lower bound by Nicholson and Rampersad, and then use it to bootstrap ourselves to better
and better lower bounds.

Proof of Theorem 66 (a). The proof is by induction on j. Let
t = [log,(n —t) +log,(k — 1) — log,(Ink)].

We clearly have 0 <t <log,(n)+ 1 for all n > 1. Let u be a length-t privileged word. By
Lemma 69 we have that there exist constants Ny and cg such that Py(n) > By(n,u) > COZ—Z
for all n > Ny. So the base case, when j = 0, is taken care of.

Suppose j > 0. By induction we have that there exist constants N;_; and ¢;_; such
that
k'fl
Py(n) = ¢jor———= T —
nlog,’ 1(”) Hz:11 log;’(n)
for all n > N;_;. By Lemma 69 we have

n kn
Pe(n) > Pu(n,t) > > Bi(nu)> ) d—g = dPy(t)—.
u plrlid/;:ged u plrlillizged
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for n > Ny. Since t < log,(n) + 1, we have that ; goli(t) > P glk( = for all 4 > 0. Thus
(0} k O! k O! n

continuing from above we have

Lt L klogk(nft)Jrlogk(kfl)flogk(lnk) km
Py(n) > dej -1 =17 oi/;\ 2 > dr oj—1 T—11_ i o2
tlogy" " (¢) [Tizy logy'(t) tlogy(¢) [Tz logy'(t) »
1 k"
> ds oj—1 G=17 _ oi/p;\ o
tlogy” (¢) [[;= logy'(t) ™
1 k"
2 dy oj—1 Jj—1 oi _
(logy(n) 4+ 1) logy” ™ (logy(n) 4+ 1) [ TiZ; logy*(logy,(n) + 1) »
k,?’L
Z ¢Gj oj 7 o1
nlog,’ (n) [[i_, logy'(n)
for all n > N; where N; > max(No, N;_1). O

7.4.2 Upper bound

Theorem 65 (b) immediately implies that Py(n) € O(£-). This bound improves on the
existing bound on privileged words, but it does not show that P.(n) and Ci(n) behave
differently asymptotically. We show that Pj(n) is much smaller than Cy(n) asymptotically
by proving upper bounds on Py (n) that show Py(n) € o(%).

Lemma 79. Let n, t, and k be integers such that n > 2t > 2 and k > 2. Then

Pk(n,t) S Pk(t)Ak(n - Qt, Ot)

Proof. The number of length-n privileged words closed by a length-t¢ privileged word is
equal to the sum, over all length-¢ privileged words u, of the number By(n,u) of length-n
words closed by u. Thus we have that

Pi(n,t)= > Bi(nu).

|u|=t
u privileged
By Lemma 70 we have that Bg(n,v) < Ag(n — 2t,0") for all length-t words v. Therefore

|u|=t |u|=t
u privileged u privileged
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Proof of Theorem 66 (b). For n > 2t we can use Lemma 79 to bound Py (n,t). But for
n < 2t, we can use Corollary 72 and the fact that Py(n,t) < Cx(n,t). We get

n-1 /2]
Pu(n) = 3" Puln,t) < > Pelt) Ax(n — 2t,01) + nk!/2,
t=1 t=1

The proof is by induction on j. The base case, when ;7 = 0, is taken care of by Theo-
rem 65 (b).

Suppose j > 0. Then there exist constants N; ; and ¢}_, such that

kn
) S O T o

for all n > NI ;. We now bound Py(n). First we let N} > N;_; be a constant such that
the following inequalities hold for all n > N. We have

[n/2]
Pi(n) < Z Py(t)Ap(n — 2t,0%) 4 nk!™/?1
t=1
[n/2] kit N; .
S Cl'71 v_—oi/Bk(t)n_Qt + Pk(t)Ak(n — Qt, Ot) + nk n/2
t_NZ;H T og (1) 2
[n/2] t n—2t N.; n—2t
k k—1 k—1 L
< c/.71 — - <k— > + dig (k— ) +di1—
t_%]/:+l J tHZ:II logkz (t) kt+1 ; ktt1 n2
[n/2] n—2t
1 k—1 k™
<k Z —1,  oi (1 - ) +diz—
’ t=N/+1 kT2 logy!(t) k2 n?

Liog;, ()] ) N n/2] . -
S C{»_lk‘n <d13 7 o (1 — ) + w) + d127
! t—%—i—l k't Hg:l log}' (%) kit t—Llogzk(:n)J+1 k't Hgfl logy'(t) n?
Llogy, (n)]
1 n k—1
<cdi_ k" <d13 Z ——————exp ( In (1 — ))
! t:NJ{Jrl kit Hz:l 1ng (t) 2 kt+2

o0 n

1 k
+ ——— | +di2— 7.4
2 T log?(t)) G i

t=[logy,(n) ] +1
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The sum on line (7.4) is clearly convergent. We have

o0 o

1 1 1
2 kT2 Logy! (1) : (Llogy(n)] + 1) T/, logy'(Llogy(n)] + 1) 2 K

t=|logy,(n)|+1 t=|log(n)|+1

<d ! Lo !

= Ay J—17_oi < di J oi( Y
log,.(n) Hi:l log} (logy(n)) n n H@'=1 log}!(n)

Now we upper bound the sum

[log (n)]

1 n k—1
D, = . —exp| =In{1———]|.
2 om0 (2 ( = ))

— !
t=N!+1

k—1

Sz > we have

It is well known that In(1 — x) < —x for |z| < 1. Thus, letting oo =

n k—1 n
exp <§ln (1— s )) §exp<—aﬁ>.

We reverse the order of the series, by letting ¢ = |log,(n)] — ¢+ Nj + 1. We also shift the
index of the series down by N7+ 1. We have

[logy (n)] —Nj—1 1

Dn = > Llogy (n) | —t 71500t P ( ~ Y Tiog TEn)J—t>
= fellogx (Llogk(n)] — ) [Ti=; logp' ([logy,(n)] — 1) g

L1og, (n)|—Nj—1 "
<ds —
; n(logy (n) — ) [T/Z; logi (logy (n) — t)
Llogy, (n) | —Nj—1
1 7 et
n[[i- logy'(n) =0 T loi oz (-1
L T logy T (n)

exp (—ak')
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Suppose 3 is a positive constant strictly between 0 and 1 such that flog,(n) is an integer
and Blog,(n) < [logy(n)] — Nj — 1. If t < Blog,(n), then

log(log, (n) — 1) _ logi™ (' %) _
logg 1(n) — logyim)

for some d; > 0 by Lemma 68. If ¢t > Slog,(n), then

logg'(log,(n) — 1) _ logi'(N; +1)
1 (n) ()

log log

We split up the sum in D, in two parts. One sum with ¢ < SBlog,(n) and one with
t > fBlog,(n). Continuing from (7.5) we get

llogy, ()] — N} —1

1 ﬂlng(n) kt . j—1 10go7,+1( ) . .
S d15j7 Z i1 exp (—Oék/’ ) H m Z k exp (_Oék' )

nlTlogi) © = T4 =5 1081141
i=1 i=0
J ) o0
<dyg——m 7 <d16 Z texp (—at) + di7 H logy'(n) Z texp (—at)) )
n H log ( ) i=1 t=knP

1=1

The first and second sum are both clearly convergent. It is also easy to show that both of
them can be bounded by a constant multiplied by the first term. Thus we have that

D, <d . , dig +d logt(n)— | <d - . .
15n [T_, logy' (n) < e o H i ( >eXp (akn?) 20n [T_, log}'(n)

=1

Putting everything together and continuing from line (7.4), we get

1 > td k™ k"
j o 12_ — o1
n I logy'(n) w4 nTI, logy' (n)

for some constant c;» > 0. O]

Pi(n) < k™ (d13Dn + dyy
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Chapter 8

Mutual borders and overlaps

8.1 Introduction

Let Z/{Z denote the set of length-n unbordered words over a k-letter alphabet. It is well

known [30] that the sequence u, = |U¥ | is defined by the recurrence
1, if n=0;
Up = § kup_1 — ty, if n>0is even;
k1, if n is odd.

In the same paper by Nielsen, he showed that the limit lim,, ., u, /k" exists. In particular,
he showed that for & = 2 there are (¢ + o(1)) - 2" unbordered binary words, where ¢ =~
0.267786. As we saw in Section 2.4, the notion of a word being unbordered or bordered
can naturally be generalized to pairs of words. In this chapter we prove results similar to
Nielsen’s for these kinds of pairs of words.!

Let u and v be words of length m and n, respectively. Let w be a non-empty word. In
this chapter we write (u,v) to refer to an ordered pair of words. Recall some definitions
from Section 2.4.

e We say that (u,v) has a right-border w (resp., left-border) if w is a non-empty proper
suffix (resp., prefix) of u that is a proper prefix (resp., suffix) of v.

!These results appear in [13].
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e The pair (u,v) is said to be mutually bordered if (u,v) has both a right-border and
a left-border.

e If (u,v) has neither a right-border nor a left-border, then (u, v) is said to be mutually
unbordered.

e The pair (u,v) is said to be right-bordered (resp., left-bordered) if (u,v) has a right-
border (resp., left-border) but not a left-border (resp., right-border).?

See Example 16 for examples illustrating these different definitions.

e Let My(m,n) denote the number of mutually bordered pairs of words (u,v).
e Let Ri(m,n) denote the number of right-bordered pairs of words (u,v).

e Let Ux(m,n) denote the number of mutually unbordered pairs of words (u,v).

See Tables 8.1, 8.2, and 8.3 for sample values of My(m,n), Rx(m,n), and Ux(m,n) for m,n
where 1 < m,n <8.

In this chapter we are primarily concerned with pairs of equal length words (i.e., the case
where m = n). So we define My(n) = My(n,n), and we define Ry(n) and Ug(n) similarly
(see Table 8.4 for some sample values). The main results of this chapter are Corollary 84,
Theorem 87, Theorem 88, and Theorem 92. In Corollary 84 we bound the sum of the
length of the shortest left-border and right-border of a pair of words. In Theorem 87 we
give recurrences for My (n), Ri(n), and Ug(n). Then in Theorem 88 we prove that the
limit lim,, oo Mg (n)/k*" exists. Finally, in Theorem 92 we show that the expected shortest
right-border and left-border of a pair of equal-length words is O(1).

8.2 Number of mutually bordered pairs

In this section we enumerate the number of mutually bordered pairs of words M(n).

e Let so(u,v) denote the shortest right-border of (u,v), and let so(u,v) = € if (u,v)
does not have a right-border. By definition we have that so(v,u) is the shortest
left-border of (v, u), and so(v,u) = € if (u,v) does not have a left-border.

2We could have defined left-borders and right-borders to refer to ordinary non-empty prefixes and
suffixes without specifying they be proper. But since a border is defined as a non-empty proper prefix and
suffix of a word, we decided to keep the definition analogous.
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Table 8.1: Some values of My(m,n) for m,n where 1 < m,n < 8.

"1 2 3 4 5 6 7 8
m
1 (0 0 0 0 0 0 0 0
2 |10 4 8 16 32 64 128 256
3 |0 8 26 50 100 200 400 800
4 |0 16 50 124 242 484 968 1936
5 |0 32 100 242 524 1036 2070 4142
6 |0 64 200 484 1036 2154 4280 8554
7 |0 128 400 968 2070 4280 8706 17354
S |0 256 800 1936 4142 8554 17354 34996

Table 8.2: Some values of Ry(m,n) for m,n where 1 < m,n <8.

" 3 4 5 6 7 8
0 0 0 0 0 0

8§ 16 32 64 128 256
14 30 60 120 240 480
30 52 110 220 440 880
60 110 204 420 842 1682
64 120 220 420 806 1640 3286
1298 240 440 842 1640 3214 6486
9256 480 880 1682 3286 6486 12844

Lo =
K5 ook o

O 1O Ul W
OO OO oo oo

e Let Iso(v,u) be the length of the shortest right-border of (u,v), and let Iso(u,v) =0
if (u,v) does not have a right-border. Again we have that by definition Iso(v, u) is
the length of the shortest left-border of (u,v), and Iso(v,u) = 0 if (u,v) does not
have a left-border.

Example 80. The pair of binary words (u,v) = (1000101,0110001) has one right-border
and two left-borders. The word 01 is a right-border of the pair. The words 1 and 10001
are left-borders of the pair. The shortest right-border is 01 and is of length 2. The shortest
left-border is 1 and is of length 1. So so(u,v) = 01, Iso(u,v) = 2, so(v,u) = 1, and
Iso(v, u) = 1.

Since the concept of a pair of words being mutually bordered is similar to the concept
of a single word being bordered, it is natural to assume that the insights used to count
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Table 8.3: Some values of Uy(m,n) for m,n where 1 < m,n < 8.

"l1 2 3 4 5 6 7 8
m
1 4 8 16 32 64 128 256 5I2
2 S 4 8 16 32 64 128 256
3 16 8 10 18 36 72 144 288
4 32 16 18 28 50 100 200 400
5 64 32 36 50 92 172 342 686
6 | 128 64 72 100 172 330 632 1258
7| 256 128 144 200 342 632 1250 2442
S | 512 256 288 400 686 1258 2442 4852

bordered words might be useful to also count pairs of mutually bordered words. Let u be
a bordered word. Let v be the shortest border of u. The key ideas used to count length-n
bordered words are that for bordered words u, the shortest border v is unbordered, and
|v| < n/2. Combining these facts we get the following formula for the number of length-n
bordered words over a k-letter alphabet:

Ln/2]

2 w; - knf2z'
i=1

The basic idea we will use to count mutually bordered pairs of words (u,v) is to,
analogously to bounding the length of the shortest border, put a bound on lso(u,v) +
Iso(v,u) (see Corollary 84). Then further classify all pairs (u,v) into two groups based
on lIso(u,v) + Iso(v,u). If Iso(u,v) + Iso(v,u) is ‘small’, then we can easily count the
number of such pairs merely by using the number of unbordered words (see Lemma 82).
If Iso(u, v) + Iso(v,u) is ‘large’, then the pair (u,v) has a certain structure we can exploit
to count them (see Lemma 83).

Lemma 81. Let n > 1. Let u,v € X}. Let w be a non-empty word that is both a proper
suffix of w and a proper prefix of v. Then w = so(u,v) iff w is unbordered.

Proof. We prove an equivalent proposition, namely that w # so(u, v) iff w is bordered.

w # so(u,v) <= There exists a non-empty word x such that |z| < |w| and x = so(u,v).
< z=so(w,w) < w=xs =tz for some s,t € X} <= w is bordered. O
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Table 8.4: Some values of Ms(n), Ra(n), and Us(n) for n where 1 <n < 15.

n Mo (n) Ry(n) Us(n)

1 0 0 4

2 4 4 4

3 26 14 10

4 124 52 28

5 524 204 92

6 2154 806 330

7 8706 3214 1250

8 34996 12844 4852

9 140290 51366 19122
10 061724 205492 75868
11 | 2247892 822108 302196
12 | 8993414 3288858 1206086
13 | 35976928 | 13156624 | 4818688
14 | 143913546 | 52629590 | 19262730
15 | 575664422 | 210525818 | 77025766

Lemma 82. Letn > 1. Let u and v be length-n words. Let i = lso(u,v), and j = Iso(v, u).
Then i+ 35 <n iff u =zsy and v = ytx for some words s,t € ¥}, x € L{f, and y € Llf.

Proof.

—: Let y = so(u,v) and x = so(v,u). Let j = lso(u,v) and i = lIso(v,u). Suppose
i+ 7 < n. By definition there exist words w, z, a, 8 € ¥} such that u = wy,v = yz,v = az,
and u = z3. But since i + j = |z| + |y| < n, we have that x and y do not overlap. Thus
there exist words s,t € ¥, "7 such that v = xsy and v = ytz. By Lemma 81, we have
that x and y must be unbordered. Therefore x € L{f and y € L{f

<+=: Follows from the definition of v and v. O

Lemma 83. Letn > 1. Let u and v be length-n words. Let i =1so(u,v), and j = lso(v,u).
Then i+ 3 > n iff

a)n+1§i—|—j§§n, and

b) there exist distinct words x,y € E?jj_n, and s,t € X} such that u is of the form xsytx
and v is of the form ytxsy where (z,y) is mutually unbordered, and both xsy and ytx
are unbordered with so(u,v) = ytx and so(v,u) = xsy.
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Proof.

= Since i+j > n we have that (so(u, v),so(v,u)) has a right-border and a left-border.
Let x be the length-(i + j — n) suffix of so(u,v). We can now write u = rax = xwf and
v = azw for some 7, w, o, B € ¥f where |az| =i and |zw| = j. Clearly z is a prefix and
suffix of u. Let y be the length-(i + j — n) suffix of so(v,u). By a similar argument as
above, one can show that y is a prefix and suffix of v. If (z,y) has a right-border or a
left-border, then (u,v) has a right-border of length < ¢ or a left-border of length < j. So
(x,y) must be mutually unbordered and w must be of the form xsytz and v must be of
the form ytzsy for some s,t € X5 where |ytz| = ¢ and |rsy| = j. Since (z,y) is mutually
unbordered, the words u and v can only be of this form if 2|z| + |y| = 2|y| + |z| < n. Since
lz| = |y| = (i+j —n), we have that 3(i+j —n) <n = i+j < sn. Now by Lemma 81,
we have that ytx and xsy are unbordered. Since both xsy and ytx are unbordered and
|z| = |y|, we have that y and = must be distinct.

<=: We have that ¢ + 7 > n by assumption. O]

Perhaps the most peculiar and interesting aspect to Lemma 83 is the fact that for
length-n words v and v, the sum of Iso(u, v) and lso(v, w) is bounded by a number between
n and 2n. This fact is outlined in Corollary 84.

Corollary 84. Let n > 1. Let u and v be length-n words. Then lso(u, v) +1so(v,u) < 3n.

In Example 85 we illustrate pairs of words (u,v) that attain the bound %n bound.

Example 85. The following three pairs of words illustrate the upper bound L%nj from
Lemma 83 and Corollary 84. We give examples for all lengths of words by giving examples
for each equivalence class modulo 3.

For n = 3m, we have
(u,v) = (0™1™0™, 1™0™1™).

For n = 3m + 1, we have
(u,v) = (0™1™ o™ 1mHgm1™),
For n = 3m + 2, we have

(u,v) = (0™1™F20™ 1™ F20m1™),
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Lemma 83 shows that pairs of length-n non-empty words (u, v) where lso(u, v)+lso(v, u)
is ‘large’ (> n) exhibit a particular structure. Namely so(u,v) is unbordered and so(u, v)
begins and ends with a mutually unbordered pair of words. The same is true for so(v, u)
as well. So we need an expression for the number of unbordered words whose prefix and
suffix of a certain length form a pair of mutually unbordered words.

Let t < n be a positive integer. Let u and v be length-t words such that (u,v) is
mutually unbordered. Let G, ,(n) denote the number of length-n unbordered words that
have u as a prefix, v as a suffix (and vice versa).

Lemma 86. Let n >t > 1. Let u and v be length-t words such that (u,v) is mutually
unbordered and u # v. Then the number of unbordered words that have u as a prefix and
v as a suffix is

Guuln) = 0, ifn < 2t;
WO ) pn—2t ZLH/QJ Guo()k™2, ifn > 2t.

1=2t

Proof. If n < 2t then G, ,(n) = 0, since (u,v) is mutually unbordered. Suppose n > 2t.
Then the number of unbordered words of length n having u as a prefix and v as a suffix
is equal to the number of bordered words that contain u as a prefix and v as a suffix,
subtracted from the total number of words that contain u as a prefix and v as a suffix.
Let w be a word of length n such that u is a prefix of w and v is a suffix of w. Then w
is bordered if and only if its shortest border is of length j where 2t < j < |n/2|. This is
because (u,v) is mutually unbordered and words that have a border of length > n/2 must
also have a border of length < n/2. Also observe that the shortest border of w must itself
be unbordered and have u as a prefix and v as a suffix. So the total number of words of
the form w as described above is ZEZQ?J Guo(i)k"%. Therefore, for n > 2t we have

[n/2]
Gu,v( — 2t Z Guv kn 21

=2t

]

From Lemma 86 we see that G, , is independent of u and v, but dependent on the
length of |u| = |v|. Therefore, for u,v words of length t, let G, ,(n) = G¢(n).

Finally, we are ready to present recurrences for My(n), Rx(n), and Ug(n).
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Theorem 87. The number My(n) of mutually bordered pairs of words of equal length
satisfies

n—1 n—i [n/3]

Mi) = 30 Y wagh 2 1 S (U0 ) Y GG~ +1), (81

where My(1) = 0. Additionally we have
n—1
Ri(n) = <Z kznmui) — My(n), (8.2)
i=1

and
Ur(n) + 2Ri(n) + Mi(n) = k. (8.3)

Proof. Let n > 1, and let u and v be words of length n.

Proof of Eq. (8.3): Let (u,v) be a pair of length-n words. Exactly one of the following
must be true about (u,v):

dered).

Clearly the number of right-bordered pairs of words is the same as the number of pairs of
left-bordered pairs of words. From these facts we conclude that

Uk(n) + 2Ry (n) + My(n) = k*".

Proof of Eq. (8.2): The number of right-bordered pairs of words is equal to the total number
of pairs (u,v) that have a right-border subtracted from the total number of mutually
bordered pairs of words. So

Ru(n) = (i k2”2iui) — My(n).

i=1
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Proof of Eq. (8.1): Clearly M(1) = 0 since words of length 1 cannot have left-borders or
right-borders. Let ¢ = Iso(u,v) and j = lso(v,u). By Lemma 82 we have that i + j < n
iff w = xsy and v = ytz for some words s,t € X}, x € Z/{f, and y € U¥. We can count the
number of pairs of such words using the number of unbordered words and summing over
all possible lengths of s, y, z, and y. We get

n—1 n—i

Z Z g k220D,

i=1 j=1

By Lemma 83 we have that 1 + 7 >nif n4+1 <1+ 5 < %n and there exist words
x,y € Efjj*", and s,t € ¥} such that u is of the form zsytx and v is of the form ytzsy
where (x,y) is mutually unbordered, both zsy and ytz are unbordered with |ytz| =i and
lzsy| = j, and @ # y. The fact that n+1 < i+ j < gn and i, j, n are integers implies
that 1 < |z| = |y| = (i+j5—n) < [n/3]. Let p= (i +j —n). Since (x,y) is mutually
unbordered and both xsy and ytx are unbordered, we have x # y. Suppose that we in
fact have w = x = y for some w € X¥. The only such w must be unbordered, since (z,y)
is unbordered. Therefore, the number of mutually unbordered pairs (z,y) with = # y is
Uk (p) — Up.

By Lemma 86 we know that for (x,y) fixed, the number of unbordered words of the
form ytx with (z,y) mutually unbordered and x # y is G, ,(i) = G,(i). Similarly the
number of unbordered words of the form zsy is G, ,(n — i + p) = Gp(n — i+ p). We also
have that @ > 2p and i < n — p since (z,y) is mutually unbordered. For (z,y) fixed, the
total number of pairs of words of the form (zsy, ytz) is

S Gy)Gy(n — L+ p).

1=2p

So the number of words of the form zsytr and ytxsy as described above is equal to
the number of pairs of words (zsy,ytz) with (z,y) mutually unbordered, zsy and ytx
unbordered, and = # y. Since 1 <p = (i +j —n) < [n/3] we have that this is equal to

Ln/3] n—p
> (Uk(p) —up) Y Go(DGyln — 1+ p).

Putting it all together, we have

n—1 n—i [n/3] n—i
M, (n) = (Z > uiujk%?(”ﬂ) + Y (Ukli) = wi) Y Gil§)Giln — j + ).

i=1 j=1 i=1 j=2i
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8.3 Limiting values

In this section we show that the limit Ly = lim My(n)/k*" exists.

n—oo

Theorem 88. The following limit exists:

L, = lim M (n ).

n—oo k20

Furthermore, we have that

(S) saes ((Zo) +i55)

Proof. From the recurrence for Mjy(n), we see that there are two main terms. The first
term 1is

H

n—1 n—1i
U;u

=1

k,2n 2( H—]

=1

<.

which counts all pairs of words (u, v) where lso(u, v) +1so(v, ) is ‘small’. The second term
1s

[n/3]
Z ) — u; ZG (n—j+1),
=1 J=21

which counts all pairs of words (u,v) where 1so(u,v) + lIso(v,u) is ‘large’. Now from
Lemma 83, we know that the only pairs (u,v) where Iso(u,v) + lso(v,u) is ‘large’ are
pairs of words of the form (xsytz,ytxsy). There are at most k™ choices for xsytz, and
ytaxsy can be recreated from xsytx by knowing the starting positions of s, y, and ¢. There-
fore there must be o(k*") pairs of such words. So in the limit Ly, this term goes to 0, and
thus

n—1 n—i
L, = lim g E uiujk_Q(“”).
n—oo
i=1 j=1

Consider the infinite double series

—1 n—

n—1 1
= lim E E uiujkfz(zﬂ).
n—r00
i=1 j=1
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We can factor out u;k~2" out of the nested series and split up the nested sum to get
n—1 n—1
b= Jim 3 S
=1 7=1

n—1 n—i n—1
— 11_>IH Zuik_%(Zujk_Qj + Z Uj]{?_2j).
i=1 j=1

j=n—i+1

. . 1 Y
For each 7, we have lim,,_,~ Z;‘:n_iﬂ u;k~% =0, and thus, L, = Lj.

So using the fact that L, = L}, we have

00 2
Lk = (Zu,k_m) .
=1

Thus the limit L; exists if and only if the series Z;’il u;k~% converges. Since u; < k'
we have that u;k~* < k~*. Therefore by direct comparison we have that >~ wuk™
converges, and so the limit L;, exists. Since u;k~% < k= we have that

o o
> wkTH <N kT
i=m i=m

Using this we get the following inequalities,

n o n—1 0o
Zuik*% < Z uk™* < (Z ul-k:m) i Z i
=1 =1 i=1 i=n

Now we have bounds for our limit,

n 2 e’} 2
(Z qu) < L= (Z uk;2>
=1 3

82



Corollary 89. The following limit exists:

lim Ri(n)

n—oo k2n ’

Corollary 90. The following limit exists:

lim Ui(n)

n—oo k20 ’

Table 8.5 shows the behaviour of the functions My (n), Ri(n), and Ug(n) as k increases.
Interestingly, there are more mutually bordered pairs than not when k = 2, but when k&
increases the number of mutually unbordered pairs of words dominates.

k| limy, oo Mi(n)/k*" | lim, o Ri(n)/k*" | lim, . Ur(n)/k*"
2 0.536 0.196 0.072
3 0.196 0.247 0.310
4 0.098 0.215 0.473
5 0.058 0.182 0.578
10 0.012 0.098 0.792
100 0.000 0.010 0.980

Table 8.5: Limits of recurrences as k increases.

8.4 Expected shortest right-border

In this section we compute expected value of lso(u,v) and lso(v, u) for length-n words u
and v. Additionally, we show that the expected value tends to a constant.

Let Sk(i,n) denote the number of pairs of length-n words (u, v) over a k-letter alphabet
such that Iso(u, v) = 1.

Proposition 91. Let n,k,i > 1. Then Si(i,n) = w;k>"9.
Proof. Follows directly from Lemma 81. m
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Theorem 92. Let n,k > 1. Let u and v be length-n words over a k-letter alphabet. Then
the expected value of 1so(u,v) is O(1).

Proof.

n—oo k21 -

n n—1
1
lim » i Pr[X =i = lim — Y i Si(i,n)
n— o0
i=0 i=1

= Z’L : Uik’_%.

i=1

Since u; < k', we have that i - u;k=2 < i - k=%. Therefore by direct comparison, the
series Y oo 7 - u;k™% converges.

Since i - uk™* < - k™" we have that > ;° i-wk ™ <Y 2 i-k™". Using this we get
the bounds

n o0 n o0
BT RN O ST D SRR
=1 =1 =1 i=n-+1

(i@ - u,»k—%) + k‘"%.

i=1

]

Table 8.6 shows the behaviour of the expected shortest right-border/left-border as k
increases. Interestingly, k = 2 is the only value of k for which the expected length of the
shortest left-border and right-border is greater than 1. For all other k£ > 2 we have that
the expected shortest left-border and right-border are less than one symbol in length.
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Zzll : Uik'_%
1.156
0.605
0.395
0.290

cOU R W N

10 0.121

100 0.010

Table 8.6: Asymptotic expected value of Iso(u,v) and lso(v, u).
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Chapter 9

Conclusions and open problems

In this thesis we have studied many enumeration problems and properties of variations and
generalizations of bordered words.

We started by introducing the field of combinatorics on words and briefly mentioning
the literature on borders relevant to this thesis in Chapter 1.

Then in Chapter 2 we gave necessary definitions and went more in depth on the relevant
literature on borders.

In Chapter 3, using software that implements a decision procedure for k-automatic
sequences, we completed the characterization due to Harju and Nowotka [56, 60] of binary
words with the maximum number mnucs(n) of unbordered conjugates. We also showed
that for any number, up to the maximum mnucy(n), there exists a word with that number
of unbordered conjugates.

In Chapter 4 we characterized and counted all pairs of words = and y almost commute
(i.e., zy and yx differ in exactly two positions). We also characterized and counted pairs of
words x and y that anti-commute (i.e., zy and yx differ in all positions). When counting
pairs of words that almost commute, we were able to count all almost-commuting pairs of
words (z,y) with |zy| = n. This was because of Lemma 46, an analogue of the Fine-Wilf
theorem that characterizes all pairs x, y that can be broken up such that xy = z'y’ with
x # x’ where 2’ and y' almost commute. We did not see a way to prove something similar
for anti-commuting pairs of words. So we pose the following open problems:

e Characterize and count all pairs of words x and y such that ham(zy, yz) = m.

e Find a recurrence to count the number of anti-commuting pairs of words (x,y) with
2yl = n.
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In Chapter 5 we characterize and count all words with a unique border. We also show
that the probability P, j that a randomly chosen length-n word has a unique border tends
to a constant. We pose the following open problems and questions:

e IFind good bounds on P, ;.

e Given a word w with a unique border, what is the expected length of this border?

In Chapter 6 we characterized and counted all length-n words that have a width-¢
largest block palindrome. We also showed that the expected width Ej of a word’s largest
block palindrome tends to a constant. Finally we defined the smallest block palindrome
and proved bounds for the width of the smallest block palindrome of a word. We pose the
following open problems and questions:

e Find a tight upper bound on the asymptotic expected bound Ej of the largest block
palindrome of a word.

e How many length-n words have a smallest block palindrome, in the non-overlapping
sense, of width ¢?

e What is the expected width of a word’s smallest block palindrome?

In Chapter 7 presented the two main results of this thesis. We improved existing bounds
for Cy(n) and Py(n). We showed that Cy(n) € ©(%-). In other words, we showed that
Ci(n) can be bounded above and below by a constant times k" /n for n sufficiently large.
We ask the following questions:

e Can we do better than this? Does the limit
Cr(n)

1 —_r 7

exist? If it does exist, what does the limit evaluate to? Can one find good bounds
on the limit?

We also gave a family of upper and lower bounds for Py(n) in Chapter 7. But for every
j > 0, the upper and lower bounds on P;(n) are asymptotically separated by a factor of
1/1log;” (n). We ask the following questions:
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e Does there exist a g(n) such that Py(n) € @(%)? If such a function g(n) exists,
then does the limit
P 1)
im ————
n=oo k7 /g(n)

exist?

In Chapter 8 we gave recurrences and asymptotic results for the number of pairs of
mutually unbordered and bordered words. But we only proved these results for equal-
length pairs of words. Additionally, the way we proved these recurrences was by looking
at the shortest right-border/left-border of pairs of words. We pose the following open
questions and problems:

e Find recurrences for My(n), Ri(n), and Uk(n) that are not coupled.

e How many pairs of length-n words (u,v) have a largest right-border/left-border of
length 47

e What is the expected length of the longest right-border /left-border of a pair of words?
e Find recurrences for My(m,n), Rx(m,n), and Ux(m,n).

e Generalize to arbitrary tuples or sets of size > 3. Two obvious generalizations pos-

sible:

1. All consecutive words in a tuple are either mutually unbordered, or mutually

bordered.

2. All pairs of words in a set are either mutually unbordered (i.e., cross-bifix-free
sets of words), or mutually bordered.

e The term Gray code is used to describe an exhaustive listing of a set of combinatorial
objects where successive terms differ by some small, well-defined amount. Gray codes
are named after Frank Gray, who discovered a simple method of listing all 2" binary
words where successive words differ in exactly one position. Gray codes for cross-
bifix-free sets already exist [15, 14]. Can one generate a Gray code for mutually
unbordered and bordered pairs of length-n words where successive terms differ by a
small amount if their Hamming distance is bounded by some constant C' > 17 How
small can C' get?
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e The concept of mutual borderedness and unborderedness can be extended to two
dimensions [9, 11] where words are two-dimensional matrices with entries taken from
a finite alphabet. In analogy with the study of mutually bordered and unbordered
pairs of words in this thesis, can one do the same for the set of all mutually bordered
and unbordered pairs of p x ¢g-matrices?

This chapter concludes the work.
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Appendix A

Walnut code for Chapter 3

def

def

def

def

def

def

def

def

isBorderC1l "((k+1>n) => ((Ai (i<n-1) => T[m+1+i]
(Ai (i<k+1l-n) => T[m+i]

Tm+1-k+i]) &
T[m+n-k+il])))":

isBorderC2 "(((k+1l<=n) & (1>=k)) => (Ai (i<k) => T[m+1l+i] = T[m+1l-k+i]))":

isBorderC3 "(((k+l<=n) & (1<k)) => ((Ai (i<k-1) => T[m+n-k+1+i] = T[m+l+il) &
(A1 (i<1) => Tlm+i] = Tlm+k+i])))":

isBorder "$isBorderCi(k,1l,m,n) & $isBorderC2(k,l,m,n) & $isBorderC3(k,1l,m,n)":
isBordered "Ei (2%i<=n & i>=1 & $isBorder(i,l,m,n))":

isAlternatingE "(Ai ((i!=1l & i!= e & i<n-1) =>
($isBordered(i,m,n) <=> ~$isBordered(i+1,m,n))) &
(((i'=1) & (i'=e) & (i=n-1)) => ($isBordered(n-1,m,n) <=>
“$isBordered(0,m,n))))":

isAlternating0 "(Ai ((i!=1l & i<n-1) =>
($isBordered(i,m,n) <=> ~$isBordered(i+1,m,n))) &
(((i'=1) & (i=n-1)) => ($isBordered(n-1,m,n) <=>
“$isBordered(0,m,n))))":

hasMNUCE "(Ei,j ((i<j) & (i<n-1 & $isBordered(i,m,n) & $isBordered(i+il,m,n)) &
((j=n-1 & $isBordered(n-1,m,n) & $isBordered(0,m,n)) |
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((j<n-1) & $isBordered(j,m,n) & $isBordered(j+1,m,n))) &
$isAlternating(i,j,m,n))) | $isAlternatingE(n,n,m,n)":

def hasMNUCO "Ei (((i<n-1 & $isBordered(i,m,n) & $isBordered(i+1,m,n)) |
(i=n-1 & $isBordered(n-1,m,n) & $isBordered(0O,m,n))) &
$isAlternating0(i,m,n))":

eval verifyEven "An ((n>=2) => (Ei (i<=2*n) & $hasMNUCE(i,2+*n)))":

eval verify0dd "An ((n>=2) => (Ei (i<=2#n+1) & $hasMNUCO(i,2*n+1)))":
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