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Abstract

Periodicity, primitivity and borderedness are some of the fundamental notions in combi-
natorics on words. Motivated by the Watson-Crick complementarity of DNA strands wherein
a word (strand) over the DNA alphabet {A, G, C, T} and its Watson-Crick complement are
informationally equivalent, these notions have been extended to consider pseudo-periodicity
and pseudo-borderedness obtained by replacing the “identity” function with “pseudo-identity”
functions (antimorphic involution in case of Watson-Crick complementarity). For a given al-
phabet X, an antimorphic involution 6 is an antimorphism, i.e., (uv) = 6(v)6(u) for all u,v € ¥*
and an involution, i.e., 6(6(u)) = u for all u € X*. In this thesis, we continue the study of
pseudo-periodic and pseudo-bordered words for pseudo-identity functions including involu-
tions.

To start with, we propose a binary word operation, #-catenation, that generates f-powers
(pseudo-powers) of a word for any morphic or antimorphic involution 6. We investigate various
properties of this operation including closure properties of various classes of languages under
it, and its connection with the previously defined notion of #-primitive words.

A non-empty word u is said to be 6-bordered if there exists a non-empty word v which is
a prefix of u while 6(v) is a suffix of u. We investigate the properties of #-bordered (pseudo-
bordered) and #-unbordered (pseudo-unbordered) words for pseudo-identity functions 8 with
the property that @ is either a morphism or an antimorphism with §" = I, for a given n > 2, or 6
is a literal morphism or an antimorphism.

Lastly, we initiate a new line of study by exploring the disjunctivity properties of sets of
pseudo-bordered and pseudo-unbordered words and some other related languages for various
pseudo-identity functions. In particular, we consider such properties for morphic involutions 6
and prove that, for any i > 2, the set of all words with exactly i 8-borders is disjunctive (under
certain conditions).

Keywords: morphic and antimorphic involutions, pseudo-bordered words, pseudo-unbordered

words, disjunctivity, pseudo-identity, pseudo-power, pseudo-periodicity, pseudo-primitivity.
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Chapter 1

Introduction

The study on repetitions and square-free words by Axel Thue [2] initiated the further explo-
ration of word properties and formal languages, an area of discrete mathematics known as
combinatorics on words. This exploration includes studies about word operations and prop-
erties of words ([6]) such as periodicity, primitivity, conjugacy, commutativity, palindromes,
etc. It has also opened the door to the study of infinite words and sequences, with Thue-Morse

words, Sturmian words, Fibonacci words ([5]) being some of the representatives.

Due to the close connection of this field with mathematics, the question that arose in this
context was to generalize word properties by replacing the identity mapping with pseudo-
identity functions. The experiment that used Deoxyribonucleic Acid (DNA) as a medium to
encode information and solve computational problems, performed by Adleman ([1]) triggered
the study of word and language properties using the pseudo-identity functions such as the
antimorphic involution which is the mathematical formalization of the DNA Watson-Crick

(WK) complementarity (see Chapter 2).

A DNA strand can be viewed as a word over the DNA alphabet {A, G, C, T} wherein A
i1s a WK-complement of T and G is aWK-complement of C and vice versa. Two single DNA
strands, that are WK complements of each other and have opposite orientations, bind to each

other to form a DNA double strand via a process called base-pairing, or hybridization. Thus,
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DNA WK-complementarity can be modelled as an antimorphic involution, a function that is
an antimorphism, i.e., for all u,v € £* 8(uv) = 6(v)6(u) and an involution, i.e., 8(8(u)) = u for
allu € ¥*.

In this thesis, we continue the exploration of word operations and properties for various
pseudo-identity functions including morphic and antimorphic involutions.

In Chapter 2, we give an overview of research related to theoretical aspects of DNA encoded
information along with some DNA memory models proposed in the literature.

Chapter 3 contains the article, “Generating pseudo-powers of a word”, in which we propose
binary word operations that produce #-powers (6-catenation) and Abelian-powers (Abelian-
catenation) for any morphic or an antimorphic involution 6, thereby generalizing the notion
of identity to pseudo-identity in terms of the binary word operation of catenation. We mainly
focus on the properties of the operation of #-catenation.

Chapter 4 contains the article, “Pseudo-identities and bordered words” where we continue
the study of #-bordered words initiated in [4] for 8 being not just a morphic or an antimorphic
involution, but any literal morphism or an antimorphism.

In Chapter 5, which contains the article, “Disjunctivity and other properties of sets of
pseudo-bordered words”, we continue to explore disjunctivity properties of some languages
related to the set of #-bordered words for (anti)morphic involutions # which was initiated in
[3]. In particular, we prove that, for all i > 1, the set of all words with exactly i 6-borders,
Dy(i), is disjunctive (under certain conditions).

We conclude the thesis with Chapter 6, a discussion of the main results in the thesis and

future work.
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Chapter 2

DNA Encoded Information: A Literature

Review

2.1 Introduction

The demand for reliable media to store information safely is growing rapidly with the vastly
increasing amount of data. Present day technologies are catering to the need to the best of
their abilities, but many of these commonly used technologies such as hard drives and flash
drives suffer from a lack of being sustainable through extreme environmental and some other
conditions such as drought, earthquake, radiation, etc. Hence, scientists are in search of reli-
able media as an alternative to present-day silicon-based computers and hard drives. DNA is
believed to be one of the very strong candidates, due to its natural ability to store the informa-
tion about the genetic make-up of an organism, and the information storage density. According
to [58], DNA can store up to 4.2 x 10%! bits per gram whereas conventional technologies can
store maximum of 10° bits per gram. The experiment performed by Leonard Adleman ([1])
confirmed the fact that DNA indeed can be used for computation and data storage purposes.
Adleman conducted an experiment to solve a 7-node instance of the NP-complete Hamiltonian

Path Problem. The basic idea was to encode the vertices and edges of the graph into DNA
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molecules and then to use sets of bio-operations to find the solution to the problem. This ex-
periment initiated the field of DNA or bio-molecular computing which studies the arithmetic

and logic operations that can be performed using molecular biology processes.

Recall that DNA (Deoxyribonucleic Acid) is the genetic information storage unit of every
cell in all living organisms (and many viruses). Each single-stranded DNA molecule consists
of a sequence of nucleotides. Each nucleotide is composed of: a cyclic five-carbon sugar ring
(the carbon atoms are numbered 1’ through 5’), a phosphate group, and a nitrogenous base
(Adenine, Guanine, Cytosine, or Thymine abbreviated as A, G, C, or T respectively). The
phosphate group is linked to the 5’ carbon of the sugar, and the nitrogenous base attaches to
the 1’ carbon of the sugar. The 5’-phosphate group of one nucleotide binds to the 3’-hydroxyl
group (the hydroxyl group attaches to the 3’ carbon of the sugar) of other nucleotide by covalent
bonds. This chain of alternating sugar and phosphate molecules forms the so called sugar-
phosphate backbone of a DNA strand. A single-stranded DNA molecule has an orientation
with one end being called the 5’ end (since the free phosphate group attaches to the 5’ carbon
of the sugar) and the other end the 3’ end (since the free hydroxyl group attaches to the 3’
carbon of the sugar). A double-stranded DNA molecule consists of two single-stranded DNA
molecules with opposite orientation which bind to each other with hydrogen bonds between
nucleotides in the process of hybridization: the nucleotide A binds to the nucleotide T and vice
versa, with double hydrogen bonds, whereas the nucleotide G binds to the nucleotide C and
vice versa, with triple hydrogen bonds. The bases A, T and G, C are said to be Watson-Crick

(WK)-complements of each other [67].

To bring the idea of storing information on DNA into practice, there are two issues that need
to be taken into consideration. First, we need to find a suitable encoding method considering
various constraints, so that the information can be stored and retrieved unambiguously without
losing it. Second, we need to find a suitable host to store this encoded information. The first
issue is called the codeword design problem and it is usually defined as finding short words

over the DNA alphabet, which are usually equi-length, [44], that satisfy certain combinatorial
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constraints. This chapter gives an overview of the solutions that deal with the above mentioned
issues. Note that rather than focussing on algorithmic aspects more emphasis will be given to

formal-language theoretical solutions that overcome the codeword design problem.

While synthesizing artificial DNA strands for the purpose of computation and storage, it
is important to design these strands in such a way that only the desired computations and
interactions will take place (positive design problem) while all other undesired computations
and interactions are avoided (negative design problem). Briefly, the positive design problem
is to design a set of DNA strands so that they will interact with each other in a programmable
way so as to produce the desired results, whereas the negative design problem is to design a
set of DNA strands so that these strands will not interact with each other in an unprogrammed
way and will not produce undesired outputs [17, 52, 59]. Here undesired outputs mean strands
that are the result of undesired self- or cross-hybridization.

The chapter is organized as follows. In Section 2.2 we discuss formal-language theoretical
solutions to the codeword design problem, followed by other solutions such as, software simu-
lation, and test tube experiments in Section 2.3. In Section 2.4 we discuss some in vitro and in
vivo DNA memory models. In Section 2.5 we discuss generalizations of many classical con-
cepts from the combinatorics on words inspired by the WK-complementarity of DNA strands,

with concluding remarks in Section 2.6.

2.2 DNA codeword design and formal languages

In this section we discuss mainly formal language theoretic and combinatorial solutions to the
negative design problem. According to [59] the input DNA strands involved in the computation
which need to avoid unwanted hybridizations should satisfy certain conditions such as: (i) there
should not be any strands with undesired secondary structures such as hairpin loops, (ii) no two
strings in the library should hybridize with each other, and (iii) no string and a complement of

another string in the library should hybridize with each other.
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The hybridization in which two parts of the same DNA strand are WK-complements of
each other, forming hairpin-like structures, is known as intra-molecular hybridization. When
two DNA strands that are complete or partial WK-complements of each other hybridize then
such a hybridization is called inter-molecular hybridization. Let us discuss some notations and

definitions used in this section and in Section 2.5.

Basic definitions and notations

An alphabet X is a finite non-empty set of symbols. X* denotes the set of all words over
¥ including the empty word A and X* = X*\A. We will denote the DNA alphabet by A =
{A,C,G,T}. In this context, a set of codewords is a set of equi-length words over the DNA
alphabet. The length of a word u € £* is denoted by |u|, whereas the length of an empty word
|| = 0, and T’ denotes the set of all words of length i over  for i > 1. An involution 6 is a map
6 : T* — X* with the property that 6 is the identity function. A mapping 6 is called a morphism
if for any words u, v € X*, O(uv) = 6(u)0(v) and an antimorphism if O(uv) = 6(v)6(u). Recall that
DNA WK-complementarity can be formalized as an antimorphic involution, a function which
is an antimorphism and an involution.

A word x € X7 is a prefix (proper prefix) of the word u if u = xy fory € X* (y € £*), and this
is denoted by x <, u (x <, u). Similarly, for u = xy, y is a suffix (proper suffix) of u if x € X~
(x € £*) and this is denoted by y < u (y <, u). Let us denote the set of all prefixes (proper
prefixes, suffixes, proper suffixes, respectively) of u by Pref(u) (PPref(u), Suff(u), PSuff(u),
respectively). A word v € £* is a subword of a word u if u = xvy for x,y € £*. By Sub(u)
and Suby(u), we denote the set of all subwords of u, and the set of all subwords of length k of
u, respectively. For a word u such that u = xy for x,y € £*, yx is called a cyclic permutation
of u. The set of all cyclic permutations of u is denoted by cp(u). For all other concepts in the
combinatorics on words and formal languages, the reader is referred to [30, 47, 61, 70].

In the following subsection we discuss some secondary structures such as hairpins and

pseudo-knots which are result of an intra-molecular hybridization of a DNA or an RNA molecule,
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respectively. Note that the terms “words” and “strands” will be used interchangeably in the fol-

lowing sections.

2.2.1 Intra-molecular hybridizations: hairpins and pseudoknots

The hairpin loop is one of the primary secondary structures formed due to the intra-molecular
hybridization of a DNA molecule. Although the hairpin loop formation by a single-stranded
DNA molecule is useful in solving some combinatorial problems (see, e.g., [1, 60]) and in
improving the data transmission between two logic gates in DNA-based logic circuits [32], it is
undesirable for the purpose of encoding information, since such molecules become unavailable
for further computations. Hence, they should be avoided in most DNA computing experiments.

In this section we first discuss the formalization of hairpin loops as words over the DNA
alphabet, and present some combinatorial and formal language-theoretic properties of such

(sets of) words, and then we discuss languages which avoid DNA hairpin loop formation.

Mathematical formalization

A word u is called bordered if there exists a word v € X* such that u = vx = yv for x,y € X*

and this is denoted by v <; u. Similarly,

Definition 2.1 [39] For any (anti)morphism' 6, a word u € X* is said to be 6-bordered if there
exists v € X* such that u = vx = yo(v) for some x,y € T* and this is denoted by v <Z u. A

non-empty word which is not 6-bordered is called 6-unbordered.

Let us denote by Li(u) = {v | v € Z*,v <% u} the set of all 6-borders of a word u € X*; by
Vi(u) = |L%(u)| the number of 6-borders of a word u € £*, and by Dy(i) = {u | u € T*,v%(u) = i}
the set of all words with exactly i 8-borders, for i > 1. When 6 is an antimorphic involution and
a f-bordered word over the DNA alphabet has non-overlapping 6-borders, it forms a hairpin-

like structure as shown in Figure 2.1.

By (anti)morphism we mean either a morphism or an antimorphism.
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o C
A
A
GTCAGCGATAG T
CAGTCGCTATC, 1
e

Figure 2.1: DNA hairpin structure formed by a 6-bordered word over the DNA alphabet with
non-overlapping #-border, GTCAGCGATAG (6 is an antimorphic involution over {A, G, C, T})
[39]

Example 2.1 Let £ = {A,C,G, T} and 8 be an antimorphic involution such that 0(A) = T,
0(C) = G and vice versa. Then, w = TCGTCTTACGA = (TCGT)CTTOTCGT) is 6-

bordered whereas w = TGCT is 0-unbordered.

The following result provides a necessary and sufficient condition for a word to be 6-

bordered for an antimorphic involution 6.

Lemma 2.2.1 [39] Let 6 be an antimorphic involution. Then x € X* is 0-bordered iff x =

ayl(a) for some a € Landy € ¥*.

For a morphic involution 6, the set of all §-bordered words over X is not context-free but
it is context-sensitive, whereas for an antimorphic involution 6, the set of all #-bordered words

over X" is a regular and dense language, [39].

Proposition 2.2.2 [39] Let u € ¥*. Then
1. For a morphic involution 6, LZ(u) is a totally ordered set with <,.

2. For an antimorphic involution 6, Lg(u) is a totally ordered set with <, and H(LZ(u)) isa

totally ordered set with <.

Similar to a DNA strand, an RNA strand, which is a strand over the alphabet {A, G, C, U}
(U-uracil) such that 8(A) = U and 8(G) = C and vice versa, can interact with itself to form

pseudoknot like intra-molecular structures. An example of such a structure can be found in
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E. Coli transfer-messenger-RNA as shown in Figure 2.2 and has been formalized in [43] as a
string v xv,yv360(x)v40(y)vs. However the authors of [43] consider a special case of the general
model of pseudoknot where v; = v, = v4 = vs = A and call such words 8-pseudoknot-bordered
words. Formally, a non-empty word u is 8-pseudoknot-bordered if u = xya = 56(yx) for some
words x,y, @, € £*. An example of a pseudoknot, that is, a word of the form xyy#(x)6(y), is

given in Figure 2.3.

5-UGC
C=-CG i
G--C A
A--U A
G--C
G--C
/ G A
/G A
/[ u--a
4 U--G
G G--C
G--C
C--G
G--C

L AAAAAA— 3

Figure 2.2: Left: A pseudoknot found in E.coli transfer-messenger-RNA. Right: Mathematical
formalization in terms of a string v xv,yv30(x)v460(y)vs [43]

Figure 2.3: Pseudoknot structure formed due to intra-molecular hybridization modelled as a
0-pseudoknot-bordered word xyyf(x)6(y) [43]

A word u is said to be §-pseudoknot-border (or 6-pk-border) of a word v € " if there exists
a cyclic permutation w of u such that v = ua = f6(w) for some «, € X*. Furthermore, a non-
empty word is said to be #-pseudoknot-unbordered (or 6-pk-unbordered) if it does not have any

non-empty 6-pk-borders. Let L? () denote the set of all §-pk-borders of a non-empty word u
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and Ky(i) = {u e X" | |Lf ;)| = i}, the set of all words with exactly i 6-pk-borders.

Example 2.2 Let 6 be an antimorphic involution and let {a, b} € X be such that 6(a) = b and
0(b) = a. Then for x = baa and y = b, we have w = baabbaa = xybaa = baa6(yx) which is a

0-pk-bordered word, whereas w = aab is 0-pk-unbordered.

We state the following results from [43] regarding some properties of #-pk-borders of a

word.

Proposition 2.2.3 [43] Let 6 be an (anti)morphic involution on X*. The following hold:

1. If a word w € % has a 0-pk-border of length n then, for every a € X, the number
of occurrences of a letter a in the prefix of length n of w is equal to the number of

occurrences of the letter 6(a) in the suffix of length n of w.
2. Forall a € T such that 8(a) # a, a* is 0-pk-unbordered, for all k > 1.

3. For words v,w € X" andn > 1, if v € Lfd(w”) and W < [v| < [W"| for some m > 1,

then v € L? (WX), for all k withm < k < n.

Now, we will discuss properties of languages that prevent the words of the language from

interacting with themselves in an undesirable manner.

Hairpin and pseudoknot avoidance

It is believed that the hairpins with smaller stem length are less stable than those with bigger
stem length, [44]. Hence, a strand which does not satisfy the stem length condition (of the stem

length being smaller than a given value) is free from such hairpin structures. Formally,

Definition 2.2 . [38] Let 6 be an (anti)morphic involution of £* and k be a positive integer.
A word u € ¥* is said to be 0-k-hairpin-free or simply hp(0, k)-free if u = xvy6(v)z for

some x,v,y,z € X* implies |v| < k.
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2. [38] Denote by hpf(6,k), the set of all hp(0, k)-free words in X*. The complement of

hpf(6, k) is hp(6, k)=2"\hpf(0, k).
3. [38] A language L is called 6-k-hairpin-free or simply hp(6, k)-free if L C hpf(6, k).

It is obvious that an empty word and single letter words are hp(6,1)-free whereas words of

length less than 2k are hp(6,k)-free.
Proposition 2.2.4 [38] The languages hp(6, k) and hp f(0, k) are regular for k > 1.

Since the languages given in Proposition 2.2.4 are regular, it is interesting from a theoret-
ical point of view to see whether or not for a given automaton we can decide if the language
accepted by this automaton is free from hairpin structures. Kari et al. ([38]) formalizes these
problems as Hairpin-Freedom Problem and Maximal Hairpin-Freedom Problem as follows:

Hairpin-Freedom Problem

Input: A non-deterministic automaton M.

Output: Yes/No depending on whether L(M) is hp(0, k)-free.

Maximal Hairpin-Freedom Problem

Input: A deterministic automaton M, accepting a hairpin-free language, and a NFA M,.

Output: Yes/No depending on whether there is a word w € L(M;)\L(M,) such that L(M;) U
{w} is hp(0, k)-free.

The following theorem provides an answer to the question of decidability of hairpin-freedom

problems.

Theorem 2.2.5 [38]

1. The hairpin-freeness problem for regular (respectively context-free) languages is decid-

able in linear (respectively cubic) time with respect to |M|.

2. The maximal hairpin-freeness problem for regular (respectively deterministic context-
free) languages is decidable in time proportional to |M,| - |M,| (respectively O((|M,] -
|Ma])?).
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Kari et al., [38], also discusses other variants of hairpins such as scattered hairpin and
hairpin frames and also the decidability problems for hairpin-freeness of these other variants.

Paun et al., [56], denotes by uH, the language hp(6, k) which contains words of the form
xvyf(v)z where |v| > k and calls it unrestricted hairpin language. The authors of [56] also
define restricted hairpin languages in which the restriction is put on the annealing site’ of a
strand. We will mention these restricted languages and some of the properties of complements

of these languages, i.e., languages which are hairpin-free.

Definition 2.3 [56] For an antimorphic involution 6,
uH; = {zvwxy | z,v,w, x,y € £*, x = 6(v) and |v| > k},
bH, = {vwxy | v,w,x,y € ", x = 8(v) and |v| > k},
cH, ={zvxy | z,v,x,y € £*, x = 8(v) and |v| > k},
fHy ={ovwx | z,v,w,x € Z*, x = 6(v) and |v| > k},
bcH, = {vxy | v,x,y € Z*, x = 8(v) and |v| > k},
bfH;, = {vwx | v,w,x € £, x = 0(v) and |v| > k},
cfH, ={zvx|z,v,x € £*,x = 0(v) and |v| > k},

bcfH, ={vx|v,x € ', x = 0(v) and |v| > k}

The hairpin constructions corresponding to languages in Definition 2.3 are illustrated in
Figure 2.4.

Along with Proposition 2.2.4 which states that the languages hp(6, k) and hpf(6, k) are
regular, results from [56] state that the languages bH,, cH, fH; and b f H; in Definition 2.3 are
regular as well. We mention some of the results from [56] which are related to the complements

of languages defined above.

Theorem 2.2.6 . The complement of the language bc fHy, for k > 1, is linear.

2. The complements of languages bcHy and c f Hy, for k > 1, are not context-free.

2A site where two WK-complementary single-stranded DNA sequences hybridize to form double-stranded
DNA molecule
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/’1}—-‘-— z z
f — ¥ bef :f"_::a

Figure 2.4: Hairpin constructions corresponding to the languages a H; where
a €{u,b,c, f,bc,bf,cf,bcf}, [56]

Kari et al., [40], calls the words of the language bc f Hy, 6-palindromes for (anti)morphic
involutions 6. Formally, a word x € X* is called a #-palindrome if x = 6(x). Let P, denote the
set of all #-palindromes. The notion of #-palindromes was independently introduced in [15].
We discuss the properties of Py in Section 2.5.

As discussed in the previous subsection, hairpins can be modelled as #-bordered words
with non-overlapping #-borders. Hence, 8-unbordered words are the strings which will be free
from hairpin structures. Let us look at the necessary and sufficient condition for a word to be

f-unbordered.

Proposition 2.2.7 [39] Let 6 be either a morphic or an antimorphic involution. Then for

u € X such that \u| > 2, u is -unbordered iff (PPref(u)) N PSuff(u) = 0.

The following proposition provides a necessary and sufficient condition for the catenation

of -unbordered words to be 8-unbordered.

Proposition 2.2.8 [39] Let 6 be either a morphic or an antimorphic involution and let u,v € £*

be 0-unbordered. Then uv is 0-unbordered iff 6(Pref(u)) N Suff(v) = 0.

Also, for an antimorphic involution 6 on X*, the set of all #-unbordered words Dy(1) is
regular. A result from [39] states that it is decidable for a given non-empty word whether or

not it belongs to Dy(1).
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We have seen another type of structure formed due to intra-molecular hybridization of RNA
strands, pseudoknots. It is clear that #-pseudoknot-unbordered (6-pk-unbordered) words will
be free from pseudoknot-like secondary structures. The following result gives a necessary and

sufficient condition for a word to be 8-pk-unbordered.

Proposition 2.2.9 [43] Let 6 be an antimorphic involution on ¥*. Then for u € X*, u is 6-pk-
unbordered iff 6(cp(Pref(u)) N Suff(u) = 0.

Also, for an (anti)morphic involution 6 on £*, the set of all §-pk-unbordered words over X*,

Ky(1), is a subset of set of all 8-unbordered words, Dy(1), and a dense set, [43].

2.2.2 Inter-molecular hybridizations

In this section, we explore some secondary structures that result from inter-molecular hy-
bridizations of DNA strands, and solutions preventing the formation of such structures using
formal languages as a tool.

Let us begin with the notion of #-bordered and 6-pseudoknot-bordered words defined in
the earlier section. Recall that a #-bordered words with non-overlapping #-borders can form
a hairpin-like structure. However, if such a word has overlapping 6-borders then it can inter-
act with another copy of itself forming a secondary structure as shown in Figure 2.5. Simi-
larly, RNA strands can form pseudoknot-like inter-molecular structures such as those depicted
in Figure 2.6. We have already seen some properties of the set of all #-unbordered and 6-
pseudoknot-unbordered words in the previous subsection.

If a DNA strand involved in the computation, say v, is WK-complementary to part of some
other strand, say u, in the computation, then this results in a secondary structure as shown in
Figure 2.7.

Similarly, if subwords of two words are WK-complements of each other, then this results
into a secondary structure as shown in Figure 2.7(a). The structure shown in Figure 2.7(b) is a

result of the hybridization between a word and the catenation of two other words.
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T

Figure 2.5: A 6-bordered word u over the DNA alphabet, with overlapping #-border v where
w = 6(v) [39]

Figure 2.6: Pseudoknot-like structure formed due to inter-molecular hybridization between
words B6(x)6(y) and xya [43]

The following definition gives the properties of languages that need to be satisfied for the

words of the language to avoid the above-mentioned undesired inter-molecular hybridizations.

Definition 2.4 For an (anti)morphic involution 0, the language L is called:

~

. [34] 0-nonoverlapping if L N 6(L) = 0,

N

. [34] O-compliant if Yw € L, x,y € Z*,w, x0(w)y € L = xy = A;

W

. [34] 0-p-compliant if Vw € L,y € 2", w,0(w)y € L=y = A;

N

. [34] 6-s-compliant ifYw e L,x e Z*,w,x0(w) e L= x = A;

|93

. [34] strictly 0-compliant if Vw € L, x,y € Z*,w,x0(w)y € L = xy = dLand w # O(w);

6. [31] O-free if L* N S*O(L)E* = 0;
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u

L]
v

Figure 2.7: Inter-molecular hybridization between two strands u and v, 6(v) being a subword
of u [34]

\]]:I:I<
(=) ()

Figure 2.8: Undesired inter-molecular hybridizations, (a): two words that have WK-
complementary subwords, (b): a word that is WK-complementary to the catenation of two
other words [37]

7. [35] O-sticky-free if Yw € £, x,y € Z*, wx, yd(w) € L = xy = A;
8. [35] 0-3’-overhang-free if Yw € L, x,y € Z'wx,0(w)y € L = xy = A;
9. [35] 6-5’-overhang-free if Yw € L, x,y € Z* xw,yd(w) € L = xy = A;
10. [35] 6-overhang-free if L is both 6-3’-overhang-free and 6-5’-overhang-free;

11. [33] 6(k, m\, my)-subword compliant if Vu € * such that Vu € ¥ we have *uX"6(u)* N

L=0form <m< my;

12. [33] 6-k-code if Sub,(L) N Sub(6(L)) = O for some k > 0.

Note that 8-compliant languages avoid the situation in Figure 2.7, 8-k-codes avoid the situa-
tion in Figure 2.8(a), and 6-free languages avoid situation in Figure 2.7(b). Also, #-p-compliant
and 6-s-compliant languages avoid some special case of situations in Figure 2.7 and 2.8(a).
Languages which satisfy properties 11 (8(k,m;, m,)-subword compliant) and 12 (6-k-code)

from Definition 2.4 avoid hairpin-like structures with restriction on the length of a stem of
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a hairpin. Figure 2.9 depicts the unwanted hybridizations that other languages in Definition 2.4
avoid.
The following proposition shows the relationship between 8-sticky-free and 6-compliant

languages.

Proposition 2.2.10 [35] For every language L C T* and for every given (anti)morphic invo-

lution 6 : £+ — X7, the following are equivalent:
1. Lis 0-sticky-free;
2. O(L) is 6-sticky-free;

3. PPref(L) N (PSuff(L)) = @ and L is both 6-p-compliant and 0-s-compliant.

For an antimorphic involution 6, a language which is -compliant and either 6-3’-overhang-
free or 6-5’-overhang free is f-free, [35]. Figure 2.9 shows an overview of the relationships
between the aforementioned DNA languages, where arrows indicate the inclusion relation
among classes of languages that satisfy certain properties. For example, a language that is
6-p-compliant is 6-3’-overhang free. For further details about the properties of DNA languages
defined in Definition 2.4, such as closure properties and relationship among these languages,
the reader is referred to [31, 33, 34, 35].

Kari et al., [37], introduced a general framework of bond-free property to analyse if a given
DNA language is free from certain type of undesirable bonds. A property # is a mapping

P : 2% — {true, false}. A language L satisfies the property P if P(L) = true.

Definition 2.5 [37] A language property P is called a bond-free property of degree 2 if there
exists binary word operations &, &y, and an antimorphic involution 0 such that for an arbi-

trary L C X%, P(L) = true iff

YweXZx,ye X, (wO,xNL#0,wO,,yNL#0)= xy=A4,
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f-s-compliant #-p-compliant

Figure 2.9: Classes of languages free from certain types of undesired hybridization [44]

where a binary word operation is a mapping & @ ¥ X ¥ — 2%, where 2% is the set of all

subsets of X*.

To study the bond-free properties of various languages, the tool that is used is word op-
eration on trajectories. Consider a trajectory alphabet V = {0, 1} and assume VN X = (0. A
trajectory is any string t € V* which specifies the way in which an operation < is applied to
the letters of its two operands. As an example, we mention the definition of the binary word

operation shuffle on trajectories.

Definition 2.6 [37] Let t € V* be a trajectory and let a,8 € *. Then, the shuffle of a with B

on the trajectory t, denoted by a LU, B is defined as follows:

all,fB= {al,Bl ...a/k,é’kla: ay...qLB=61...0rt= 01/ ...Oikljk,

where |a,| = i, and |B,| = jnforallm,1 <m < k}.

We mention the following results from [37].
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Theorem 2.2.11 [37] The languages properties 2, 3, 4, 7, 8, 9 in Definition 2.4 are bond-
free properties. Moreover, the associated sets of trajectories T, T,, are regular where &), =

I_I_lTln’ <>”p = LI_IT

up*

Theorem 2.2.12 [37] Let P be a bond-free property associated with the regular set of trajec-
tories Ty, T,p. Then the following problem is decidable in quadratic time:
Input: an NFA A.

Output: Yes/No depending on whether L(A) satisfies P.

For more properties of bond-free languages the reader is referred to [36, 37].

2.3 DNA codeword design problem: other approaches

In Section 2.2, we have seen a theoretical approach to address the DNA codeword design
problem. In this section, we explore a few other approaches including algorithmic, software
simulation and the construction of in vitro DNA libraries.

In [5, 53, 58], authors considered the use of a restricted genetic alphabet in order to re-
duce the chances of undesirable secondary structure formations, in particular, the ones that
are formed due to inter-molecular hybridization of DNA strands. Brenner et al., [5], observed
that all the strands in the library that use all the four nitrogen bases, A, C, G, T increase the
chance of secondary structure formation to a great extent. Motivated by this observation, [58]
constructed DNA libraries using the restricted DNA alphabet {A, C, T}, with the help of a set
of programs written in C++.

In order to avoid undesirable inter- and intra-molecular hybridizations it is clear that the
strands involved should be as dissimilar as possible. Hence, it was intuitive to consider a re-
striction on the Hamming distance between the strands. The Hamming distance H(w;, w,), for
two equi-length words wy and w,, is the number of positions in which the words w; and w,
differ. The Hamming distance constraint poses the condition on any two words w; and w; to

have H(wy,w,) > d. Also, the Hamming distance between a word w; and WK-complement of
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w, needs to be H(w;, WK(w,)) > d. In addition, due to the parallelism in DNA computation,
another condition that usually needs to be satisfied is that all the strands should have the similar
melting temperatures®. Several software simulation packages and algorithms have been con-
structed that consider the Hamming distance, melting temperature and some other conditions
to design DNA codewords and build DNA libraries that are free from undesirable secondary
structures (see, e.g., [2, 21, 29, 51, 65, 66]).

For example, [51] proposed a dynamic programming algorithm to calculate the total num-
ber of words of some specified length n which satisfy the following four constraints and ran-
domly output such a word. Firstly, the Hamming distance between all pairs of distinct words
wy and w, should satisfy H(w,w;) > d, secondly, the Hamming distance between the com-
plement of one strand, w$ and reverse of another strand, w4 should be H(w$, w&) > d, thirdly,
all the pairs of strands wy, w, should satisfy H(w;, w’f) > d and lastly, all the strands should
have a certain value of free energy AG*. The time complexity of this algorithm, as reported by
authors, is O(n?).

DNASequenceGenerator, a software tool created by [19], is capable of creating DNA se-
quences that meet user’s requirements of melting temperature value, GC ratio values and
uniqueness. The GC ratio is the percentage of nucleotides G or C present in each word, whereas
uniqueness requests that any subsequence of certain length is allowed to occur at most once
in the pool. Another tool, DNASequenceCompiler, [18], is very similar to DNASequenceGen-
erator. It translates formal grammars into DNA molecules representing the rules of the gram-
mar. This compiler translates each rule of the grammar as a partially double-stranded DNA
molecule where the double-stranded part represents a terminal letter, and the single-stranded
“sticky-ends” represent variables. The parse module of the compiler reads the symbol sets and
the rules of the grammar, and the physical and chemical requirements for the sequences. The

generator module (DNASequenceGenerator) generates the DNA sequences (of the form men-

3The melting temperature is the temperature at which half of the strands of DNA are in double helical structure
and the rest are in a dissociated state, i.e., they exists as two independent single strands.

4The (Gibbs) free energy G is usually given by the formula G = H — T'S, where H is the enthalpy, S is the
entropy (measure of disorder) and 7 is the temperature.
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tioned above). In order to produce the final word, these DNA sequences, which represent the
rules of the grammar, need to be concatenated and the concatenated DNA sequences need to
be unique. The coordinating module takes care of the uniqueness requirement for sequences.

Garzon, [23], observed that the set of molecules/strands produced by in silico methods
is relatively smaller in size compared to those produced by in vitro methods. Deaton et al.,
[16], proposed a Polymerase Chain Reaction® (PCR)-based protocol (Figure 2.10) to select a
library of non-cross-hybridizing oligonucleotides® (shortly, oligos) in vitro. The key concept
is to regulate the temperature of the reaction so as to amplify (multiply) the desired DNA
molecules, i.e., the oligonucleotides which are maximally mismatched, with the help of PCR.
The initial population of equi-length oligos consisted of random sequences with the specific
primers P1 and WK-complement of P2, i.e., P2C attached to them at either ends (the same for
all strands). In the subsequent computation, by regulating the temperature, only strands that
are not perfect WK-complements of each other melted apart and were amplified using PCR
and hence the test tube ultimately contained a non-cross(self)hybridizing set of oligos. It was
observed that, at lower temperatures, maximally mismatched oligos were amplified over the
other oligos which are perfectly matched or had lower degree of mismatches.

Nuser et al., [55], proposed a computer simulation of the above mentioned PCR-based
protocol to gain insight about the behaviour of the protocol and to explore the computational
capability of the same. Instead of representing DNA words by a DNA sequence, the simulation
experiment rather represents such words by their concentration, i.e., the number of such words
present in the test tube and a vector of pairwise hybridization energies’ with all other words in
the test tube. This facilitates the analysis of the result produced by the simulation in terms of
the number of maximally mismatched words produced. Initially, all the words in the test tube
had equal concentration. The simulation chose two random words according to their relative

concentrations in the test tube and each such pair was analysed for their hybridization energies.

SPCR is a technique used in molecular biology to amplify DNA molecule(s),that is, to generate many copies
of the particular DNA sequence with the help of DNA polymerase enzyme.

®Short, approximately 15-20bp DNA molecules

"Here hybridization energy represents the strength of interaction between two words
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It was observed that if this (hybridization) energy value was less than the threshold of 0.5,
the two words hybridized with each other and hence they were not selected. Thus, only those
words with pairwise hybridization energy greater than 0.5 were selected and amplified, since
they did not hybridize with each other. The authors suggest that a modification in the protocol
can result into making the protocol useful for computations and, as an example, they generated
the sequence of Fibonacci numbers. Furthermore [7] attempted to characterize the library of

oligonucleotide that was generated by the PCR-based protocol and simulation experiment.

1. Synthesize initial population.

P _p2°

random
2. Primer extension using P1 and P2 primers

3. Control temperature at which
polymerization is done so that
only mismatched oligonucleotides

melt apart.
—_————————— ——
-+ - - == _—
Well Matched
e n o= >
< e~

Rather Mismatched

- = TN
- ~

T ——-

-
P1 P2

—’

-+

-~ -

—-—————

Very Mismatched

4. Only the very mismatched melt apart
and are copied by polymerization.

Figure 2.10: Protocol to select maximally mismatched oligonucleotides, starting with a popu-

lation of strands with primer pair P1 and P2C, which amplifies only very mismatched oligonu-
cleotides [16]

For a more detailed and exhaustive review of solutions, non-theoretical, in particular, to the
codeword design problem, we refer reader to [23, 52].

As we have seen in this and earlier sections, many attempts have been made to find the
optimal solution to the codeword design problem for DNA computing experiments. Note that,

according to [57], the solution to the general codeword design problem is NP-complete.
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2.4 DNA memory

As seen in earlier sections, extensive work was done to find a good encodings of DNA strands
considering various combinatorial and thermodynamic constrains. The next major step is to
store these encoded data effectively in reliable media, resistant to external factors, as well as
allowing easy and unambiguous retrieval.

Most of the work in the area of molecular memory is around the aim of building a content-
addressable memory® using DNA. Eric Baum [3] was the first one to propose the idea of a
content-addressable DNA memory. Out of many approaches that he suggested in his paper,
one was to store binary words of a fixed length. He suggested to use two distinct single-
stranded DNA molecules to encode the bit “1” and the bit “0” and that, in order to obtain a
DNA molecule encoding for specific binary word, appropriate DNA sequences can be concate-
nated. To retrieve the required data from the memory, the technique to be used is to introduce
complementary sequences to the address correspondent of the data to be searched, attached to
magnetic beads. Thus, these complementary subsequences can then bind to the corresponding
sequence in the memory and such molecules could be further extracted and sequenced in order
to read the stored data.

Subsequently, several other attempts have been made to store data on DNA, including mod-
elling of DNA memories with the help of computer simulation (in silico) [28, 64], hairpin DNA
memories [63], and some in vitro and in vivo experiments. In this section, we particularly ex-
plore the Nested Primer Molecular Memory (in vitro) experiment and some organic (in vivo)

DNA memory experiments.

2.4.1 Invitro DNA memory

The first use of in vitro memory was demonstrated by Adleman’s experiment ([1]) to solve a 7-

node instance of the Hamiltonian Path Problem wherein the vertices were encoded as suitable

8 A memory where the data is located by the content of its address rather than by location.
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DNA strands and some operations such as PCR and gel electrophoresis were performed to
find the solution to the problem. Subsequently, several attempts have been made in order to
attain Baum’s dream of a content-addressable memory (e.g., see [8, 9, 22, 54, 69]). In [9],
the authors stored a book with 53,426 words, 11 JPG images and 1 JavaScript program on a
DNA microchip. The book was first converted to an html format and then encoded as DNA
strands by using an encoding scheme where 0 was represented as the bases A and C and 1
was represented as the bases G and T. Also, a 19-bit binary sequence was used for addressing

purposes and the data was read and retrieved using next-generation DNA sequencing®.

Recently, Goldman et al., [27] successfully encoded and decoded 154 Shakespeare’s son-
nets (ASCII text), a scientific paper (PDF format), a medium-resolution coloured photograph
(JPEG 2000 format) and 26-second excerpt from Martin Luther King’s 1963 ‘I have a dream’
speech (MP3 format). In the encoding scheme, they first replaced each byte of ASCII text with
five or six base-3 digits (trit), using a Huffman code, and each trit was in turn converted to a
DNA letter using an encoding scheme which ensures that no two nucleotides appear consecu-
tively. The authors reported successful and unambiguous retrieval of all the files using DNA

sequencing procedures.

Nested Primer Molecular Memory (NPMM)

The in vitro DNA memory model proposed by [45] is one of the best examples of implementa-
tion of the idea of content-addressable memory proposed by Baum. The model uses the simple
operation of nested PCR. In the proposed model, each DNA strand consists of three types of
blocks, a data block (the site for storing the encoded data over the DNA alphabet), the address
block (the site for specifying the address of the data block, namely the A block, the B block

and the C block) and the Re block (the site for the reverse primer to hybridize). The memory

%A term that is used to describe number of different modern, high-throughput DNA sequencing technologies.
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capacity, M of NPMM is calculated as follows:

M(bit) = 2 x Data(bp) x Primer?o%*

where Data is the length of the sequence in the data block, Block is the number of address
blocks and Primer is the number of primers in each address block. In the initial NPMM ex-
periment, [45], the authors could extract a single target DNA strand from the diluted solution
of 27 strands (3 address blocks with 3 sequences in each address block). In the subsequent
experiment, the authors of [46] could extract a single DNA strand from the diluted solution of
12,167 strands (3 address blocks with 23 sequences in each address block). Finally, the authors
of [69] were able to retrieve the target DNA strand from the diluted solution of 16.8M strands
(6 address blocks with 16 sequences in each block). We will briefly explore the NPMM model

that was used to achieve this huge address space.

The NPMM consists of three layers of address space on each side of the data space (CL;, BL;,
ALy on the left and AR;, BR,,, CR, on the right) with sixteen 20-mer sequences in each layer,
hence itis of the form [CL;, BL;, AL, DATA, AR,, BR,,, CR,], where i, j, k,[,m,n € {0,1,...,15}
and DATA is either a 20-mer, a 40-mer or a 60-mer DNA sequence. As an example, we will

describe the working of NPMM for the address

[CLs, BLy, ALy, DATA, AR,, BR4, CR].

In the first step, PCR is performed using the primer pair CL; and WK(CR,) and as a result the
solution will have in large quantity molecules containing only CL; and CR;. In the next step,
considering only the amplified molecules obtained from first step, PCR is performed using the
primer pair BL, and WK(BR,). In the last step, PCR is performed using AL;y and WK(AR;,)
and as a result, the solution will contain only those DNA molecules which have the above
mentioned address, from which the data can then be retrieved by sequencing and decoding.

The authors also proposed a solution to a combinatorial optimization problem demonstrating
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the limitation for NPMM’s capacity. One major disadvantage of NPMM is the occurrence of

mutations that can happen during PCR.

2.4.2 Organic DNA memory

So far we have seen memory models which are either implemented using computer simulation
experiments or test tube experiments. In this section, we briefly explore memory models imple-
mented using living organisms as hosts to store the encoded data. One of the major obstacles in
using living organisms as a host can be the lack of substantial knowledge about the cellular and
molecular mechanism of the host organism, since inadequate knowledge about these mecha-
nisms can lead to the misinterpretation of foreign DNA sequences by these organisms which
subsequently can kill the host organism. Since the molecular mechanism of many bacteria is
well known, bacteria are one of the widely used hosts .

The authors of [68] identified two such hosts in Escherichia coli (E.coli) and Deinococcus
radiodurans (Deinococcus) as the cellular and molecular mechanism of these bacteria is well
understood, and the latter can survive in extreme conditions such as cold, dehydration, vacuum,
acid and radiation and hence can be an ideal host candidate. The encoding scheme that was
used was to assign 3-mer sequences to numbers and various symbols in the English alphabet.
For example, “1” was encoded as AAC, the letter “A” was encoded as AGG, etc. The next step
was to identify two fixed size DNA sequences (20-base-pair long) with the condition that they
should not occur in the bacterial genome yet they should satisfy all the genomic constraints
so that the introduction of such sequences should not cause any mutation, or kill the bacteria.
Another condition that had to be satisfied so as to preserve the integrity of the message without
killing the bacterium, was the introduction of stop codons in these DNA sequences so that the
bacterium would not misinterpret the embedded message as a protein-coding sequence. As a
first step, two 46bp long complementary oligonucleotides consisting of two different 20bp long

DNA sequences connected by a 6bp long restriction enzyme!? site were created. In addition,

IO)DNA-cutting enzymes
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this (restriction enzyme) site served as the location for the encoded message to be inserted
in the subsequent computation. Then this double stranded DNA molecule was cloned into a

recombinant plasmid!! as shown in Figure 2.11.

Message

Figure 2.11: A recombinant plasmid with two DNA fragments as sentinels protecting the en-
coded message in between, [68]

This embedded DNA was then inserted into cloning vectors'? which then were transferred
into E.coli by high voltage shocks. As a next step, the cloning vectors and encoded DNA were
incorporated into the genome of Deinococcus and retrieved by PCR. The authors reported the
successful storage and retrieval of seven chemically synthesized DNA fragments with 57-99
base pairs of non-native information.

Other host organisms suggested (but not experimentally verified) by [11] were Bacillus
subtilis (B. subtilis) and Saccharomyces cerevisiae (S. cerevisiae). The spore-forming capacity
of these microorganisms is believed to be a protected medium, since it is a resistant structure
that bacteria use for survival in unfavourable conditions. Also, the molecular genetics of these
species is well-known, making them suitable hosts. Along with this, the authors also suggested
a few possible encodings to encode the message, as shown in Figure 2.12. Three encodings
were suggested: encode a complete word by a DNA sequence, encode each syllable of a word
by a different DNA sequence, or encode each letter of a word by a different DNA sequence.

The authors of [62] proposed some codes that can be useful for encrypting data in DNA and
name them Huffiman code, comma code and alternating code. The Huffman code is constructed
using Huffman’s method which is based on the fact that some letters like a, e, s are used more

frequently than letters q, z, and hence encodes the former by short k-mers such as AT, T, GT (for

1A union of foreign DNA molecules inserted into a circular DNA molecule
12A circular DNA molecule that can self-replicate within a bacterial host
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I;L:E;EE unit “Everything is made of atoms”

Word

Syllable AGA

Letter AGTT TCGAA RAGTT TTGA TITG TARG ARAG TTRAG TGTT GRRA
TRENDS In Biofechnology

Figure 2.12: Encryption of the first word of Richard Feynman’s suggested message to future
civilizations [11]

a, e and s respectively) and the latter by comparatively longer k-mers such as CCCTA, CCCTG
(for q and z respectively). In the comma code, consecutive 5-base codons are separated by a

single uniform base which does not occur in 5-base codon, e.g., A A A A. This kind

of design would help the user to orient the message even if the starting point is not mentioned,
and it is effective in detecting insertion and deletion mutations. An alternating code consists
of sixty four 6-base long alternating sequences of purines (A and G) and pyrimidines (C and
T), e.g., PQPQPQ where P=A or G and Q=C or T. Even though the comma code and the
alternating code are not economical to use (unlike the Huffman code), they are more suitable

for encoding data for long-term storage.

2.5 DNA computing inspired combinatorics on words

The mathematical formalization of DNA WK-complementarity as an antimorphic involution
has inspired generalizations of many classical and fundamental notions of formal languages
and combinatorics on words including conjugacy, commutativity, borderedness, periodicity,
palindromic property, etc. In this section, we discuss some generalizations of the above men-
tioned concepts, some of their properties, and generalization of two important results from
combinatorics on words, namely Fine and Wilf’s theorem and the Lyndon-Schiitzenberger
equation. Note that, in this section, 8 always denotes an (anti)morphic involution unless other-

wise specified.
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Recall that a word and its WK-complement encode the same information and that one can
be obtained from the other by an application of an antimorphism that interchanges A with T
and G with C and vice versa. Thus, it is natural to consider the notion of repetitions not being
limited to just a finite concatenation of a word with itself, but rather a finite concatenation
of a word and its WK-complement in some random order, thereby extending the notion of
repetitions to pseudo-repetitions. [14] defines the 6(pseudo)-power of a word u as a word of
the form wuu, ...u, where u; = u and u; € {u,6(u)} for 2 < i < n. As the notion of repetition
leads to the notion of primitivity, the notion of pseudo-repetitions can lead to the concept of a
O-primitive word. A word is said to be primitive if it cannot be expressed as a power of any
other word and a word is said to be #-primitive if it cannot be expressed as a -power of any
other word, [14]. If w € {u, 8(u)}* such that u is a smallest such word, then u is said to be the

@-primitive root of w and is denoted by ps(w).

Example 2.3 Let 6 be an antimorphic involution on ¥ = {A,C,G, T} such that 6(A) = T,
0(G) = C and vice versa. Thenw = GTCGTCGAC = (GTC)(GTC)IGTC) is not O-primitive,

whereas v = GTAG and u = GTC are 6-primitive.
The following result states the relationship between primitive and 6-primitive words.

Proposition 2.5.1 [14] If a word w € X" is O-primitive then it is also primitive. The converse

is not always true.

Note that the -primitive root of a word is 6-primitive. The notion of #-primitive words
leads to a generalization of the classical result of Fine and Wilf. We will first state the classical

result.

Theorem 2.5.2 [20] Let u,v,€ X, |u| = n,|v| = m and d = gcd(n,m)"3. If two powers u' and
v/ of u and v have a common prefix of length at least n + m — d, then u and v are powers of a

common word. Moreover, the bound n + m — d is optimal.

Bgcd(n, m) denotes the greatest common divisor of integers 7 and m respectively.
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Theorem 2.5.3 [I4] Let 6 : ¥* — X* be a morphic involution, u,v € X* with n = |u|,m = |v|
and d = gcd(n, m), a(u, O(u)) € u{u, O(u)}* and B(v, 0(v)) € v{v,0(v)}*. If two 8-powers a(u, O(u))
and B(v, 8(v)) have a common prefix of length at least n + m — d, then there exists a wordt € X*

such that u,v € t{t,0(t)}", i.e., po(u) = po(v). Moreover, the bound n + m — d is optimal.

Theorem 2.5.4 [14] Let 0 : ¥* — X* be an antimorphic involution and u,v € * be such that
lu| > |v|. If there exists two 6-powers a(u,0(u)) € u{u, O(uw)}* and B(v,0(v)) € v{v, 8(v)}* sharing
a common prefix of length 2|u| + 2|v| — gcd(|ul, |v]), then pg(u) = pe(v). Furthermore, this bound

is optimal.

We know that every non-empty word is a unique power of a unique primitive word. We

state the similar result concerning the uniqueness of 6-primitive words.

Theorem 2.5.5 [14] For any word w € X7 there exists a unique 6-primitive word t € T+ such

that w € t{t,0(1)}", i.e., pg(w) = t.

The study of #-periodicity has motivated researchers to consider further generalizations of
the concept of #-periodicity, replacing the (anti)morphic involution with some more general
functions such as literal, erasing and uniform homomorphisms, [24, 25, 26]. Also, this notion
was independently generalized to periodic-like words [6], pseudoperiodic words [4], weakly-
periodic words [12] also known as Abelian periodic words [10].

The study of primitive words has inspired the study for a solution of a well-known equation

a" =b"c? where m,n, p > 2

known as the Lyndon-Schiitzenberger equation, [48]. The following result demonstrates the

solution to the Lyndon-Schiitzenberger equation.

Theorem 2.5.6 [48] If words u,v,w satisfy the relation u' = V'w" for some positive integers
l,m,n > 2, then they are all powers of a common word, i.e., there exists a word t such that

u,v,w, € {t}".
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Czeizler et al., [13], initiated the study of a generalization of the Lyndon-Schiitzenberger

equation to accommodate #-powers of a word. The equation that authors have considered is

ur... Uy =vy...vywr... Wy

where uy,...,u; € {u, 0w}, vi,...,v, € {v,0(v)} and wy,...,w,, € {w,0(w)} for [,m,n > 2. We
mention the following result as a special case of the solution to the equation where n,m > 3

and / > 6, whereas the Table 2.1 summarizes the remaining results proved in [13, 42, 49, 50].

Theorem 2.5.7 Let u,v,w € X", n,m > 3,1 > 6, u; € {u,0w)} for 1 <i <1, v; € {v,6(v)} for
Il <j<nandw; € {w,0w)} for1 <k <m. Ifuy...u; =vy...v,Wy...wy, then there exists a

word t € X such that u,v,w € {t,0(t)}*.

A word u € X" is called a conjugate of a word w € X* if there exists a word v € £* such that
uv = vw. The notion of conjugacy was extended to the notion of #-conjugacy by [40]: if 6 is
either a morphic or an antimorphic involution then a word u is 6-conjugate of another word w

if uv = 6(v)w for some v € X*.

Example 2.4 Let 0 be an antimorphic involution on ¥ = {A,C,G, T} such that 6(A) = T,
0(G) = C and vice versa. Then u = ACCT and w = CTGT are 6-conjugates of each other for

v = GT since (ACCT)(GT) = (GT)(CTGT).

Note that the #-conjugacy relation for a morphic involution is transitive, whereas for an
antimorphic involution it need not be transitive. The following proposition provides the char-

acterization of 6-conjugate words.

Proposition 2.5.8 [40] Let u be a 6-conjugate of w such that uv = (v)w for some v € £*. Then

1. For a morphic involution 6 there exists x,y € X* such that u = xy and one of the following

hold:



2.5. DNA COMPUTING INSPIRED COMBINATORICS ON WORDS 33

Table 2.1: Solutions to the extended Lyndon-Schiitzenberger equation

[ m n O-periodicity
>4 >3 >3 YES ([13, 42])
3 > 12 >12 YES ([49])
3 5 < min{m, n} m or n odd YES ([49])

3 5 <min{m,n} < 12 mor n even YES ([50])

3 4 > 5 and odd YES ([50])

3 4 > 4 and even NO ([42])

3 3 >3 NO ([42])

>3 2 >2 NO ([13])
one of {/,m,n} equals 2 | NO ([13, 42])

(a) w=y0(x) and v = (B(x)0(y)xy)'6(x) for some i > 0.

(b) w = 0(y)x and v = (B(x)0(y)xy)'6(x)0(y)x for some i > 0.

2. For an antimorphic involution 6, there exists x,y € X* such that either u = xy and

w = y0(x), or w = 6(u).

According to Proposition 2.5.8, for an antimorphic involution 6, if two words u# and w are 6-
conjugates of each other, then one of the possibilities is that w = (), and hence the existence
of a word and its f-conjugate in the computation can lead to the formation of undesirable

secondary structures.

Corollary 2.5.9 [40] For a morphic involution 6 on X*, 6-conjugacy on words is a symmetric

relation.

A word u is said to commute with the word v if uv = vu, [61]. Similarly, a word u is said to
6-commute with the word y if xy = 6(y)x, [40]. Hence the existence of words that -commute

with each other can lead to the formation of undesirable secondary structures.

Example 2.5 Let 0 be an antimorphic involution on ¥ = {A,C,G, T} such that 6(A) = T,
0(G) = C and vice versa. Then the two words x = AT and y = CGAT 0-commute since

(AT)(CGAT) = 6(CGAT)AT.
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Let us denote the §-commutativity order by v <% u iff u = vx = 6(x)v for some x € T*,
Co(1) ={u € Z*v <’ u & v = u}, and by LI (u) = {vlv € T*,v <’ u} the set of all words that
f-commute with a word u € £*. We discuss some results related to #-commutativity, important

from a combinatorial perspective.

Lemma 2.5.10 [40] For an antimorphic involution 8 and u € *, L(u) is a totally ordered set

with <°.
The following proposition characterizes the words that -commute with each other.

Proposition 2.5.11 [40] Let u,v € X* be such that u 6-commutes with v, i.e., uv = 6(v)u.

1. If 0 is an antimorphic involution then u = x(yx), v = yx where i > 0 and u, x,y are

0-palindromes where x € Z*, y € *.

2. If 0 is a morphic involution then u = x(yx)' and v = yx where yx = 0(x)8(y) and i > 0

with x € ¥, y € ¥*.

For an antimorphic involution 6, the set L = X*\Cy(1) is context-free. Also, if 8(a) # a for
any a € X, the set of all 6-unbordered words, Dy(1), is a subset of Cy(1), i.e., Dy(1) € Cy(1),
[40].

Let us recall the definition of a 6-palindrome ([15, 40]) mentioned in the earlier section.
A word u is said to be a 6-palindrome if u = 6(u) for the (anti)morphic involution 6, and P,
denotes the set of all #-palindromes. Kari et al., [41], has extended this line of research into
a further exploration of the properties of P, as well as Py, the set of all non 6-palindromes.
Note that, if a strand involved in the computation is a WK-palindrome, then it can hybridize
to another copy of itself forming undesirable structures. One can easily observe that a non-
empty #-palindromic word always has length greater than or equal to 2, and that a power of
a @-palindromic word is again a #-palindrome, [41]. The following proposition provides a

necessary and sufficient condition for a word to be #-palindrome.
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Proposition 2.5.12 Let 6 be an antimorphic involution. Then w € Py iff w = a(Ba)' for a,f €

Pyoandi > 0.

The set Py is not regular, but is context-free, and the sets P, and P, are dense. The fol-
lowing result establishes a connection between the primitive root of a non #-palindrome and

f-palindromes.

Proposition 2.5.13 [41] Let 0 be anitmorphic involution and let v € Z*\ Py. Then the primitive
root of v is the product of two non-empty Watson-Crick palindromes iff there exists a non-empty

word u € Py such that u 0-commutes with v.

2.6 Conclusion

The idea of storing encoded data in DNA of micro-organisms and using DNA as a tool to
solve problems in mathematics and computer science is undoubtedly a breakthrough, although
there are several theoretical and practical constrains. In this chapter, we reviewed and reported
some of the attempts that have been made to address the problem of encoding and storing
encoded data on DNA. Also, we have discussed how the field of DNA computing has motivated
the study of some meaningful generalizations of classical concepts in formal languages and

combinatorics on words.
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Chapter 3

Generating Pseudo-Powers of A Word

3.1 Introduction

Periodicity and primitivity of words are fundamental properties in combinatorics on words and
formal language theory. Their wide-ranging applications include pattern-matching algorithms
(see e.g. [3], and [4]) and data-compression algorithms (see, e.g., [27]). Sometimes motivated
by their applications, these classical notions have been modified or generalized in various ways.
A representative example is the “weak periodicity” of [5] whereby a word is called weakly
periodic if it consists of repetitions of words with the same Parikh vector. This type of period
was also called Abelian period in [2]. Carpi and de Luca extended the notion of periodic words
to that of periodic-like words, according to the extendability of factors of a word [1]. Czeizler,
Kari, and Seki have proposed and investigated the notion of pseudo-primitivity (and pseudo-
periodicity) of words in [6, 20], motivated by the properties of information encoded as DNA
strands.

Indeed, one of the particularities of information encoded as DNA strands is that a word
u over the DNA alphabet {A, C, G, T} contains basically the same information as its Watson-

Crick complement, denoted here by 6(u). This led to natural as well as theoretically interesting

OA version of this chapter has been published (L. Kari, M.S. Kulkarni. Generating the pseudo-powers of a
word. Journal of Automata, Languages and Combinatorics, 19(2014), 1-4, 157-171)
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extensions of various notions in combinatorics on words and formal language theory such
as pseudo-palindrome [7], pseudo-commutativity [18], as well as hairpin-free and bond-free
languages (e.g., [17, 19, 25, 13, 16]). In this context, Watson-Crick complementarity has been
modeled mathematically by an antimorphic involution 6 over an alphabet X, i.e., a function
that is an antimorphism, 8(uv) = 6(v)8(u), Yu,v € £*, and an involution, 8(6(x)) = x, Vx € X*.
In [6], a word w is called 6-primitive, or pseudo-primitive, if we cannot find any word u that
is strictly shorter than w such that w can be written as repetitions of u and 6(u). A word w is
called a 8-power or pseudo-power if w € {u, O(u)}* for some u € £*, and is called 8-periodic or
pseudo-periodic if it can be written as two or more repetitions of a word u and its image under
0.

The static notions of the power of a word, period of a word, and primitive word are intrinsi-
cally connected to the operation of catenation, that dynamically generates word repetitions. In
the case of generalizations of the notion of power of a word (primitive word), other operations
will be the ones that dynamically produce such generalized powers, [26, 21, 10, 14, 22, 9].

In this paper we define and investigate the operation of f-catenation that gives rise to the
notion of #-power (pseudo-power) and -periodicity (pseudo-periodicity). We namely investi-
gate the properties of 6-catenation (Section 3), its connection to the previously defined notion
of f-primitive word (Section 4), briefly explore closure properties of language families un-
der #-catenation and language operations involving this operation (Section 5), and conclude by
proposing Abelian catenation as the operation that generates Abelian powers of words (Section

6).

3.2 Basic definitions and notations

An alphabet X is a finite non-empty set of symbols. X* denotes the set of all words over X,
including the empty word A. X* is the set of all non-empty words over X. The length of a word

u € X* (i.e. number of symbols in the word) is denoted by |u|. A word u € L is said to be
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minimal if for all w € L, |w| > |u|. |u|, denotes the number of occurrences of a letter a in u. The
complement of a language L C ¥ is L = X*\L.

An involution is a function 6 : ¥* — X* with the property that 6 is identity. 6 is called
a morphism if for all words u,v € X* we have that 8(uv) = 6(u)0(v), and an antimorphism if
B(uv) = 6(v)6(u).

A word is called primitive if it cannot be expressed as a power of another word. Similarly,
[6], a word is called as 8-primitive if it cannot be expressed as a non-trivial §-power of another
word. A 6-power of u is a word of the form u u, - - - u,, for some n > 1, where u; = u and for
any 2 < i < n, u; is either u or 6(u). Also, 6-primitive root of w denoted by py(w) is the shortest

word ¢ such that w is a §-power of 7.

The left quotient of a word u by a word v is defined by

viiu=wiffu = vw,

and the right quotient of u by v,

w = wiffu = wy.

A language L C X7 is said to be a prefix code if L N L™ = (. For all other concepts related to

formal language theory and combinatorics on words, the reader is referred to [11] and [23].

A binary word operation with right identity, [12, 26], (shortly bw-operation) is defined as
a mapping o : * X * — 2* with u o A = {u}. Furthermore, L, o L, = Uuer, ver,( o v) and
Lio® = 0oL, =0 for any two languages L, and L,. The iterated bw-operation o' for i > 1
and languages L; and L, is defined as L; o L, = L, and L, o' L, = (L; o' L,) o L,. The
i-th o-power of a non-empty language L is defined as L°@= {1} and L°? = L o' L fori > 1.
If o is the operation of catenation, then L = {1}, L' = L and L" = L""'L, corresponding to the

usual notions of power of a language.

A non-empty word w is called o-primitive if w € u®® for some word u € X" and i > 1

yieldsi=1and w = u.
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The +-closure of a non-empty language L with respect to a bw-operation o, denoted by
L°™is defined as L°" = Uy L°®. A language L is o-closed if u,v € Limply uov C L. A
bw-operation is called plus-closed if for any non-empty language L, L°™" is o-closed.

Given a non-empty language L, a word u is a right o-residual of L if w o u C L for all
we L ie,LouC L. Letp,(L)denote the set of all right o-residuals of L, i.e., p,(L) = {u €
X*Vw e L,(wou) C L}. Note that p,(0) = 0 and A € p,(L) for any non-empty language L.

The o-left-quotient, denoted by <., is defined as

Li<, L, ={we Z*l(Lz o W) NL #+ (D}

3.3 O-catenation

We introduce a new bw-operation (binary word operation with right identity) called 8-catenation
which generates pseudo-powers, that is, 8-powers where 6 is a morphic or antimorphic invo-
lution. In this section we will give a formal definition of 8-catenation and discuss some of its

properties. Note that, unless otherwise specified, € is any morphic or antimorphic involution.

Definition 3.1 Given a morphic or antimorphic involution 6 on ¥* and any two words u,v € ¥,

we define the binary operation 6-catenation as

uo®v={uv,ud(v)}.

For example, consider the DNA alphabet ¥ = {A,G, C, T} and its associated antimorphic
involution defined by 8(A) = T,0(T) = A,6(C) =G and 6(G) = C. If u = ATC and v = GCTA
then

uov={ATCGCTA,ATCTAGC}

The operation of #-catenation can be generalized to languages in the usual way.
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Note that for any (anti)morphic involution 6, the operation of 6-catenation has a right iden-
tity since u © A = {u} for all u € X*.

A bw-operation o is called length-increasing if for any u,v € X* and w € uov, |w| >
max{|ul, |[v|}. The operation of #-catenation is length-increasing since, if w € u ©v = {uv, ud(v)}
then |w| = |u| + |v| >max{|u|, |v|}.

A bw-operation o is called propagating if for any u,v € £, a € Zandw € uov, |w|, =
lul, +|v|,. The operation of 6-catenation is clearly not propagating. However, a similar property
does hold. We will namely call a bw-operation o 8-propagating if for any u,v € ¥*, a € ¥ and
w € uov, Waoa = Ulasa+Vleoe. (The mapping which counts number of a’s and 6(a)’s

together is the characteristic function on the alphabet ¥ defined in [6].)

Proposition 3.3.1 For a given (anti)morphic involution 8 of ¥*, the operation of 6-catenation

is 0-propagating.

Proof Letu,ve X" andletw € u©v = {uv, ud(v)}. If w = uv then the required equality clearly
holds.

If w = uf(v), we have

|W|a,9(a) = |u|a,9(a) + |0(V)|a,€(a)
= |u|a,9(a) + (le(v)la + |6(V)|€(a))
= |u|a,9(a) + (lvlé)(a) + |V|a)

= |ulg.o@) + Vlao@-

A bw-operation o satisfies the left-identity condition if A o L = L for any language L C X*.
Note that, in general, the operation of 6-catenation does not satisfy the left-identity condition.
However, there exists languages of £* which satisfy this condition, such as the language of

0-palindromes Py = {u € X*|lu = 6(u)} for which 1 © Py = P,.
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A bw-operation o is called left-inclusive if for any three words u, v, w € X* we have

(uovyowduo(vow)

and is called right-inclusive if

(uov)ow Cuo(vow).

If 6 is a morphic involution then the 6-catenation is trivially associative. However, if 6 is
an antimorphic involution then 6-catenation is not associative in general, and not even right-
or left-inclusive . The following proposition provides necessary and sufficient conditions for
associativity to hold in the antimorphic case. To prove Proposition 3.3.4, we will make use of

the following Lemmas from [24].

Lemma 3.3.2 Let u,v € *. Then uv = vu implies that u and v are powers of a common word.

Lemma 3.3.3 Ifu™ = V" and m,n > 1, then u and v are powers of a common word.

Proposition 3.3.4 Let © denote the operation of 6-catenation associated with an antimorphic
involution 6 of ¥*. Given words u,v,w € Z* we have (u©v)Ow = u® (v Ow) if and only if v

and w are powers of the same 6-palindromic word.

Proof For the direct implication, let us assume that (u ©@v) Ow =u O (v Ow), i.e.,
{wvw, ud(v)w, uvd(w), ub(v)Ye(w)} = {uvw, uwl(w), ud(w)e(v), uwb(v)}, i.e.
{ub(v)w, uéd(v)8(w)} = {ud(w)o(v), uwb(v)}.

Case 1 : ub(v)0(w) = ud(w)0(v) and uf(v)w = uwé(v) implies d(wv) = 8(vw) and O(v)w =
wl(v) which further implies wv = vw and 8(v)w = wé(v), respectively. So, according to
Lemma 3.3.2, v and w are powers of a common word, as well as w and 6(v) are powers of a
common word. This means, v, w and 6(v) are all powers of a common word, say p. So, we

have v = p', w = p/ and 6(v) = p* for some i, j,k > 1. It implies, 8(v) = 6(p)’ = p*, which
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further implies i = k and p = 6(p). Hence v and w are powers of the same #-palindromic word

p.

Case 2 : u(v)w = ub(w)6(v) and u6(v)8(w) = uwd(v) implies

O(v)w = 6(w)6(v). 3.1

and

0(v)0(w) = wo(v). (3.2)

Let us catenate 6(v) to the right of Equation (3.2). It will give, 8(v)8(w)8(v) = wl(v)6(v), which

in turn along with Equation (3.1) implies

0()O(v)w = wo(»)B(v) 3.3)

According to Lemma 3.3.2 w and (6(v))? are powers of a common word, say p. So, we will
getw = p' and (6(v))* = p’ for some i, j > 1. Now, according to Lemma 3.3.3 6(v) and p are

powers of a common word, say ¢g. So, we get

p=4¢,00v)=¢g"andw = ¢" for ,m,n > 1. (3.4)

Substituting Equation (3.4) in the Equation (3.1) we get

q"q" = 6(¢g")q" (3.5)

which implies that g = 6(g), i.e. g is a #-palindromic word and v and w are powers of q.

Conversely, suppose v and w are powers of the same 6-palindromic word, say p. This

implies, v = p',w = p/ fori, j > 1 and p = 6(p), which further implies

6(v) = (6(p))' = p' and 6(w) = p’. (3.6)
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Now, we know that, (u ©v) © w = {uvw, ub(v)w, uvé(w), ué(v)é(w)} and
uO(vow) = {uvw, uvb(w), ud(w)o(v), uwd(v)}. If we compare these two expressions, we are

left to show that {u6(v)w, ué(v)0(w)} = {ud(w)6(v), uwb(v)}, which is clear from Equation (3.6).

In the previous section, we have seen the definition of i-th o-power of a non-empty lan-
guage L. The following Lemma and its Corollary clarify this definition in the case of any

bw-operation.

Lemma 3.3.5 Given a bw-operation o, we have

L9 = {a},

V=1L,

LW =12 Dor Vn>2.

Proof Fistly, L°® = {4} by definition. Secondly, L°V = L o® L = L. Thirdly, for n > 2 we
have L°™ = Lo" ' L= (Lo"?L)yoL=L""VYoL. O

Corollary 3.3.6 Given a bw-operation o, we have

WO = 4,

u*® =y,

w’® = y°" Doy Vn > 2.

The following lemma characterizes the form of the words in L°™ when the operation that

is applied iteratively is the 6-catenation.
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Lemma 3.3.7 If © denotes the operation of 6-catenation associated to a morphic or antimor-

phic involution 6 of X* then for n > 1,

L = {uvyvy---v,qlue L,v;e LUOL),0<i<n-1}.

In particular, when n = 1 we have oM =,

Proof We will prove this by induction on n.
Forn=1,L°Y =L L=L.
Forn=2,1°% = LLU LO(L) = {uvlu € L,v € LU 6(L)}.

Assume that the result is true for an arbitrary k > 2, i.e.,

L°® = {uvyvy - vpqlue Lyv; e LUOL), 1 <i<k—1)}.

For k+1 > 2 the last equation of Lemma 3.3.5 holds and, together with the induction hypothesis

we have

L@(k+l) — LO(k) 0 L
={uvvy---villue L,v;e LUO(L),1 <i<k-1}0L

={uvivy---vlue L,vie LUOL),1 <i<k}

The following Corollary demonstrates that, in the same way the operation of catenation
dynamically generates regular powers of words, the operation of 6-catenation is the one that

generates the #-powers of a word.

Corollary 3.3.8 If © denotes the operation of 0-catenation associated to a morphic or anti-
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morphic involution 0 of ¥, then every word w € u®™, n > 1, is of the form

W = Uvivy -+ Vu_q

where v; € {u,0(u)} for 0 <i < n— 1. In particular, for n = 1 we have w = u.

The following Proposition relates the number of occurrences of a letter @ and 6(a) in a word

to the number of occurences of a and 6(a) of its o-power.

Proposition 3.3.9 If o is 6-propagating bw-operation, then for any w € u*™, |Wl,g@ = n -

ula0a), forn > 1.

Lemma 3.3.10 [f o is an associative bw-operation and L C ¥, L # (0, we have

L™ o L°™ = L2 form,n > 1.

Proof

LO(m+n) — Lo(m+(n—1)) oL

— (Lo(m+(n—2)) o L) ol

— Lo(m+(n—2)) o (L o L)

— LO(m+(n—2)) o LO(Z)

— LO(m+(n—3)) o L0(3) = ..

= Lo o [

O

Lemma 3.3.10 does not hold in general for operations that are not associative. However,
in the case of 6-catenation, when 6 is an antimorphic involution, one of the inclusions in
Lemma 3.3.10 holds, even though 6-catenation is not right- or left-inclusive. As a conse-

quence, as seen in Corollary 3.3.12, -catenation is plus-closed.
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Lemma 3.3.11 If © is the operation of 6-catenation associated with any morphic or antimor-

phic involution 6 of ¥* and L C X" is a nonempty language, then

[P o [PW C [P N o> 1.,

Proof If 6 is a morphic involution then the operation of #-catenation is associative and the

inclusion holds by Lemma 3.3.10.

If 6 is an antimorphic involution then, by Lemma 3.3.7, for every n > 1 we have

LP™ = {uvyvy - -vyqlue Lv;e LUOL),0<i<n-—1}.

Let x € L°™ and y € L°™ for some m,n > 1. Then by Corollary 3.3.7 x = uv{vy -+ v,
andy = u'viv,---v/_ forsome u,u’ € L,v;,v; € LUA(L),0<i<m-1land0< j<n-1. By

the definition of 6-catenation,

Xy ={uvivy - VW ViVy -V uvivy v 00V, ) L 0,

which is a word in Lo+, O

Corollary 3.3.12 The operation of 6-catenation is plus-closed for morphic as well as antimor-

phic involutions 6.

A non-empty language L C X* is called o-free if (L°™ o L) N L = 0. In the case of -

catenation, for example, if L C £* and

R=Auvivy.vilue L,v;e LUO(L),k>1,1<i<k}

then, if LN R = 0, L is O-free. The following proposition provides more examples of O-free

languages.



3.3. O-CATENATION 55

Proposition 3.3.13 Given a morphic or antimorhic involution 6 over X, and the operation ©

(6-catenation), any prefix code is O-free.

Proof Let L C X* be a prefix code, and assume that L is not ®-free. Then there exist w € L,
u € L°P and v € Lsuch that w € u®v = {uv,ué(v)}. By the definition of #-catenation
and Lemma 3.3.7, w is of the form af88;...8,-1v or aB18;...B,-10(v), where @ € L and

Bi€ LUO(L),1 <i<n-1,n>2. This is a contradiction to the fact that L is a prefix code. O

The converse of the previous Proposition does not hold, as shown by the following example.

Example 3.1 Let T = {A,G,C, T}, A) = T,0(G) = C, L = {AG, TT,AGCA}. The language

L is ©-free, but not a prefix code.

Another way of obtaining ©-free languages is given by means of the left 6-quotient. The

left 6-quotient of two languages L, L, C X" is defined as

L, QQLZZ{WEZ*l(Lz(DW)ﬂLl ¢0}

Lemma 3.3.14 If 0 is a morphic involution then the left 8-quotient is given by

U< v ={vu,6000)0u)

and if 0 is an antimorphic involution then the left 6-quotient is given by

u<v={v"'ubwom"}.

Proof Let 6 be a morphic involution and let w € (u < v). This implies (v © w) N {u} # 0, that
is u € {vw, v8(w)}, which further implies w € {v-'u, 6(v)~'6(u)}.
Let 8 be an antimorphic involution and let w € (u < v). This implies (v © w) N {u} # 0, that

is u € {vw, v6(w)}, which further implies w € {v"'u, Ou)8(v)~"}. o
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Lemma 3.3.15 Let 6 be a morphic or antimorphic involution over X and let L be a language

in Z*. If L closed under left 6-quotient then L is not O-free.

Proof <, (L,L) = {w e Z|(LoOw)N L # 0}. As Lis <y-closed, <(L, L) € L, which implies

that (L ® L) N L # O which, since L C L®™), further implies that L is not O-free. O

3.4 O-primitive words

In this section we show that if the operation under consideration is #-catenation, denoted by
O, then the ©- primitive words coincide with the #-primitive words defined in section 3.2. We

study some properties of such #-primitive words. Recall the following result from [12].

Proposition 3.4.1 [12] Let o be plus-closed and length-increasing. Then for every word w €

X" there exists a o-primitive word u and an integer n > 1 such that w € u°™,

The following results (Proposition 3.4.2, Lemma 3.4.4, and Proposition 3.4.5) are similar

to analogous results in [26], involving propagating bw-operations.

Proposition 3.4.2 Let o be plus-closed and 0-propagating. Then for every word w € X" there

exists a o-primitive word u and a unique integer n > 1 such that w € u°™.

Proof Every 6-propagating bw-operation is length-increasing. Now, by Proposition 3.4.1, for
every word w € TV there exists a o-primitive word u and an integer n > 1 such that w € u°®.
Consider a € ¥ such that |ul, g # 0. Since o is #-propagating, for any w; € u°™ with m # n,
by Proposition 3.3.9, we get [Wilog@ = Mltlaga # Mitlasay = Wlaow- Thus w ¢ u°™ for any

m # n. Hence n is such an unique integer. O

A o-primitive word u € X* such that w € u°™ for some n > 1, is called a o-root of w. In
general, a word may not have a unique o-root. However, if o is the operation of #-catenation,
then every word w € X has an unique ®-root, also called #-root, denoted by ps(w). The
uniqueness of the 6-root of a word was demonstrated by the following theorem (corollary of

Theorems 13 and 14 from [6]).



3.4. O-PRIMITIVE WORDS 57

Theorem 3.4.3 If 6 is a morphic or antimorphic involution on X* then for any word w € L*

there exists a unique 6-primitive word t € X* such that w € H{t, 0(t)}, i.e., pg(w) = 1.

Lemma 3.4.4 Let X be an alphabet with |X| > 2 and o be plus-closed and 6-propagating bw-
operation. If a word w € X* is not o-primitive, then for any a # b, a,b € X we have that W, o)

and |W|p gy have a common factor n > 1.

Proof If w is not o-primitive, then according to Proposition 3.4.1, w € u°™ for some o-
primitive word u € X* and n > 1. Since o is #-propagating and Proposition 3.3.9 holds,
Wla0@ = 1 - [Ulaoq for all a € . Similarly, Wi, g5y = 1 - |ulpg0). Hence, for any a,b € X, we

have that [w|, ¢,y and |wlp ) have the common factor n > 1. O

Proposition 3.4.5 Let X be an alphabet with |X| > 3 and o be plus-closed and 0-propagating
bw-operation. If w € X*, a € X, w ¢ {a,0(a)}", then there is an integer m > 1 such that all the

m—1

words vi € (w o w" la), vs € (aw™ ! ow), v3 = w"a and v4 = aw™ are o-primitive.

Proof Forw € £%, let m = []pex i 20 Wibaw)- For any a € £, suppose w ¢ {a, 8(a)}*. Such a

Yow), v3 = w"a and vy = aw™. If

word exists since |[X| > 3. Let v; € (w o w" 'a), v, € (aw™"
b ¢ {a,0(a)} is a letter occurring in w, [Vilao@) = V2las) = V3lasw = Valasa = m - Wlaow + 1
whereas [Vilpop) = [Valbow) = Valbow) = Valbawy = m - Wlpep). As the number of occurrences of

a together with 6(a) respectively the number of occurrences of b together with 6(b) in each v;,

i=1,2,3,4, are relatively prime, by Lemma 3.4.4, v{, v,, v3 and v, are o-primitive words. O
In the remainder of the section we will investigate some properties of §-primitive words.

Definition 3.2 [/2] A language L C X* is called right-o-dense (resp. left-o-dense) if for each

w € XF, there exists u € X* such that (wou) N L # O (resp. uow)NL # 0).

If o is the catenation of words, then the right and left o-dense languages are called right and

left dense languages, respectively. Let Q.(X) denote the set of all o-primitive words over X.
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Proposition 3.4.6 If X is an alphabet with |X| > 3 and o is plus-closed and 6-propagating

bw-operation, then Q.(X) is right and left o-dense.

Proof For each w € £*, since |X| > 3, there exists a € X such that w ¢ {a, 6(a)}*. As o is plus-
closed and #-propagating, by Proposition 3.4.5, there exists m > 1, such that (w o w" a) €

0.(2) and (aw™ ' o w) € Q,(X). This proves that Q,(X) is right and left o-dense. ]

Next, we show that the set of #-primitive words Qy(X) is right and left dense.

Proposition 3.4.7 Let the operation of 6-catenation © associated to morphic or antimorphic
involution 0 be plus-closed and 6-propagating and let |X| > 3. Then Qo(X) is right and left

dense.

Proof Let w € Z*. If w € {a,0(a)}" and b € X such that b ¢ {a,6(a)}, then, |Wh|, o) =
|bWlapy = m > 1. Also, [Wblpepy = |bWlhepy = 1, hence by Lemma 3.4.4 wb € Qo(X) and
bw € Qs(X). If w ¢ {a,0(a)}", then by Proposition 3.4.5, w"a € Qn(X) and aw™ € Qn(Z) for

some m > 1. This proves that Q,(Z) is right and left dense. O

Proposition 3.4.8 Let o be a plus-closed and 6-propagating bw-operation and L C £* a non-
empty o-closed language such that L is also o-closed. Let F(L) be the set of length-minimal

words of L and P,(L) = L N Q.(X). Then
1. Ifwe Landifuisao-root of w, then u € L.
2. IfL is a o-closed language containing P,(L), then L C L.

3. Every word w € F(L) is o-primitive.

Proof 1. Since u is a o-root of w, w € u°™, for some n > 1. If u € L¢, then, since L is
o-closed, u°™ = (u o" ! y) C L and therefore, w € L¢, which is a contradiction. Hence

uelL.
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2. Let w € L, then there are two possibilities, either w € P,(L) orw ¢ P,(L). If w € P,(L),
thenw € L' as P,(L) C L'. If w ¢ P,(L) then w is not o-primitive. That means there
exists a o-primitive word u and n € N such that w € «°™. But as u is o-primitive,

ue P,(L)C L,sowe L. So, we have showed that in both cases L C L'.

3. Assume that w € F(L) is not o-primitive. Then by Proposition 3.4.1, w € u°™, for some
o-primitive word u and n > 1. By (1), u € L.

Case (i): There is no a € X such that 6(a) = a. Then, as Proposition 3.3.9 holds,

1 1
|W| = E Z |W|a,9(a) > E Z |u|a,9(a) = |u|

a€s.a+6(a) a3, a%0(a)

which contradicts the fact that w € F(L).

Case (ii): There exists a € X such that 6(a) = a. Then as Proposition 3.3.9 holds true,

1
lw| = Wlao@ + = Wla0a)
2

acX,a=0(a) acX,a+0(a)
1
> Z |utla0(a) + 3 Z |ula.600) = lul
acX,a=0(a) acX,a+0(a)
which contradicts the fact that w € F(L). O

3.5 Closure properties and language equations

In this section we will briefly discuss the closure properties of families of languages under

0-catenation and explore language equations involving this operation.

Proposition 3.5.1 The families of regular, context-free and context-sensitive languages are

closed under the operation of 6-catenation.
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Binary word operations can be extended naturally to binary language operations by defin-
ing,

LioL, = U (mov)

uel,vely

Language equations of type L ¢ Y = R and X ¢ L = R, where ¢ is an invertible binary word
operation and L and R are two given languages have been extensively studied, e.g., in [15].
Finding the solutions to such equations involves the concept of “right inverse” and “left inverse”

of an operation.

Definition 3.3 [15] Let o and ¢ be two binary word operations. The operation o is said to be
the right-inverse of the operation o if for all words u,v,w over the alphabet X the following
relation holds:

weov)iffve(uow).

Definition 3.4 [/5] Let o and e be two binary word operations. The operation e is said to
be the left-inverse of the operation o if for all words u,v,w over the alphabet Z, the following
relation holds:

wewov)iffue(wev).

Proposition 3.5.2 and 3.5.3 find the right and left inverses of 6-catenation for € morphic as
well as antimorphic involution. Given a bw-operation o, the reverse of this operation, denoted
by o', is defined as

uo'v=vou.

Proposition 3.5.2 If 0 is a morphic or antimorphic involution then the right-inverse of the

operation of 6-catenation @ is the reverse left 6-quotient.

Proof Let 6 be a morphic involution, and let w € u © v. Then either w = uv or w = u6(v). By
the definition of left quotient, w = uv implies that v = u~'w. Also, w = uf(v) which implies
that @(w) = 6(u)v and thus that v = 8(u)~'6(w). This shows that v € {u~'w, 8u)"'0(w)} = u<w.

The converse is similar.
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Let 6 be an antimorphic involution and let w € u © v. Then either w = uv or w = uf(v).
By the definition of left quotient, w = uv implies that v = u~'w. Also, w = uf(v) implies
that 6(w) = vO(u). Then, by the definition of right quotient, 8(w) = vf(u) which implies that

v = O(w)B(u)~". This shows that

ve {uw, 0w)ou) ™} = u <G w.

The converse is similar. O

Proposition 3.5.3 Let 6 be a morphic or antimorphic involution, and let the binary word op-
eration e be defined as w o v = {wv=!,wl(v)~'}. Then O-catenation and e are left inverses of

each other.

Proof Let w € u © v. Then either w = uv or w = uf(v). By definition of right quotient, w = uv
implies u = wv~!. Also, w = uf(v) implies u = wd(v)~!. This shows that u € {wv=!, wd(v)~'} =

w e v. The converse is similar. m|

The preceding results provide tools to solve language equations involving the operation of
f-catenation. The following two propositions are consequences of more general results from

[15].

Proposition 3.5.4 Let L, R be languages over an alphabet X. If the equation LO Y = R has a
solution Y, then the language R = (L <, R°) is also a solution of the equation. Moreover, R

includes all the other solutions of the equation (set inclusion).

Corollary 3.5.5 Let L be a language in ¥*. If the equation L © Y = L has a solution, then
Po(L), the set of all right ©-residuals of L is a solution, which moreover includes all the other

solutions to the equation.

Proof By the previous proposition, if a solution to the equation L © Y = L exists, then also

R = (L <, L) = (L° <o L) is a solution. By a result in [12], for any language L C X* and
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bw-operation o, the set of all right o residuals of L, denoted by p,(L), equals (<,(L¢, L))‘, which

proves the statement of the corollary. O

Proposition 3.5.6 Let L,R be languages over an alphabet X. If the equation X © L = R has a
solution X C X%, then also the language R = (R <}, L)° is a solution of the equation. Moreover,

R’ includes all the other solutions of the equation (set inclusion).

3.6 Conclusions and future work

This paper proposes and investigates the operation of 6-catenation, that generates the pseudo-
powers (6-powers) of a word. An avenue of further research is to determine and investigate
operations that generate other types of generalized powers. One such type is the Abelian power,
[8] defined as follows.

A word w is an k-th Abelian power if w = uju, - --u; for some uy,uy,---uy, u; € =,
1 <i < k,suchthatforall 1 <i,j <k, n(u;) = n(u;), where n(u) denotes the set of all words
obtained by permuting the letters of u. A word w is Abelian primitive if w fails to be a k-th
Abelian power for every k > 2. A word u is an Abelian root of w if w = uuyu;, - - - u;_, for some
uy - up_y € X with m(u) = m(u;) for all 1 < i < k— 1. Unlike words that are not primitive or
not f-primitive, a word that is not Abelian primitive may have several Abelian roots.

We can now define a bw-operation @, called Abelian-catenation, as u @ v = un(v). For

example, if we consider the alphabet X = {a, b, ¢} and the words u = acba and v = bcc, then

u v = {acbabcc, acbacbc, acbaccbj.

The operation of Abelian-catenation is length-increasing as well as propagating, but its
neither left-inclusive nor right-inclusive and therefore is not plus-closed.
Note that the operation of Abelian-catenation generates Abelian-powers. Indeed, if w €

u®® fork > 1,then w = uv;v, - - - v4_;, where v; € {m(u)}, for 1 <i < k- 1.
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Chapter 4

Pseudo-Identities and Bordered Words

4.1 Introduction

Periodicity, primitivity, and repetitions of words are fundamental properties in combinatorics
on words and formal language theory. Their applications include pattern-matching algorithms
(see e.g. [3], and [4]) and data-compression algorithms (see, e.g., [23]). Sometimes moti-
vated by their applications, these classical notions have been modified in various ways that,
in essence, replace the identity function with a pseudo-identity, and the notion of repetition
with the notion of pseudo-repetition. A representative example is the “weak periodicity” of
[5] whereby a word is called weakly periodic if it consists of repetitions of words with the
same Parikh vector. This type of period was also called Abelian period in [2]. Carpi and de
Luca extended the notion of periodic words to that of periodic-like words, according to the
extendability of factors of a word [1].

Czeizler, Kari, and Seki have proposed and investigated the notion of pseudo-primitivity
(and pseudo-periodicity) of words in [6, 20], motivated by the properties of information en-

coded as DNA strands. One of the particularities of information encoded as DNA strands is

OA version of this chapter has been published (L. Kari, M.S. Kulkarni. Pseudo-identities and bordered words.
In G. Pdun, G. Rozenberg, A. Salomaa editors, Discrete Mathematics and Computer Science, Editura Academiei
Romane, 2014, 207-222)
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that a word u over the DNA alphabet {A, C, G, T} contains basically the same information as its
Watson-Crick complement, denoted here by 6(u). This led to natural as well as theoretically in-
teresting extensions of the notion of “identity”, leading to several new notions in combinatorics
on words and formal language theory such as pseudo-palindrome [7], pseudo-commutativity
[18], as well as hairpin-free and bond-free languages (e.g., [13, 14, 15, 19, 21]). In this context,
Watson-Crick complementarity has been modeled mathematically by an antimorphic involu-
tion 6 over an alphabet X, i.e., a function that is an antimorphism, 8(uv) = 6(v)0(u), Yu,v € ¥*,
and an involution, 6(6(x)) = x, Yx € £*.

In [16], given a morphic or antimorphic involution #, a nonempty word u was defined to
be 6-bordered if there exists v € £* that is a proper prefix of u, while 8(v) is a proper suffix
of u. A nonempty word u was called #-unbordered if it was not 8-bordered, and properties of
0-bordered and -unbordered words were investigated in [16], [17]. Other generalizations of
the classical notions of bordered and unbordered words include pseudo-knot-bordered words,
defined in [19] as nonempty words w with the property that w = xya = B6(yx) for some words
X,y,a, and .

In [8, 9, 10], studies of #-periodicity have been extended to consider the cases where the
morphism or antimorphism 6 is literal, non-erasing or uniform. We continue this line of study
by extending the investigation of #-bordered words from the case of morphic or antimorphic
involutions 6 to cases where 6" is the identity function, for some n > 2, and the case where 6 is
a literal morphism or antimorphism. We study properties of 6-(un)bordered words in Section
4.3, some properties of the set 6-(un)bordered words where 6 is a morphic involution in Section

4.4, and conclude with several directions of further research in Section 4.5.

4.2 Basic definitions and notations

An alphabet X is a finite non-empty set of symbols. X* denotes the set of all words over X,

including the empty word A. X* is the set of all non-empty words over X. The length of a word
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u € X* (i.e. the number of symbols in a word) is denoted by |u|. By £ we denote the set of all
words of length m > 0 over . The complement of a language L C £* is L = £*\L. A word is
called primitive if it cannot be expressed as a power of another word. Let Q denote the set of
all primitive words. A function 6 : ¥* — X* is said to be a morphism if for all words u,v € X*
we have that O(uv) = O(u)6(v), an antimorphism if O(uv) = O(v)8(u) and an involution if 6* is an
identity on T*. If for all @ € X, |6(a)| = 1, then @ is called literal (anti)morphism!. A #-power
of a word u is a word of the form wu u;---u, for n > 1 where u; = u and u; € {u, 0(u)} for
2 <i < n. A word is called 8-primitive if it cannot be expressed as a f-power of another word.
Let Qy denote the set of all f-primitive words.

For a language L C X, the principal congruence P determined by L is defined as follows:
for any x,y € X* such that x # y, x = y(Py) if and only if uxv € L & uyv € L for all u,v € X*.
The index of P; is the number of equivalence classes of P;. L is said to be disjunctive if Py is
the identity, i.e., for any x # y € X* there exists u, v € £* such that uxv € L and uyv ¢ L or vice
versa.

A language L C X" is said to be dense if for all u € ¥, L N X*uX* # 0.
Definition 4.1 1. Forv,w € X', w <, viffvewX"

2. Forv,w e 2", w < viffv e X'w.

3. <=5, N,

4. Foru e ¥, v € X* is said to be a border of u if v <, u, i.e., u = vx = yvw.

5. Forv,w € T, w <, viffv e wi.

6. Forv,we X", w <, viffveXtw.

7. <q=<, N <,

8. Foru € X', v € X" is said to be a proper border of u if v <, u.

By (anti)morphism we mean either a morphism or an antimorphism.
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Forue Xt Ly(u) ={v e X <, u}.

va(u) = |Ly(w)l.

D(i) = {u € vy (u) = i}.

A word u € X* is said to be a bordered word if there exists v € X" such that v <, u, i.e.,

u = vx = yv for some x,y € X*.

A non-empty word which is not bordered is called unbordered.

For a word w, Pref(w) = {u € Z*|3v € £*,w = uv} and Suff(w) = {u € Z*|Av € Z*, w = vu}

denotes the set of all prefixes and suffixes respectively. Similarly, the set of proper prefixes

and proper suffixes of a word w can be defined as PPref(w) = {u € Z*|3v € X", w = uv} and

PSuff(w) = {u € Z*|Av € £*, w = vu} respectively.

Definition 4.2 [16] Let 6 be either a morphism or an antimorphism on .

1.

2.

10.

Forv,w e X', w <) viffve O(w)Z".

Forv,w e X* w Sf viffveZXZow).

<f=<,n <l

Foru e ¥, v € ¥* is said to be a 6-border of u if v SZ u, i.e., u=vx =yg(v).
Forw,veX* w <f, viffv e O(w)Z .

Forw,v e X, w <% viffveZto(w).

<=<,n <

For u € ¥*, v € X* is said to be a proper 0-border of u if v < u.

For u € X7, define LZ(u) ={veXh <f1 u}.

Vi(u) = |Lw)l.
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11. Dy(i) ={u e Z*lvg(u) =i}

12. A word u € X* is said to be 0-bordered if there exists v € X" such that v <Z u, ie.,

u = vx = yo(v) for some x,y € X*.

13. A nonempty word which is not 6-bordered is called 0-unbordered. Thus, Dy(1) is the set

of all 8-unbordered words over X.

Foru,v e £, [11] calls u <4 x; <4 X <4 -+ <gvau—vchain. A u—vchain, u = x; <4
Xy <4+ <g X, = vis said to be maximal if for u’ € X*, u <; u’ <; v implies u’ = x; for some
1 < i < n. Similarly, we can define u —¢ v chain as a sequence u = x; <% x, <j --- < x, = v.

The notion of maximal chain can be extended to that of -maximal chain in a similar fashion.

4.3 Properties of pseudo-(un)bordered words

In this section, we study some basic properties of -bordered and #-unbordered words where 6

is a (anti)morphism with the property that 8* = [ on X* for n > 2 or any literal (anti)morphism.

In the case where 6" = I and 6 is an antimorphism, it is clear that »n has to be an even number.
The following result was proved in [11], and can be easily generalized to the case of mor-

phic involutions.
Lemma 4.3.1 [11] Let u € £*\D(1). Then there exists v € X* with |v| < '—”2” such that v <4 u.

Lemma 4.3.2 Let 6 be a morphic or an antimorphic involution and let u € X*\Dy(1). Then

there exists v € X* with |v| < ";—' such that v <Z u.

The next two results, Propositions 4.3.3 and 4.3.4, establish some relations between the set

of 6-borders of a word u, namely LZ(u), and the set of #-borders of 8(u), namely Lfl(e(u)).

Proposition 4.3.3 Let u € X*. Then for a morphism 6 on X* such that " = I for n > 2,

LY(6(w) = 6(L(w).
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Proof Letv e Lg(e(u)) which implies 6(u) = vx = yf(v) for some x,y € £* which further im-
plies 6*(u) = O(v)A(x) = 6(y)6*(v). Continuing in this way, we will get 6*(u) = "' (v)8" ' (x) =
0" (y)0"(v) and thus u = 0"~ (v)¢""!(x) = 0""'(y)¢"(v) which implies ¢"~'(v) € L%(u) and hence
v € O(L%(w). Thus, LY(O(w)) € 0L (w)).

Conversely, let v € Lfl(u) which implies u = vx = yf(v) for x,y € £* and hence 6(u) =
6(v)0(x) = 6(y)6*(v) which further implies 6(v) € L%(6(u)). Also, since v € Li(u), O(v) €

O(LY(u)). Thus, L(6(u)) = 6(L%(u)).

However, if 6 is literal (anti)morphism that is not bijective, Proposition 4.3.3 does not

necessarily hold, as demonstrated by Example 4.1.

Example 4.1 Let X = {a, b} and 6 be (anti)morphism such that, 6(a) = a,0(b) = a, u = ababaa.
Then 6(u) = aaaaaa, Lg(u) = {A,a,ab}, Q(Lfl(u)) ={A,a,aal, Lfl(H(u)) ={A,a,aa,--- ,aaaaal.

Clearly, L(0(u)) # 0(L5(w)).

Note that the inclusion O(L%(u)) € L(6(u)) holds in case of Example 4.1. Moreover, the

inclusion holds in general for any literal morphism 6.
Proposition 4.3.4 Let u € X*. Then for any literal morphism 6 on X*, Q(LZ(M)) Cc LZ(@(M)).

Proof Letv € LZ(M) which implies u = vx = yf(v) for x,y € £* and hence 0(u) = 6(v)6(x) =
6(y)6*(v) which further implies 6(v) € Li(6(u)). Also, since v € Li(u), 6(v) € 6(Li(u)). Thus,
OLA(w) < L(Ow)).

It is known, [16], that, for an antimorphic involution 6, the relation <f1 is transitive.

Lemma 4.3.5 [16] Let u € X* and v,w € * such that u < w and w <, v. Then for a morphic

involution 6, we have u <, v and for an antimorphic involution 6, we have u <fl V.

The statement of Lemma 4.3.5 does not necessarily hold in the case when 6 is a morphism

which is literal and not bijective, as demonstrated by Example 4.2.
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Example 4.2 Let ¥ = {a,b} and 6 be a morphism such that 6(a) = a, 0(b) = a, u = ab,

w = abaa, v = abaabbaaaa. Then u <4 w and w < v but u £, v.

The following proposition demonstrates the transitivity of relation </ for literal antimor-

phisms 6.

Proposition 4.3.6 If 6 is any literal antimorphism on X*, then the relation <, is transitive, i.e.

foru € * and v,w € ¥ such that u <4 w and w <% v, we have u <5 v.

Proof Let 6 be any literal antimorphism such that u <f1 w and w <g v which implies w = ux =
yO(u) and v = wa = B6(w) for some x,y,a, € £, hence v = uxa = B6(ux) which further

implies v = uxa = pO(x)0(u). Hence u <4 v.

Corollary 4.3.7 Let v € Li(u) and w € Z*. Then for any literal antimorphism 6 on X*, if

0 0
w <, vthenw € L, (u).

The converse of the Corollary 4.3.7 does not hold in general. In fact, in the case of an
antimorphism, Proposition 4.3.9 holds.
The next results describe relations between the 8-borders of a word # when 6 is a morphism

with 8" = I, n > 2, (Proposition 4.3.8) or literal (anti)morphisms (Proposition 4.3.9).

Proposition 4.3.8 Let u,v,w € Z*, u # vand u <Z w, vV <Z w. If 8 is a morphism on £* such

that 0" = I for n > 2, then either v <, u or u <y v.

Proof Let 6 be a morphism such that ¢ = I and u <% w, v < w which implies w = ux = yf(u)
and w = va = B6(v) for some x,y,a,B8 € T*. If [u| > |v|, then u = vp and 6(u) = ¢gO(v) for
some p,g € X" which imply 8*(u) = 0""'(¢)0"(v) = 6" '(q)v. Thus, we get u = vp = 8" (q)v
which implies v <; u. Similarly, if |u| < |v| then v = up’ and 6(v) = ¢’6(u) for some p’,q" € X*
which imply 8*(v) = 0"'(¢)8"(u) = 0"~'(¢')u. Thus, we get v = up’ = 8"~'(¢’)u which implies

u<gv.
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Proposition 4.3.8 does not necessarily hold if 8 is a literal (anti)morphism that is not bijec-

tive, as demonstrated by Example 4.3.

Example 4.3 Let £ = {a, b}, and 6 be a morphism or antimorphism such that 6(a) = a,0(b) =

a, u = ab, v =abaa, and w = abaabbaaaa. Then u <f1 W,V <f1 w but neither v <g u nor u <y v.

Proposition 4.3.9 Let u,v,w € X*, u # vand u <Z w, v <fl w. Then for any literal morphism 0
on X%, either 6(v) <4 O(u) or O(u) <4 6(v). If 6 is any literal antimorphism, then either v <, u

oru <p V.

Proof Let 6 be any literal morphism and u <% w,v <% w which imply w = ux = y6(u) and
w = va = B6(v) for some x,y,a,B € X*. If [u| > |v|, then u = vp and O(u) = g6(v) for some
p,q € X which imply 6(u) = 6(v)0(p) = g6(v). Thus, we get 6(v) <, 6(u). Similarly, if |u| < |v|
then v = up’ and 8(v) = ¢’'6(u) for some p’,q’ € X* which imply 6(v) = (w)0(p’) = q'6(u).
Thus, we get 8(u) <, 0(v).

Let 6 be any literal antimorphism and u <% w, v <% w which imply that w = ux = y6(u) and
w = va = BO(v) for some x,y,a,B € X*. Hence, we have, ux = va. If [u| > |v], v <, u and if

[v| > |u| then u <, v.

Corollary 4.3.10 Let u,v,w € Z*, u # vand u <§ w, v <g w. Then for any literal antimor-

phism 6 on ¥*, either (v) <; O(u) or 6(u) <; 6(v).

Corollary 4.3.11 Letu € X*. Then

1. For any morphism 6 on X* such that 8" = I for n > 2, Lfl(u) is a totally ordered set with

<y Le. LZ(M) ={A<qgu <qup <g---<gUi-1}.
2. For any literal morphism 6 on ¥, Q(LZ(I/{)) is a totally ordered set with <,.

3. For any literal antimorphism 6 on X*, L%(u) is a totally ordered set with <, i.e. L%(u) =

{A<pur <pup <, -+ <, ui1}and G(Lg(u)) is a totally ordered set with <.
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Proof Statement 1 follows from Proposition 4.3.8, statement 2 from Proposition 4.3.9 and

statement 3 from Proposition 4.3.9 and Corollary 4.3.10, respectively.

The next two propositions (Proposition 4.3.12, 4.3.13) list some properties of 6-unbordered

words for (anti)morphisms 6 such that 8" = I,n > 2.

Proposition 4.3.12 Let 6 be a morphism on ¥* such that " = I for n > 2. Then for all

x,y € Dy(1) such that x # y, we have that xy # 6" (y)x.

Proof Let x,y € Dy(1). As Dy(i) € X* for i > 1, both x and y are non-empty. Suppose
xy = @ !(y)x, then we have following three cases to consider.

Case I: |x| = |y|. Then x = "~!(y) and y = x, which is a contradiction since x # y.

Case 2: |x| > |y|. Then there exists p € £* such that x = 8""!(y)p and x = py which imply
that x = @~'(y)p = p&"(y), which is a contradiction since x € Dy(1).

Case 3: |y| > |x|. Then there exists g € =+ such that "'(y) = xq and y = gx which imply
that y = gx = 6(x)8(gq), which is a contradiction since y € Dy(1).

Since all the three cases leads to a contradiction xy # 6" !(y)x.

Proposition 4.3.13 Let 0 be an antimorphism on X* such that 0" = I for n > 2. Then for

x € Dy(1) and y € T+ such that x # y and 6(x) # x, we have that xy # 60"~ (y)x.

Proof Let x € Dy(1). As Dy(i) C " fori > 1, x is non-empty. Suppose xy = 8" !(y)x, then we
have following three cases to consider.

Case I: |x| = |y|. Then x = "~!(y) and y = x, which is a contradiction since x # y.

Case 2: |x| > |y|. Then there exists p € * such that x = #"~!(y)p and x = py which imply
that x = @~!(y)p = p&"(y), which is a contradiction since x € Dy(1).

Case 3: |y| > |x|. Then there exists g € =+ such that #"'(y) = xq and y = gx which imply
that y = gx = 6(q)0(x), which further implies 8(q) = g and 8(x) = x which is a contradiction
since 6(x) # x.

Since all the three cases leads to a contradiction xy # 8" !(y)x.
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The following lemma provides a necessary and sufficient condition for a word to be 6-

bordered, in the case when 6 is a literal antimorphism.

Lemma 4.3.14 Let 0 be any literal antimorphism on X*. Then x € X* is 6-bordered iff x =

ayb(a) for some a € Zand y € X*.

The result below gives several properties of 8-unbordered words, for literal antimorphisms

Proposition 4.3.15 Let 0 be any literal antimorphism on ¥*, then

1. Forallu,v € X" andw € ¥, we have uwv € Dg(1) iff uv € Dg(1).

2. If X is an alphabet such that there exist a,b € X with 6(a) # b, then Dy(1) is a dense set.

3. Leta,b € X such that a # b. Then for all u € ¥*, either ua or ub is 0-unbordered.

Proof 1. Suppose uwv € Dy(1) and uv ¢ Dy(1) which imply that uv = ayf(a) for some
ac€Xandy € X'. If w = A, then clearly uwv ¢ Dy(1), a contradiction. Now, if w # A,
then we have three possibilities.

Case a: u = a,v = yf(a), hence uwv = awyb(a) ¢ Dy(1).
Case b: u = ay,v = 6(a), hence uwv = aywb(a) ¢ Dy(1).
Case c: u = ap,v = q6(a) where y = pq for some p,q € £*, hence uwv = apwqgb(a) ¢

Dy(1).
Since all the three cases leads to a contradiction, uv € Dy(1).

Conversely, suppose uwv ¢ Dy(1) which imply that uwv = ayf(a) for some a € £ and
y € ¥*. Hence, u = au; and v = v,6(a) for some u;,v; € ¥* which further implies,

uv = auv10(a) ¢ Dg(1), a contradiction. Hence uwv € Dy(1).

2. Choose a,b € X such that 8(a) # b. Then for all w € ¥, there exists a, b € ¥* such that

awb € Dg(1). Hence Dy(1) is a dense set.
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3. Let us assume that both ua and ub are 6-bordered. Then we have, ua = a;y,6(a;) and
ub = ayy,0(a,) for some aj,a, € ¥ and y;,y, € X* which implies u = a,;y; = a,y, and
a = 6(ay),b = 6(a,). This further implies that a;y; = a,y, which implies a; = a, and
y1 = y, which further implies a = 6(a,) = b, a contradiction. Hence, either ua or ub is

f-unbordered.
If 6 is an antimorphism such that 8" = I, n > 2, the following result holds.

Proposition 4.3.16 Let 6 be an antimorphism on X* such that " = I forn > 2. Then u € Dy(1)

iff 0" 2(u) € Dy(1)

Proof Letu € Dy(1) and suppose 8" 2(u) ¢ Dy(1) then we have 8"~%(u) = ay6(a) for some a € =
and y € X* which imply that u = 6"(u) = 6*(a)6*(y)#*(a) and thus u ¢ Dy(1), a contradiction.
Hence 6" %(u) € Dy(1).

Conversely, suppose 6" ~2(u) € Dy(1) and u ¢ Dy(1). Then u = ayé(a) for some a € X and
y € *. Since n is even and 6" = I, n — 2 is also even and thus 6" 2(u) = 6" %(a)0"2(y)0" ' (a) ¢

Dy(1), a contradiction. Hence u € Dy(1).

Lemma 4.3.17 Let 6 be a morphic involution on ¥* and u € X* such that u € D(1), then

6(u) € D(1).

Proof Let u € D(1). Suppose 6(u) ¢ D(1). Then 6(u) = aB, = Bra for a,B;,5, € *. Thus,
u=6(@)d(B;) = 0(B,)0(a) ¢ D(1), a contradiction. Thus, 6(u) € D(1).

Along similar lines, we can prove the following result concerning Dy(1) for a morphism of

the form 6" = I, n > 2.

Lemma 4.3.18 Let 0 be a morphism on X* such that " = I, n > 2 and u € X*. Then the

following are equivalent:

1. ue Dy(1).
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2. 0" (u) € Dy(1).
3. 6(u) € Dy(1).

Proof (1) = (2): Let u € Dy(1) and suppose 8" '(u) ¢ Dy(1). Then 0" '(u) = vx = yO(v)
for some v, x,y € £*. This implies u = 8(v)8(x) = 6(y)6*(v), a contradiction since u € Dy(1).
Hence 6" '(u) € Dy(1).

(2) = (3): Let 8" '(u) € Dy(1) and suppose (1) ¢ Dy(1). Then 6(u) = vx = yO(v) for
some v, x,y € . This implies 8"'(u) = 0" 2(v)#"2(x) = 8""%(y)#"~' (v), a contradiction since
0" '(u) € Dy(1). Hence O(u) € Dy(1).

(3) = (1): Let 8(u) € Dy(1) and suppose u ¢ Dy(1). Then u = vx = yf(v) for some
v,x,y € X*. This implies O(u) = 6(v)8(x) = 6(y)6*(v), a contradiction since O(u) € Dgy(1).

Hence u € Dy(1).

In fact, the implication 8"~2(u) € Dy(1) = u € Dy(1) of Proposition 4.3.16 and implications
(2) = (3) and (3) = (1) in Lemma 4.3.18 hold if 8 is a literal morphism, not necessarily

bijective.

Proposition 4.3.19 Let 6 be a morphism on X* such that 8" = I and u € T*. If u € Dy(i) for

some i > 2, then for all 1 < k < i, L(u) N D(k) # 0.

Proof By Corollary 4.3.11 we have

0
Ly(u)={d<gqu; <quy <q-+-<qUui_1}.

Note that u; < u forall 1 < k <i— 1. Now, since u; € Lj(u) and |u;| < || forall 1 < j <k,

by Proposition 4.3.8 we have that u; <; u;. Hence,

Liy(ui) = {4, uy, -+ - ug_y ).

Thus u;, € D(k) and L%(u) N D(k) # 0.
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Recall that, a u — v chain, u = x; <% x, <% --- <f x, = v is said to be #-maximal if for

W e X u<fuw < vimplies ' = x; for some 1 < i <n.

Lemma 4.3.20 [6] Let u € X" be a primitive word. Then u cannot be a factor of u* in a

nontrivial way, i.e., if u* = xuy, then necessarily either x = A ory = A.

Proposition 4.3.21 Let 6 be an antimorphic involution on * and f € Q. If f <" u < f?, then

u=foru= f>ie., f SZ f? is a 8-maximal chain.

Proof Suppose f sfl f? is not a @-maximal chain, i.e., u # f and u # f2. Since f Sfl u SZ 72,
we have u = fx = y8(f) and f> = ua = BO(u) for x,y,a,8 € T* with |x| = |y| and |a| = |B].
Then,

f? = fxa = y0(Na = BA0O(S) = BfOG).

Now, since f% = Bf6(y), by Lemma 4.3.20 either 8 = 1 or 6(y) = A.

Case 1: Suppose, § = A. This implies f = 6(y). Since, fxa = f2, we get xa = f = 6(y).
But since, |x| = [y|, x = 8(y) = f and thus u = fx = f2, a contradiction.

Case 2: Suppose, 6(y) = A. This implies 8 = f. Since, fxa = f2, we get xa = f = 5. But
since, |a| = |8], @ = B = f which implies f?> = ua = uf and thus u = f, a contradiction.

Since both the cases leads to a contradiction, f SZ £? is a #-maximal chain.

The 6-unbounded annihilator «,,; (1) of a word u is defined, [12], as

a(i) = {v € Zuv € Dy(1)).

The following results find a relationship between the #-unbounded annihilator of a word u
and the set of catenations of suffixes of u, for §-unbordered words u, and morphisms 6 with

6" =1, n > 2 (Proposition 4.3.22) or literal antimorphisms (Proposition 4.3.23).

Proposition 4.3.22 Let 6 be a morphism on X£* such that " = I,n > 2. If u € Dy(1), then

(PSuffu))™ < au(u).
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Proof Let u € Dy(1). Letv = uyu, - - - u,, for some u; € PSuff(u) and 1 < i < m. Suppose
that uv ¢ Dg(1). Then there exists @, a;,8; € X* such that uv = aa; = 8,6(«). Then, we have

following two cases:

124

Case I: |a| > |v|. Then, we have O(a) = w”’v and u = w'u” for some u',u” € X*. This
implies u” <; u. From uv = aa;, we get uv = ¢"'(uw”)0""' (v)a,. This implies ¢"'(u”’) <, u.
This will further imply that u ¢ Dy(1), a contradiction.

Case 2: |a| < |v|. Also, we have v = uju, - - - u,, for some u; € PSuff(u) for 1 < i < m. Thus

we have following two sub-cases:

Case 2(a): |a| < |u,,|. Then, we have 8(«a) = u,,» and u,, = u,,u,, for some u,,, u,» € X*.
Since, u,, € PSuff(u), we have u = u,u, = u,u,u,  for some u, € X*. Thus, we have
U <y u. From uv = aa;, we get uv = 0" (u,)a;. This implies "' (u,») <, u. This will

further imply that u ¢ Dy(1), a contradiction.

Case 2(b): la| > |u,|. Then, we have () = w) u;yy - - - w,, for u; = wu), u; € X, u;’ € T*

[ A

’

andi =1,2,--- ,m— 1. Since, u; € PSuff(u), we have u = uyu; = uyuu; for some uy € X*.
Thus, we have u! <, u. From uv = aa;, we get uv = 0"~ (u/)0" ' (u;+1 - - - w)a;. This implies

9”‘1(u;’) <, u. This will further imply that u ¢ Dy(1), a contradiction.

Since all the cases leads to a contradiction, (PSuff(u))* C a,,;(u).

Proposition 4.3.23 Let 0 be any literal antimorphism on X*. If u € Dy(1), then (PSuffiu))* C

aub(”)-

Proof Letv = wu; - --u, for some u; € PSuff(u) and 1 < i < m. Suppose, uv ¢ Dy(1). Then
uv = ayb(a) for some a € ¥ and y € £*. This further implies, u = ay,, v = y,6(a) and y = y,y,
for some y;,y, € X*. Clearly, a <, u. But, since, v = uju, - - - u,, = y,6(a) where u,, € PSuff(u),
we will have u,, = u,,6(a) for u,, € *. Also, u = v'u,, = u'u,,6(a) and thus 6(a) <, u. This

imply u ¢ Dy(1), a contradiction.
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4.4 Disjunctivity of the set of 6-(un)bordered words

In this section we study some properties of the set of §-bordered and #-unbordered words. In
[11] it was shown that, for every i > 1, the set of all (un)bordered words D(i) is disjunctive.
Similarly, we will show that, under some conditions, if 6 is a morphic involution then the set of
all 8-unbordered words Dy(1) is disjunctive, and the set of all words with exactly two 6-borders
Dy(2), are also disjunctive (Theorem 4.4.7). We also study the disjunctivity of some related
languages (Theorem 4.4.13).

The following proposition provides a necessary and sufficient condition for a language to

be disjunctive.

Proposition 4.4.1 [22] Let L C X*. Then the following two statements are equivalent:
1. Lis a disjunctive language.
2. Ifu,veZt, u#v, |ul =|v| then u # v(Pyp).

The following auxiliary lemmas are needed for the main results of this section, Theorem

4.4.7 and Theorem 4.4.13.

Lemma 4.4.2 Let 6 be a morphic involution and a,b € X, a # b. Let x,y € ", m > 0. Then,
1. a"x60(b) € Dy(1).
2. Ifa # 6(a), x = O(b)x', X € T* and k > m, then (a“y0(b))(a*x0(b)) € Dy(1).

Proof 1. Since there does not exist any word u € X* with |u| < m such that u <Z a”™x0(b),

by Lemma 4.3.2, a"x0(b) € Dy(1).

2. Let (a*y8(b))(a*x6(b)) ¢ Dy(1). Then there exists u € X* such that
u <5 (d“y6(b))(d x6(b)).

By Lemma 4.3.2, it is enough to consider only the case |u| < m + k + 1.
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Case (i): |u| < k. Then u = a" for some n < k and () = a”6(b) for x = d’a”’,a’ €
>*,a” € ¥. Hence a" = 6(a’")b which implies a = b, a contradiction.

Case (ii): k < |ul < m+k+1. Thenu = a fory = y'y”, y € £,y € X and
O(u) = a"x6(b) = a"0(b)x'6(b) for 0 < n < k. Hence a*y’ = 6(a™)bO(x")b which implies
a = b, a contradiction.

Case (iii): |u| = m + k + 1. Then u = a*yd(b) = 8(a*)6(x)b which implies a = 6(a), a

contradiction.

Since, all the three cases leads to a contradiction (a*y8(b))(a*x60(b)) € Dy(1).

Lemma 4.4.3 Let 6 be a morphic involution and let a,b € X, a # 6(b). Let x # y, x,y € X",

m> 0. If x = 0(b)x', X € X* and k > m, then (a“y0(b))(6(a*x0(b))) € Dy(1).

Proof Let (a“y8(b))(6(a*x0(b))) ¢ Dy(1). Then there exists u € " such that

u <5 (d“y6(b))(6(a* x0(b))).

By Lemma 4.3.2, it is enough to consider only the case |u| < m + k + 1.

Case (i): lu| < k. Then u = a" for some n < kand 0(u) = 8(a”’)b for x = a’a”’,a’ € Z*,a” €
>*. Hence a" = a”’6(b) which implies a = 6(b), a contradiction.

Case (ii): k < |ul < m+k+1. Thenu = a*y fory = y'y’, y € I*, y" € X* and
O(u) = 6(aM8(x)b = 6(a")b8(x")b for 0 < n < k. Hence a*y’ = a"0(b)x’6(b) which implies
a = 6(b), a contradiction.

Case (iii): [u| = m+k+1. Then u = a“yf(b) = a*x6(b) which implies y = x, a contradiction.

Since, all the three cases lead to a contradiction (a*y8(b))(6(a*x6(b))) € Dy(1).

Lemma 4.4.4 Let 6 be a literal (anti)morphism on £* and a,b € X such that a # 6(b). Let

x#y, x,yeZ", m>0. Then:

1. a"x6(b) € D(1).
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2. If x = 6(b)x', X' € X* and k > m, then (a*y08(b))(a*x6(b)) € D(1).
Proof Let 6 be a literal (anti)morphism.

1. Since there does not exist any word u € X* with |u| < m such that u <; a”x6(b), by

Lemma 4.3.1, a”™x6(b) € D(1).

2. Let (a*y8(b))(a*x0(b)) ¢ D(1). Then there exists u € X* such that

u <q (a*yo(D))(d x6(b)).

By Lemma 4.3.1, it is enough to consider only the case |u| < m + k + 1.

Case (i): lu| < k. Thenu = a" = a”0(b) for somen < kand x = &’a”’,a’ € X", a” € ¥,

which implies a = 6(b), a contradiction.

Case (ii): k < |ul < m+k+ 1. Then u = avy = a"x0(b) = a"6(b)x'6(b) for y = y'y",

y € Z*,y" € £* and 0 < n < k, which implies a = 6(b), a contradiction.

Case (iii): |u| = m + k + 1. Then u = a*y8(b) = a*x0(b) which implies x = y, a

contradiction.

Since, all the three cases leads to a contradiction (a*yd(b))(a*x6(b)) € D(1).
Corollary 4.4.5 follows immediately from Lemma 4.4.2 and 4.4.4.

Corollary 4.4.5 Let 0 be a morphic involution on ¥*, where X is an alphabet with |Z| > 3 that

contains letters a # b such that a ¢ {6(b),0(a)}. Let x #y, x,y € ", m > 0. Then:
1. a"x0(b) € Dg(1) N D(1).
2. If x = 6(b)x’, X' € X* and k > m, then (a*y8(b))(a*x6(b)) € Dy(1) N D(1).

Lemma 4.4.6 Let 6 be a morphic involution and let a,b € X such that a ¢ {b,0(b)}. Let x € ",

m>0.Ifx=00b)x', x' € X, then (a”"x0(b))(0(a"x0(b))) € Dy(2).
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Proof Clearly A, a"x8(b) € L%((a"x0(b))(0(a"x0(b)))).

Let (a™x6(b))(8(a™x6(b))) ¢ Dy(2). Then there exists u € X+ such that

u < (@"x0(b) (0" x6(b)))

and u ¢ {4,a™x6(b)}. Then, we have following cases to consider.

Case (i): |u| < m. Then, u = a" for some n < m and 6(u) = 6(a”’)b for x = a’a”, @’ € £*
and a” € £*. Hence a" = a”’8(b) which implies a = 6(b), a contradiction.

Case (ii): m < |ul < 2m + 1. Then, u = a"a’ for x = &’a”’, @’ € X, @’ € ¥* and
O(u) = 6(a™)B(x)b = 68(a")bO(x")b for 0 < n < m. Hence a”a’ = a"6(b)x’6(b) which implies
a = 6(b), a contradiction.

Case (iii): 2m + 1 < |u| < 3m + 1. Then, u = a"x0(b)0(a") for some 0 < k < m and O(u) =
@”0(b)8(a™B(x)b for x = ’a”’, @’ € T*,a” € T*. Hence, u = a"x0(b)0(a") = 8(a’")ba" x0(b)
which implies a = b, a contradiction.

Case (iv): 3m+ 1 < |u| < 4m + 1. Then, u = a"x6(b)0(a™)0(a’) for x = a’a”’, o’ € ¥,
@” € T and O(u) = d*x0(b)0(a™)f(x)b for 0 < k < m. Hence, u = a"x0(b)0(a™b(a’) =
6(a*)b6(x")ba™ x6(b) which implies a = b, a contradiction.

Since all the cases leads to a contradiction (a”x8(b))(6(a™x0(b))) € Dy(2).

Theorem 4.4.7 Let 6 be a morphic involution on X, where X is an alphabet with |X| > 2 that
contains letters a # b such that a # 6(b). Then the set of 6-unbordered words, Dy(1) and set of

words with exactly two 6-borders Dy(2) are disjunctive.

Proof Let x,y € ", x # y, m > 0. Without loss of generality let us assume that x = 6(b)x’,
x e X Letu =a",v=_00b)0a"x0(b)). Since a # b, by Lemma 4.4.2(1), we have a”"x0(b) €

Dy(1) and by Lemma 4.4.6,

uxv = a"x0(b)6(a" x0(b)) € Dy(2).
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Since Dy(2) N Dy(1) = 0, it follows that uxv ¢ Dy(1). Further, by Lemma 4.3.18 8(a™x6(b)) €

Dy(1). Since a # 6(b), by Lemma 4.4.3,

uyv = a"yo(b)(6(a" x0(b))) € Dy(1).

Since, for x,y € X" x # y, |x| = |y|, we got x £ y(P;) where L = Dy(1). Hence, by Propo-
sition 4.4.1, we have that Dy(1) is disjunctive. From the proof it follows that also Dy(2) is

disjunctive.

The following Lemmas are needed for the proof of Theorem 4.4.13.

Lemma 4.4.8 Letm > 1, x € T, u’,u”,y € X* and 0 be a morphic involution on ¥*. For any
u € Dy(1) N D(1), if (x1y1 " XnYm)Xme1 = wuu”, where x; = x and y; =y if i and j are odd,

xi=0(x)andy; = 60(y)ifiand jareevenfor1 <i<m+1land1 < j<m, then |u| < |xyl.

Proof Suppose, |u| > |xy|. We will prove just 3 cases here, the other cases follow similarly.
Case (i): u occurs as a subword of yd(x)6(y). Then there exists a1, a, € ¥ and 3, 52, 81,5, €
2" such that x = a3, y = 18] = 5652, |B2] > |61, then there exists @ € X* such that 8, = B,

B> = af| and we have

u = B260(a1)0(@2)0(B1) = af6(a122)0(B3)0(r) ¢ Dy(1)

Case (ii): u occurs as a subword of yd(x)0(y)x. Then there exists ay,a, € £* and By, 3, € X*

such that x = aja;, y = 515>, then

u = Br0(a)8(a2)0(B1)0(B2)a; ¢ Dy(1)

a contradiction.

Case (iii): u occurs as a subword of y0(x)8(y)xy6(x). Then a,a, € £* and 81,3, € X* such
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that x = X1y, Yy = ﬁ]ﬁz, then

u = Par6(a1)60(a2)0(y)xB1520(a 1) ¢ D(1)

a contradiction.

All the other cases will lead to a similar contradiction, hence |u| < |xy|.

Lemma 4.4.9 Let 6 be a morphic involution on Z*. If fi--- fn = uyus - - - uy with u; € Dg(1) N
D), i =1,2,--- ,k such that f; = f if jis odd and f; = 6(f) if j is even, 1 < j < m, then
lu;| < |flforall1 <i<k

Proof Follows from the proof of Lemma 4.4.8 replacing y by an empty word A.

Lemma 4.4.10 Letm > 2, m > n > 1, 0 be a morphic involution on X*. Then for any x € X*,
y € X, (Xx1y1 - XmYm)Xme1 € [Do(1) N D(1)]", where the conditions placed on x; and y; for

1<i<m+1landl < j<mare the same as those in Lemma 4.4.8.

Proof Suppose (x1y1 - - XuYm)Xms1 € [Do(1) N D(1)]". Then there exists
up, U, -+, u, € Dg(1) N D(1) such that (x1y; - -« X Vm)Xms1 = Uy - - - u,. By Lemma 4.4.8,

we will get |u;| < |xy| for 1 < i < n. However, this would further imply,

Uiy -+ - U] < nlxy| < mlxy| < mlxy| + |x|

which is a contradiction. Hence (x1y; - - - X ym)Xme1 € [Do(1) N D(1)]".

Lemma 4.4.11 Let m > n > 1 and 6 be a morphic involution on X*. Then for any f,0(f) € X¥,
we have fi--- f,, € [Dg(1) N D(1)]", where the conditions placed on f; for 1 < i < m are the

same as those of Lemma 4.4.9.

Proof Follows from the proof of Lemma 4.4.10 replacing y by an empty word A.
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Lemma 4.4.12 Let 6 be a morphic involution on X*. For any f,0(f) € Dy(1)ND(1) and n > 2,
fi - fa & [Dg(1) 0 D(1)]""!, where the conditions placed on f; for 1 < i < n are the same as

those of Lemma 4.4.9.

Proof We will prove this result by induction on n. For n = 2 result holds trivially as f0(f) ¢
Dy(1) N D(1). Assume that the result holds for n = k, ie., fi- - fi & [Dg(1) N D(1)]*.
Suppose, fi--- fis1 € [Dy(1) N D(D)J¥, then there exists u,v € X* such that uv = f -+ fir1,
u € Dy(1)ND(1) and v € [Dy(1)ND(1)]*'. By Lemma 4.4.9, |u| < |f]. If [u| < |f], then f = uu’

for some v’ € £*. Hence, we get

’ ’ ’ 7’ 7
fl . 'fk+1 = Ul U Uy = ul(u1u2 te ukuk+l)uk+1

where w;u; = wu’ if i is odd and w;u; = 6(u)0(u’) if i is even. But then (ujus - - - wj g )u;, | €
[Dy(1) N D(1)]*"! which is a contradiction to Lemma 4.4.10. If |u| = |f|, then u = f. Thus,
V= fr- fis1 € [De(1) N D(1)]*!, which is a contradiction to Lemma 4.4.11. Hence f - - - f, ¢
[Dy(1) N D).

Theorem 4.4.13 Let 6 be a morphic involution on ¥*, where X is an alphabet with |X| > 3 that
contains letters a # b such that a ¢ {60(b),6(a)}. Then the set [Dy(1) N D(1)]" is disjunctive for

any even number n > 2.

Proof Choose x #y € £, m > 0 withy = 6(b)y’ for some y’ € £*. Let L = [Dy(1)NnD(1)]". By
Corollary 4.4.5(1), a"x6(b) € Dy(1) N D(1) and thus by Lemma 4.3.17 and 4.3.18 6(a” x6(b)) €
Dy(1)ND(1). Since x # y and a # 6(b), by Lemma 4.4.3 we have a”x0(b)6(a™y0(b)) € Dy(1) N
D(1), which further by Lemma 4.3.17 and 4.3.18 implies 6(a” x8(b))a™y6(b) € Dy(1) N D(1) .
Let

u= W -u)a",v=0(0b).

where u; = a”x0(b) if i is odd and u; = 0(a"x0(b)) if i is even.
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Since n is even, we obtain

uyv = (uy - - up)a" yo(b) = (uy - - - up-1)(0(a" x0(b))a" y6(D)) € L.

On the other hand, by Lemma 4.4.12,

uxv = (uy - u,)a"x0(b) = uy - - - u,41 € L.

Since, for x,y € Z*, x # y, |x| = |y|, we got x # y(P;) , by Proposition 4.4.1, L is disjunctive.

In [11], it was shown that the language D(i) N Q is disjunctive for i > 1. However, the
following example shows that there exist morphic involutions 6 for which the language Dy(1)N

Qy 1s not disjunctive.

Example 4.4 Let X = {A,C,G, T} with 6 being the morphic involution defined as 6(A) = T,
0T) =A, 00G) =Cand 6(C) = G. Letu = ACT, v = CA, x = AGG and y = TCA. Then
uxv = ACTAGGCA € Dy(1) N Qg and uyv = ACTTCACA € Dy(1) N Qy, which shows that

Dy(1) N Qy is not disjunctive.

Proposition 4.4.14 If 0 is any literal antimorphism on X*, Dy(1) is a regular language.

Proof We know that, for all a € X, a is 6-unbordered and from Lemma 4.3.14, we have
Dy(1) = 2 U Y where Y = U, ezaX*b such that 6(a) # b. Since X is finite, Y is regular and

hence Dy(1) is regular.

4.5 Conclusions

In this paper we investigate properties of 6-bordered words, where 6 is not just the identity
function or a morphic or antimorphic involution, but, more generally, a morphism or an anti-

morphism with the property that 8" = I, for n > 2, or a literal (anti)morphism 6. Results we
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obtained include the transitivity of the relation < for literal antimorphisms 6, and the disjunc-
tivity of the set of all #-unbordered words for morphic involutions 6.
Future directions of research includes exploring other properties of §-bordered and #-unbordered

words, as well as the disjunctivity of other languages related to Dy(i).
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Chapter 5

Disjunctivity and Other Properties of Sets
of Pseudo-Bordered Words

5.1 Introduction

Combinatorics on words, coding theory, and formal language theory have had a wide range of
applications ranging from bioinformatics, to cryptography, to DNA computing. For example,
the concepts of periodicity and primitivity are at the root of pattern-matching and data com-
pression algorithms, [5, 6, 33], and the study of codes is essential in determining the unique
decipherability of encoded messages, [28]. Notably, the recent connection with DNA comput-
ing has motivated a new line of study wherein classical concepts are generalized to ones where
the identity function is replaced with more general pseudo-identity functions. A representative
example of such a generalization is the concept of antimorphic involution which models the
DNA Watson-Crick complementarity, as described below.

DNA single strands can be viewed as strings over the DNA alphabet {A,C,G,T}. The
Watson-Crick complementarity is the property whereby two DNA single strands of opposite

orientation and with complementary “letters” at each position can bind together by hydro-

OA version of this chapter has been submitted for publication (Acta Informatica)
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gen bonds to form a DNA double strand with its well-known double helical structure [29].
Given an alphabet X, an antimorphic involution 6 is a function that is an antimorphism, that
is, 8(uv) = 0(v)6(u), Yu,v € X*, and an involution, that is, 8(6(x)) = x, Yx € X*. Thus, the
first property (antimorphism) models the fact that DNA single strands that bind to each other
must have opposite orientations, and the second property (involution) models the letter-to-letter
complementarity of the two single strands (whereby A binds to a 7', and C binds to a G) that is

necessary for the binding to occur.

Note that a DNA single strand and its Watson-Crick complement are informationally equiv-
alent, since one uniquely determines the other and viceversa. Thus, a DNA strand and its
Watson-Crick complement can be viewed in a sense as “identical”, and this motivated the idea
of generalizing the notion of identity function to pseudo-identity functions, such as antimorphic
involutions. Some of the new concepts in combinatorics on words and coding theory that were
thus obtained are: Pseudo-periodicity, [8, 23], pseudo-commutativity, pseudo-conjugacy, [20],
pseudo-palindrome, [21, 9], involution codes, [3, 16, 17], etc. Some of these concepts were
further generalized in [10, 11, 12] by replacing the morphic involution with length-preserving,
erasing and uniform morphism functions. Also, independently, the notion of periodicity was
extended to periodic-like words, [2], weakly periodic words, [7], also known as Abelian peri-

odic words, [4], and pseudoperiodic words, [1].

A non-empty word w is said to be bordered if there exists a word that is a proper prefix
and a proper suffix of w. A word which is not bordered is called unbordered. In [19] the no-
tion bordered word was generalized to that of a -bordered word (also called pseudo-bordered
word), where 6 is (anti)morphic involution: A word w is said to be #-bordered if there exists a
word v € * that is a proper prefix of w, while 6(v) is a proper suffix of w. Naturally, a word
which is not #-bordered is #-unbordered. Properties of 6-bordered and #-unbordered words
were explored in, e.g., [15, 19]. The classical notions of bordered and unbordered words have
also been generalized to pseudo-knot-bordered words in [22], where a non-empty word w is

said to be pseudo-knot-bordered if w = xya = B6(yx) for @, B, x,y € X*.
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In this paper we continue to explore the properties of 6-bordered and #-unbordered words,
for morphic involutions 6. The main focus is on disjunctivity properties of sets of #-bordered
words and some other related languages. The paper is organized as follows. Section 5.2 in-
cludes basics definitions and notions used throughout the paper. In Section 5.3 we prove, e.g.,
that under some conditions, the set of all §-bordered words with exactly i 8-borders, Dy(i), is
disjunctive for all i > 1 (Theorem 5.3.8). In Section 5.4 and 5.5, we discuss relationships
between and among the sets Dy(1), the set of all #-unbordered words, and the set D(i), of all
bordered words with exactly i borders. In particular, we show that, under some conditions, the
set D;(l) \ D(i) is disjunctive for all i > 2 (Theorem 5.4.4). In Section 5.6 we discuss some
conditions for catenations of languages of §-unbordered words to remain #-unbordered, and of-
fer a preview of further generalizations of these results by proving that the set of all §-bordered

words is not context-free for all morphisms 6 over an alphabet X with |X| > 3 such that 6(a) # a

for all a € ¥ and 6 equals the identity function on X.

5.2 Basic definitions and notations

An alphabet X is a finite non-empty set of symbols. X* denotes the set of all words over X,
including the empty word A. X* is the set of all non-empty words over X. The length of a word
u € X* (i.e. the number of symbols in a word) is denoted by |u|. By X we denote the set of
all words of length m > 0 over . The complement of a language L C X* is L° = £*\L. For a
language L C X* andi > 2,let L = {ufju € L}and L' = L and L" = L""'L forn > 2. A word is
called primitive if it cannot be expressed as a power of another word. Let Q denote the set of
all primitive words. A function 6 : £* — X* is said to be a morphism if for all words u,v € X*
we have that 8(uv) = 6(u)6(v), an antimorphism if 8(uv) = 6(v)8(u), and an involution if 6 is an
identity on X*. If for all @ € X, |§(a)| = 1, then 0 is called literal (anti)morphism'. A 6-power

of a word u, [8] is a word of the form uu, ...u, forn > 1 where u; = u and u; € {u, 0(u)} for

By (anti)morphism we mean either a morphism or an antimorphism.
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2 <i < n. A word is called 6-primitive, [8], if it cannot be expressed as a f-power of another
word. Let Qy denote the set of all f-primitive words. For (anti)morphic involution 6, a word
u € X" is called a @-palindrome, [21, 9], if u = 6(u). Let Py denote the set of all #-palindromes.

For a language L C X%, the principal congruence P determined by L is defined as follows:
for any x,y € X* such that x # y, x = y(Py) if and only if uxv € L & uyv € L for all u,v € ¥*.
The index of P, is the number of equivalence classes of P;. L is said to be disjunctive if Py
is the identity, i.e., for any x # y € X* there exists u,v € X* such that uxv € L and uyv ¢ L
or viceversa. A language L C X* is said to be dense if for all u € X*, L N Z*'uX* # (. Every

disjunctive language is dense and every dense language contains a disjunctive subset, [27].
Definition 5.1 1. Forv,w € ¥, wis a prefix of v (w <, v) iff v € wZ*,
2. Forv,w € 2, wis a suffix of v(w <, v) iff v € X*w.
3. <=5, N <,
4. Foru e X, v € X" is said to be a border of u if v <, u, i.e., u = vx = yvw.
5. Forv,w € ¥, w is a proper prefix of v (w <, v) iff v € wZ".
6. Forv,w € X*, w is a proper suffix of v (w <, v) iff v e Z*w.
7. <q=<, N <.
8. Foru e X, v € X* is said to be a proper border of u if v <, u.
9. Foru € X*, denote by Ly(u) = {v € Z*|v <, u}, the set of all borders of a word u € X".
10. va(u) = |La(u)|.
11. Denote by D(i) = {u € X*|v,(u) = i}, the set of all words with exactly i borders fori > 1.

12. A word u € X" is said to be a bordered word if there exists v € L+ such that v <, u, i.e.,

u = vx = yv for some x,y € £*.
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13. A non-empty word which is not bordered is called unbordered. Thus, D(1) is the set of

all unbordered words over X.

For a word w, Pref(w) = {u € Z*|dv € Z*,w = uv} and Suff(w) = {u € Z*|Av € Z*, w = vu}
denotes the set of all prefixes and suffixes respectively. Similarly, the set of all proper prefixes
and proper suffixes of a word w can be defined as PPref(w) = {u € Z*|3v € X*,w = uv} and
PSuff(w) = {u € X*|Av € X", w = vu} respectively. For further notions in formal language
theory and combinatorics on words the reader is referred to [13, 25, 27, 32].

The following definitions extend the notion of bordered and unbordered words to 8-bordered

and #-unbordered words and for any (anti)morphism on X*.

Definition 5.2 [19] Let 6 be either a morphism or an antimorphism on X*.
1. Forv,w € X*, wis a @-prefix of v (w Sf, v)iff veow)x".
2. Forv,w € X*, wis a 0-suffix of v (w < v) iff v € Z*O(w).
3. <=5, n <l
4. Foru € X*, v € ¥* is said to be a 6-border of wif v <% u, i.e., u = vx = yo(v).
5. Forw,v € ¥, wis a proper 6-prefix of v (w <f, v)iffve w)x*.
6. For w,v € ¥, wis a proper 0-suffix of v (w <% v) iff v € Z*0(w).
7. <f=<,n <"
8. Foru € X', v € ¥ is said to be a proper 0-border of u if v <fl u.
9. Foru € X*, define by LZ(u) ={veX <S u}, the set of all 6-borders of a word u € ¥*.
10. vg(u) = |Lg(u)|.

11. Denote by Dy(i) = {u € 2+|vz(u) = i}, the set of all words with exactly i 6-borders for

i> 1
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12. A word u € X* is said to be 0-bordered if there exists v € X% such that v <fl u, ie.,

u = vx = yo(v) for some x,y € X*.

13. A nonempty word which is not 6-bordered is called 0-unbordered. Thus, Dy(1) is the set

of all -unbordered words over Z.

Recall that every disjunctive language has infinitely many principle congruence classes
whereas the number of principle congruence classes for regular language is finite. Hence, it is

clear that disjunctive languages are not regular.

The following proposition provides a necessary and sufficient condition for a language to

be disjunctive, and will be used throughout this paper.
Proposition 5.2.1 [27] Let L C Z*. Then the following two statements are equivalent:

1. Lis a disjunctive language.

2. Ifu,v e X" u#v, |ul = |v|, then u £ v(Pp).

While proving disjunctivity or any other properties of the sets of words with exactly i
borders or i 6-borders, D(i) or Dy(i) respectively, one of the important tools is the knowledge
about the number of borders and 6-borders of a word. Proposition 5.2.2 characterizes the

number of borders of a power of a primitive word.
Proposition 5.2.2 [14] Forany f € Qand j > 1, v(f/)) = vo(f) + j— L.

Similarly, Lemma 5.2.3 provides a characterization for the number of 6-borders of a 6-

palindrome, for morphic involutions.

Lemma 5.2.3 [19] Let u be a 6-palindromic primitive word and j be an integer, j > 1. Then,

for a morphic involution 6, v%(u') = vi(u) + j — 1.

The following lemma provides a sufficient condition for a word to be bordered.
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Lemma 5.2.4 [14] Let u € *\D(1). Then there exists v € ¥* with |v| < l—;l such that v <4 u.

By the definition of an unbordered word, it is clear that the set of all unbordered words D(1)
is a subset of set of all primitive words Q, i.e., D(1) € Q. A similar inclusion does not hold
in the case of set of all §-unbordered words Dy(1) and the set of all #-primitive words Qy for a
morphic involution 6, as demonstrated by following example. The example also demonstrates

the fact that Qg is not a subset of Dy(1).

Example 5.1 Let X = {a,b, c}, 0 be a morphic involution such that 8(a) = b, 6(b) = a and
0(c) = c. Let u = abaa, then u € Dyg(1) but u = abaa = ab(a)aa ¢ Qg and hence Dy(1) € Q,.

Now, let v = ach, then u € Qg but u = achb = ac6(a) ¢ Dg(1) and hence Qg € Dg(1).

However, for a morphic involution 6, the set Dy(1) N Qg # 0. For example, if £ = {a, b, c}
such that 8(a) = b, 8(b) = a and 6(c) = c, then abc € Dg(1)N Qy. Moreover, the set Dg(i) N Qg #

Qforalli>1.

5.3 Disjunctivity properties of Dy(i)

In [14] it was shown that the languages D(i), D(i) N Q and D(i) N QY are disjunctive for
i > j > 1. In this section, we will prove the disjunctivity of the set Dy(i) for all i > 1
(Theorem 5.3.8). Also, we know from Example 5.1 that neither Dy(1) € Qg nor Qy € Dy(1)
but Dy(i) N Qy # O for all i > 1. Furthermore, in this section we will prove that the set
Dy(i) N Q%72 is disjunctive for i > 2 (Corollary 5.3.9).

In the previous section, we have seen a sufficient condition for a word to be bordered. The

following lemma provides a sufficient condition for a word to be #-bordered in the case when

6 is a morphic involution.

Lemma 5.3.1 [18] Let 6 be a morphic involution and let u € T*\Dgy(1). Then there exists

v E X with |v] < 'g—' such that v <4 u.
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Theorem 5.3.2 and 5.3.3 are mentioned for completeness.

Theorem 5.3.2 [18] Let 0 be a morphic involution on ¥*, where Z is an alphabet with || > 2
that contains letters a # b such that a # 6(b). Then the set of all 6-unbordered words, Dy(1)

and set of words with exactly two 0-borders Dy(2) are disjunctive.

Theorem 5.3.3 [18] Let 6 be a morphic involution on ¥*, where X is an alphabet with || > 3
that contains letters a # b such that a ¢ {8(b),6(a)}. Then the set [Dqo(1) N D(1)]" is disjunctive

for any even number n > 2.

While Theorem 5.3.2 proves the disjunctivity of the set Dy(i) for the cases i = 1,2, we will
prove (Theorem 5.3.8) that the set Dy(i) is disjunctive for all i > 3 as well.

We first need several auxiliary results. In the previous section, we mentioned a charac-
terization of the number of borders of a power of a primitive word. Now, we will provide a
characterization of the number of 6-borders of a 8-power of a §-unbordered word for morphic
involution 6 (Proposition 5.3.5). Note that here we consider a special case of a 6-power of a
word w = uju, ... u,, where u; = u when i is odd and u; = 0(u) when i is even for 1 < i < n.

The following lemma is needed for the proof of Proposition 5.3.5.

Lemma 5.3.4 Let 6 be morphic involution such that 6(a) # a for all a € Z. If u € Dy(1), then

forw = (ulw))*, u <, u we have that wOw)) v, (ub(u)) ub(u') ¢ Lg(w)for allk > j> 1.

Proof We will prove the result by contradiction. Letk > j > 1 and v’ <, u.

First, assume that (u6(u))’u’ <% w. Then, there exists @, 8 € £* such that w = (uf(u))* =
Wh(w))’u'a = BOw)u)’6(u’). Since |u’| < |u|, we have that O(u’) <, O(u) which implies O(u) =
u”0(u’) for u” € X*. This implies that O(u"") <, u since u” <, 6(u). But then, wb(u))* =
WOw) " un” 6(u’) = BOw)u) ' 0(u)ub(u’) which implies u”’ <, u since |u”’| < |u| which further
implies that O(u”") <% u, i.e., u ¢ Dy(1), a contradiction. Hence, (u(u))'u’ ¢ L%(w).

Now, let (u6(u))/ub(u’) < w. Then there exists @/, € * such that w = (uf(u))* =
WO(w)) ub(u)a’ = B (O(w)u)6(u)u’. Since |u’| < |u|, which implies u’ <, O(u), i.e., O(u’) <, u

which further implies u’ <f1 u and hence u ¢ Dgy(1), a contradiction. O
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Proposition 5.3.5 Let 6 be morphic involution such that 6(a) # a for all a € . If u € Dy(1),

then w = (ub(u))" € Do(n + 1) forall n > 1.

Proof We will prove this statement by induction on 7.

Let n = 1, then for w = u0(u), since u € Dy(1), Lfl(w) = {A,u}. Hence w = ub(u) € Dy(2).

Let n = 2, then for w = uf(u)ud(u), by Lemma 5.3.4 uf(u)u’, ub(u)ub(u’) ¢ LZ(W) where
u’ € PPref(u) and hence Lfl(w) = {A, u, ub(u)u}. Thus w € Dy(3).

Let us assume that the result holds for n = k, i.e., w = (uf(u))* € Dy(k + 1).

Now, we will prove that the result holds for n = k + 1. We have w = (uf(u))**! =
(uf(u))*ub(u). By inductive hypothesis, we know that (u6(u))* € Dy(k+1). Also, by Lemma 5.3.4,
uOw)u’, (b)Y ub(w') ¢ Li(w) for some u’ <, u. Thus, Ly(w) = L((ub(u))*) U {(ub(u)) u}
and hence w € Dy(k + 2).

Hence, w = (u6(u))" € Dg(n+ 1) foralln > 1. O

In the preceding two results we considered a special case of §-powers, namely, words w
consisting of alternations of u and 6(x). Under certain conditions, if in such words the first
occurrence of u is replaced by v # u, then the word w becomes -unbordered, as showed by the

following result.

Lemma 5.3.6 Let 0 be a morphic involution on ¥*, where X is an alphabet with |Z| > 2 that
contains letters a # b such that a # 0(b). Let x # y, x,y € Z", m > 0, x,y € 6(b)2". Then, for
alli>?2,

a™yh(b)(O(a" x0(b))a" x0(b)) 26(a" x0(b)) € Dy(1).

Proof Let us assume that

w = a"yl(b)(0(a" x0(b))a" x0(b)) 26(a" x6(b)) ¢ Dy(1).

Then there exists v € X* such that v <Z w, i.e., w = va = BO(v) for some a,B € X*. Let
w = w8(a"x0(b)) where w = a"y0(b)(6(a"x0(b))a" x(b))'~2. Then, by Lemma 5.3.1, it is

enough to consider only the cases when 1 < |v| < 2m + 1)(i — 1).
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Case 1: v =d* for 1 <k < m. Then,

w = w0(a"x0(b)) = BO(a")

which implies 6(a) = b, a contradiction.

Case 2: v=a"y fory =y'y” where y’ € X" and y” € X*. Then,

w = w'6(a"x0(b)) = BO(a™y’).

Now, since |a™y’| < |a"x8(b)|, 8(a™y') <; 6(a"x0(b)), i.e., O(a"x0(b)) = O(a™)b6(x" )b =

p'0(a"y") for x = 6(b)x" where x’ € £*. This implies 6#(a) = b, a contradiction.

Case 3: v = a™y6(b). Then,

w = w'0(a" x0(b)) = BO(a"y0(b))

which implies x =y, a contradiction.

Case 4: v = a™y0(b)8(a*) for 1 < k < m. Then,

w = w0(a" x0(b)) = BO(a"y8(b))d*

which implies a = b, a contradiction.

Case 5: v = a”y0(b)0(a" x;) for x = x,x, where x; € £* and x, € X*. Then,

w = w0(a" x0(b)) = BO(a"yO(b))a" x,.

Now, since 2m > |a" x| > |0(x)b| = m+ 1, 8(x)b <; a™x, i.e.,a”x; = &’'6(x)b = a’b6(x")b with

lo’| < mand x = 6(b)x" for x’ € X*. This implies a = b, a contradiction.
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Case 6: v = a"y6(b)0(a" x0(b)). Then,

w = w'0(a"x0(b)) = BO(a"yo(b))a" x0(b)

which implies 6(a) = a, a contradiction.

Case 7: v = a™y0(b)8(a" x0(b))a* for 1 < k < m. Then,

w = wO(a"x0(b)) = BO(a"y8(b))a" x6(b)0(d").

which implies 6(a) = b, a contradiction

Case 8: v = a™yf(b)0(a" x0(b))a™ x| for x = x| x), where x| € £* and x} € *. Then,

w = we(a"x6(b)) = BO(a"yb(b))a" x0(b)0(a" x}).

Now, since |ba™ x| < |a"x0(D)| = 2m+1, 0(ba™x}) <, 6(a" x0(b)), i.e., 8(a™" x0(b)) = a,6(ba™ x\)
where |a;| < m. This implies 6(a) = 6(b), i.e., a = b, a contradiction.

Case 9: v = a™y0(b)(0(a" x6(b))a" x6(b))* where 1 < k < % Then,

w = a"yl(b)(0(a" x0(b))a" x0(b)) >6(a" x6(D))
= a"yo(b)(B(a"x0(b))a" x0(b)) "> *0(a™ xO(b))(a" x6(b)B(a" x0(b)))*

= BO(a"y6(b))(a" xO(b)B(a" xH(b)))~.

which implies 6(x) = 6(y), i.e., x = y, a contradiction.

Since all the cases lead to a contradiction, w € Dgy(1). O

The next lemma is used for proving the main result of this section.

Lemma 5.3.7 [18] Let 6 be a morphic involution and a,b € %, a # b. Let x,y € £, m > Q.

Then
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1. a"x0(b) € Dy(1).

2. Ifa # 6(a), x = O(b)x', X € T* and k > m, then (a“y0(b))(a*x0(b)) € Dy(1).

Now, we will prove the main result of the section which shows that, under certain condi-
tions, the set of words with exactly i 6-borders, Dy(i), is disjunctive for all i > 1 and morphic

involutions 6.

Theorem 5.3.8 Let 0 be a morphic involution on ¥*, where X is an alphabet with || > 2 that
contains letters a # b such that a # 6(b) and 6(a) # a for all a € Z. Then the set of all

0-bordered words with exactly i 8-borders, Dy(i), is disjunctive for all i > 1.

Proof By Theorem 5.3.2, Dy(i) is disjunctive for i = 1,2. Now, we will prove the result for

i>3. Letx,yeX, x#y,m=n+1,n>0. Letu = a”0(b),

v = 0(b)(B(a"0(b)x6(b))a"0(b)xO(b)) 26(a™ 0(b) x6(b))

. Since a # b, by Lemma 5.3.7, we have a”8(b)x0(b) € Dy(1) and by Proposition 5.3.5,

uxv = [a"0(b)x0(b)0(a"0(b)x0(b))1~" € Dy(i).

Further by Lemma 5.3.6,

uyv = a"0(b)yd(b)[6(a"8(b)x0(b))a"0(b)xH(b)]>0(a™0(b)xH(b)) € Dy(1).

Therefore, x # y(Pp,q) for every x,y € Z*, x # y, [x| = |yl and i > 3. Hence, by Proposi-

tion 5.2.1, Dy(i) is disjunctive for i > 1. O

Let {a,b} C X be such that a ¢ {b,6(b)} and 6 be a morphic involution. Then for x € X",
n > 0and m = n+ 1, it is clear that a”8(b)x0(b), 8(a™6(b)x0(b)) € Qy. Thus, we have following

result as a consequence of Theorem 5.3.8.
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Corollary 5.3.9 Let 6 be a morphic involution on ¥*, where X is an alphabet with |Z| > 2 that
contains letters a # b such that a # 0(b) and 6(a) # a for all a € . Then the set Dy(i) N Q;i‘z

is disjunctive for all i > 2.

5.4 Disjunctivity of the set D) (1)\D(i)

Let us consider the relationship between the set of all words with exactly i 6-borders, Dy(i),
and the set of all words with exactly i borders, D(i), for i > 1, an alphabet X, and morphic
involutions 6 such that 6(a) # a for all a € . It is clear that in general neither Dy(i) € D(i)
nor D(i) C Dy(i). However, the set Dy(i) N D(i) # O for all i > 1. For example, if £ = {a, b, ¢}
such that 6(a) = b, 6(b) = a and 6(c) = ¢, then abc € Dy(1) N D(1) and abba € Dy(2) N D(2).
Moreover, Theorem 5.3.3 proved that the set (Dy(1)ND(1))" is disjunctive for any even number
n > 2. In this section, we will show that, under certain conditions, the set D(1)\D(i) is
disjunctive for i > 2 (Theorem 5.4.4).

In order to show that the language D;(l)\D(i) is disjunctive, we need to characterize some

catenations of unbordered and #-unbordered words. The following proposition shows such a

relationship.

Proposition 5.4.1 [31] Let {a,b} € X and let x,y € bX* with x # y. If |x| = |y| or |x| > |y| and

X € yaX*, then for k > |x| > |yl, (a*xb)(a*yb)’ € D(1) and (a*yb)/(a*xb)" € D(1) for all i, j > 1.

Similarly, in Proposition 5.4.2 we show the relationship between some catenations of pow-

ers of two @-unbordered words and the set of all 8-unbordered words.

Proposition 5.4.2 Let 0 be a morphic involution on X* and let a,b € X such that a ¢ {6(a), b}.
Let x,y € 6(b)X* with x # y. Then for all k > |x| > |yl, i, j > 1, (a*x8(b)) (a*y0(b))’ € Dy(1) and

(@y0(b)Y (dx6(b))" € Dy(1).

Proof To prove the result, we will use Lemma 11 of [19] which states that 8(Pref(u))NSuff(v) =

(0 and the set of all words in u*v* are -unbordered are equivalent statements. Hence we need
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to show that,

0(Pref(a“y0(b))) N Suff(a*x0(b)) = 0 and O(Pref(a*xA(b))) N Suff(a*yo(b)) = 0.

First, let |x| = [y]. Then, from Lemma 5.3.7 and since x,y € 6(b)X*, we have that,
(a*y8(b))(a*x0(b)) € Dy(1) and (a*x8(b))(a*yd(b)) € Dy(1). Therefore, if |x| = [y|, then
O(Pref(a*x0(b))) N Suff(a*yf(b)) = 0 and O(Pref(a*yA(b))) N Suff(a*xH(b)) = 0.

Now, let [x| > |y|. We will only prove that 8(Pref(a*x8(b))) N Suff(akyf(b)) = 0, since the
other equality can be proved similarly. Let us assume that 8(Pref(a*x6(b))) N Suff(a*yé(b)) #
0, ie., there exists w € X* such that w € O(Pref(a“x8(b))) N Suff(dyd(b)), i.e. O(w) <
(a*x6(b))(a*yA(b)). By Lemma 5.3.1, it is enough to consider only the cases when 1 < |w| <
k + |x|.

Case I: |w| < k. Thenw = 6(a") = y"6(b) for some 1 < n < kandy = y'y”, fory € X* and
Y’ € £* which implies 6(a) = 6(b), i.e., a = b, a contradiction.

Case 2: k < |w| < k + |x|. Then w = 8(@")0(x’) = a™yf(b) for some 1 < n < kand x = xX'x”,
x', x" € £* which implies 8(a) = a, a contradiction.

Since both the cases lead to a contradiction, we have that

0(Pref(a*x6(b))) N Suff(a*y8(b)) = 0

Similarly, we can prove that 8(Pref(a*yf(b))) N Suff(a*x6(b)) = 0. Hence,

(@y0(b)) (" x0(b)Y’, (d“xB(b)) (d"y6(b))' € Dy(1).

We will illustrate Proposition 5.4.2 with the following example.

Example 5.2 Let X = {A,C, G, T} and 8 be a morphic involution such that 6(A) = T, (G) = C

and viceversa. Letk = 3,i =2, j = 1 and let x = TAG,y = TC. Since x # y, x,y € TX",
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O(a) # aforalla e Zand k > i > j, we have that,

(GGGTAGT)*(GGGTCT) = GGGTAGTGGGTAGTGGGTCT € Dy(1) and

(GGGTCT)(GGGTAGT)* = GGGTCTGGGTAGTGGGTAGT € Dy(1).
The following lemma is needed for proving the main result of this section.

Lemma 5.4.3 [18] Let 6 be a literal (anti)morphism on £* and let a, b € X such that a # 6(b).

Let x #y, x,y € X", m > 0. Then:
1. a"x0(b) € D(1).
2. If x = 6(b)x', X' € X* and k > m, then (a*y08(b))(a*x6(b)) € D(1).

Now, we will prove one of the main results of the section which shows that, under certain
conditions, the set Dé,(l)\D(i) is disjunctive for all i > 2, alphabet X, and morphic involutions

0.

Theorem 5.4.4 Let |Z| > 3 and 0 be a morphic involution on £* such that 6(a) # a for some

a € X. Then Di(1)\D()) is disjunctive for all i > 2.

Proof Since |X| > 3 and 6(a) # a for all a € X there exists ¢ # a such that 6(a) = ¢ and
0(c) = a. Also, since |X| > 3, there exists b € X suchthat b # a, b # ¢ = 6(a). Let
x,ye€X, x#y,m=n+1,n>0. Choose u = (a"0(b)x6(b))~'a™6(b) and v = A(b). Since
a # b, by Lemma 5.3.7, a"0(b)x0(b) € Dy(1). Also, since a # 0(b), a"8(b)x0(b) € Q and by
Lemma 5.4.3, a"0(b)x6(b) € D(1). Hence by Proposition 5.2.2, v,((a™8(b)x8(b))") = i. Thus,

uxv = (a"8(b)x6(b))' € Di(1) N D(i).

On the other hand, by Proposition 5.4.1, since |x| = [y|, (@"8(b)x8(b))'(a"8(b)yb(b)) € D(1)
and hence

uyv = (a"0(b)x0(b))~ (a"0(b)yd(b)) € Di(1)\D(i) for i > 2.
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Thus, x # y(PD;(I)\D(,-)) for every x # y, [x| = [y| and i > 2. Hence, by Proposition 5.2.1,

Di(1)\D(i) is disjunctive for all i > 2. m]

We know from [30] that D(1)\X € D?*(1). Moreover, D()\X ¢ D™*!(1) for i > 2, see
[31]. However, for a morphic involution 6, we have that Dy(1)\X & Dg(l). For example, let
{a,b} € X be such that 8(a) = b and 8(b) = a. Then w = abaa € Dgy(1) but there does not
exist any u,v € Dy(1) such that w = uv and u,v # A. Theorem 5.4.6 establishes, under certain

conditions, the relationship between Dy(i) and Dy(1) for i > 2. The following is a known result,

here with a different proof.

Lemma 5.4.5 [15] Let 6 be a morphic involution on T* and u € X*. Then u € Dy(1) if and

only if O(u) € Dy(1).

Proof Let u € Dy(1). Assume that 6(u) ¢ Dy(1). Then there exists v,@,8 € X* such that
6(u) = va = BO(v) which implies u = 6(v)0(a) = 6(B)v which further implies u ¢ Dy(1), a
contradiction. Hence 6(u) € Dy(1). Similarly, we can prove that if 8(u) € Dy(1) then u € Dy(1).

O

Theorem 5.4.6 Let 0 be a morphic involution on ¥*, where X is an alphabet with || > 2 that
contains letters a # b such that a # 0(b) and 6(a) # aforall a € X. Then the set Dgi(l)\Dg(i +1)

is disjunctive for all i > 1.

Proof Letx,ye X", x#y,m=n+1,n>0. Letu = a™6(b),

v = 6(b)(O(a"0(b)x60(b))a"0(b)x0(b)) ' 6(a™ 0(b) xO(b)).

Since a # b, by Lemma 5.3.7, we have a”8(b)x8(b) € Dy(1). Hence by Lemma 5.4.5,
0(a"0(b)x6(b)) € Dy(1). Thus, by Proposition 5.3.5,

uxv = (a"6(b)x6(b)0(a"6(b)x8(b)))" € Dy(i + 1) N DZ(1).
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Further by Lemma 5.3.6,
uyv = a"0(b)yd(b)(8(a"(b)x0(b))a"0(b)x0(b)) " 6(a"0(b)x0(b)) € Dy(1)

and hence uyv € DZ(1)\Dy(i + 1) for i > 1. Therefore, x # V(P p2icin\py(i+ 1)) for every x,y € ¥,

x #y,|x| =|ylandi > 1. By Proposition 5.2.1, Dgi(l)\Dg(i + 1) is disjunctive for i > 1. O

5.5 Disjunctivity of the set (Dy(2) N D(2))\(Dy(1) N D(1))* for

k=1,2

We have already discussed some relationships between the sets Dy(i) and D(i). In particular,
the intersection of these two sets is a non-empty set and that, under certain conditions, the sets
Dg(l)\D(i) are disjunctive for all i > 2. A natural question that arises in this context is what
are the relationships between the sets Dy(i) N D(@) for different values of i > 1. In this section,
we will show that under certain conditions the set (Dg(2) N D(2))\(Dg(1) N D(1))* is disjunctive
for k = 1,2 (Theorem 5.5.6).

In order to prove the disjunctivity of the set (Dyg(2) N DQ2)\(Dy(1) N D)X, k = 1,2, we
need to characterize a word or set of words that have exactly two borders and two #-borders.

The following proposition provides such characterization.

Proposition 5.5.1 Let 6 be a morphic involution such that 6(a) # a for all a € %, let u €
Dy(1) N D(1) and let u’ € Pref(u) U Suff(u) U 6(Suff(u)) with u’ # u. Then w = ub(u)u’0(u)u €
Dy(2) N D(2).

Proof Let w = uf(u)u’'6(u)u. Let us assume that u’ € Pref(u). Clearly, {1,u} C L;(w) and
{4, ub(u)} C Li(u). Now, we need to show that Ly(w) C {1, u} and L(u) C {4, ub(u)}. Since
a # 6(a) for all a € X, u6(u) ¢ Ly(w) and u ¢ L%(u). Let us assume that x € Ly(w) or y € Li(w),

ie. x <gwory <Z w such that x,y ¢ {4, u,u6(u)} and let, |u| = m,|u’| = n where m > n > 0.
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Since x,y ¢ {u, uf(u)}, the cases |x| = |y| = m and |x| = [y| = 2m are not possible. Thus we have
following 5 cases to consider.

Case 1: If 0 < |x| < m, then x € Pref(u) N Suff(x) which implies u ¢ D(1), a contradiction.

If 0 < |y| < m, then y € Pref(u) N 6(Suft(u)) which implies u ¢ Dy(1), a contradiction.

Case 2: It m < |x| < 2m, then for u = wyu, = wju) and |u;| = |uj], we will get x =
ub(uy) = O(uy)u = wjuy,0(uy) = O(u))uju, where uy, up, u}, u, € X+ which implies 6(u;) = u)
which further implies u ¢ Dy(1), a contradiction.

If m < |y| < 2m, then for u = uzuy = ujuy and |us| = |u)l, we will get y = ub(uz) = uy6(u) =
wyuy0(us) = w,0(uy)0(u,) where us, uy, uy, uy € X which implies 6(u3) = 0(u)), i.e., u3 = u)
which further implies u ¢ D(1), a contradiction.

Case 3: If 2m < |x| < 2m + n, then x = ub(uw)u| = w,0(u)u where u} <, u’ <, uand u), <; u’
for u, u, € . Since, |uj| < |u'| < |ul, u} <, u which implies u ¢ D(1), a contradiction.

If 2m < |y| < 2m + n, then y = ub(u)u} = O(u))ud(u) where u; <, u’ <, uand uy <; v’
for uj, uy € X*. Since |u}| < |u'| < |ul, uf <, O(u), i.e., O(u}) <, u which implies u ¢ Dy(1), a
contradiction.

Case 4: If 2m +n < |x| < 3m + n. Then x = uf(u)u'6(u;) = 6(up)u’O(u)u where u; <, u and
uy <; uforuy,u, € *. Since, |uy| < |ul, 8(u;) <; u which implies u ¢ Dy(1), a contradiction.

If 2m +n < [y| < 3m+n. Theny = ub(u)u'6(u3) = us6(u')ub(u) where uz <, u and
ug <% u for us,uy € *. Since, |us| < |ul, O(uz) <, O(u), i.e., u3 <, u which implies u ¢ D(1), a
contradiction.

Case 5: If 3m + n < |x| < 4m + n. Then x = uf@u)u'O(w)u; = u0(u)u’O(u)u where u; <, u,
uy <; uforuy,u; € *. Since, |uy| < |ul, u; <, u, which implies u ¢ D(1), a contradiction.

If 3m+n < |yl < 4m+n. Then y = ub(wu'6(wus = O(us)ub(u’)ub(u) where uz <, u,
O(uy) <g u for us, uy € £*. Since, |us| < |ul, uz <; 6(u), i.e., O(uz) <y u which implies u ¢ Dy(1),
a contradiction.

If we assume that «’ € Suff(u) or v’ € 6(Suff(u)), we will reach a similar contradiction.

Since all the cases lead to a contradiction, w € Dg(2) N D(2). O
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We illustrate Proposition 5.5.1 with the following example.

Example 5.3 Let X = {A,C, G, T} and 8 be a morphic involution such that 6(A) = T, (G) = C
andvice versa. Letu = GTA andu’ = GT. Then forw = uf(u)u’'0(u)u = GTACATGTCATGTA,
Lg(w) ={A,GTACAT} and Ly(w) = {4, GTA}. Hence w € Dg(2) N D(2).

Similarly, we need to prove that the words of the form mentioned in Proposition 5.5.1
cannot be decomposed as a catenation of less than three words which are unbordered as well

as f-unbordered.

Proposition 5.5.2 Let 6 be a morphic involution such that 8(a) # a for all a € X and let
u € Dy(1) N D(1), u’" € Pref(u) U Suff(u) U 6(Suff(u)) such that u" + u, then uf(u)u'6(u)u ¢
(Dy(1) N D)) for 1 <n < 2.

Proof Let us assume that w = u8(u)u’'0(u)u € (Dy(1) N D(1))" for 1 < n < 2. Let us assume
that ' € Pref(u). The case n = 1 is not possible since by Proposition 5.5.1, w € Dy(2) N D(2).
Hence, letn = 2, i.e., uf(u)u’'8(u)u = viv, where vy, v, € Dy(1)ND(1). Then we have following
cases to consider.

Case 1: vi = u, v, = 0(uw)u'0(u)u. Then v, € Dy(2), a contradiction.

Case 2: vi = ub(u), v, = u’'6(u)u. Then, v; € Dy(2), a contradiction.

Case 3: vi = ub(w)u’, v, = O(u)u. Then v, € Dy(2), a contradiction.

Case 4: vi = ub(u)u’6(u), v, = u. Then v; € Dy(2), a contradiction.

Case 5: vi = uy, v, = wp0(u)u'6(u)u where u = wyu, and uy,u, € X*. This implies
Vo = ur0(u)u’ O(u)uuy € D(2), a contradiction.

Case 6: vi = ub(xy), vo = 0(x)u’6(u)u where u = x1x, and x1,x, € £*. This implies,
Vo = 0(x)u’'68(u)x1x, € Dy(2), a contradiction.

Case 7: vi = ub(u)uy, vo = u,0(u)u where u’ = uju, and u},u, € *. Also, since u’ <, u,
u = u'uy = ujuyu} where uy € X*. This implies, v; = uju,u;6(u)u’, € D(2), a contradiction.

Case 8: vi = ub(w)u’'0(uy), vo = 6(ur)u where u = uju, and u;,u, € T+ which implies,

V1 = u i 0(u)u’6(uy) € Dg(2), a contradiction.
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Case 9: vi = uf(u)u'6(w)u;, v, = u, where u = uju, and uy,u, € X*, which implies,
vy = wux0(w)u’'6(u)u; € D(2), a contradiction.
If we assume that u’ € Suff(u) or u’ € 8(Suff(u)), we will reach a similar contradiction.

Since all cases led to contradictions, w ¢ (Dg(1) N D(1))" for 1 <n < 2. |

As a consequence of Proposition 5.5.1 and 5.5.2, we have the following result.

Corollary 5.5.3 Let 0 be a morphic involution such that 6(a) # a for all a € X and let u €
Dy(1) N D(1), u' € Pref(u) U Suffiu) U 0(Suff(u)) such that v’ # u. Then ub(u)u'6(u)u €

(Dy(2) N D)\(Dy(1) N D) for 1 <n < 2.

The following result is needed for the proof of Lemma 5.5.5.

Lemma 5.5.4 [18] Let 6 be a morphic involution on £*, where X is an alphabet with |£| > 3

that contains letters a # b such that a ¢ {0(b),0(a)}. Let x # y, x,y € X", m > 0. Then:
1. a"x0(b) € Dyg(1) N D(1).

2. If x = 0(b)x', X' € X* and k > m, then (a*y0(b))(a*x6(b)) € Dy(1) N D(1).

In the following lemma we prove that, for a morphic involution 6, certain words of the form

uB(u)u’'6(u)v, where u’ <, u and u # v, are unbordered as well as 6-unbordered.

Lemma 5.5.5 Let |X| > 3, 0 be a morphic involution with the property that there exists a € X

such that a ¢ {6(a), b, 0(b)}. Then for u,v € X" such thatu # v, n > 0and m = n + 2,

a” 0(b)ub(b)o(a"0(b)ud(b))a" 6(a™ 0(b)ub(b))a"0(b)vO(b) € Dy(1) N D(1).

Proof Let us assume that

w = a"0(b)ub(b)0(a" 0(b)ud(b))a" 6(a™ 0(b)ub(b))a" 0(b)vo(b) ¢ Dy(1) N D(1),
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i.e., there exists wy, w, € X" such that w; <; w or w, <Z w. By Lemma 5.2.4 and Lemma 5.3.1,
it is enough consider the case |w;| < 5m or |w;| < 5m. Further by Lemma 5.5.4, taking
y = 6(b)u and x = 6(b)v we know that (a"6(b)ud(b))(a”0(b)v8(b)) € Dy(1) N D(1), hence
none of the prefixes of a”@(b)uf(b) can be a border or a #-border of w and hence the cases
1 <|wi| £2mor 1 < |w,| < 2m are not possible. So, we only need to consider the cases when

2m < |wq| < Sm or 2m < |ws| < Sm.

Case 1: 2m < |wy| < 3m or 2m < |w,| < 3m. Then,

wi = a"0(b)ub(b)6(d") = (ux)ba"0(b)ve(b) or

wy = a"0(b)ub(b)o(d) = u,0(b)0(a™)b6(v)b

where 1 < kK, k' < m, u = wju, = ujus, u,u}) € X* and up,u, € £* which implies a = b or

a = 6(b), a contradiction.

Case 2: |wi| = 3m or |w,| = 3m. Then,

wy = a"0(b)ub(b)6(a™) = b6(u)ba™0(b)vO(b) or

wy = a"0(b)ub(b)d(a™) = 6(b)ub(b)o(a™)b6(v)b

which implies a = b or a = 6(b), a contradiction.

Case 3: |wi| =3m + 1 or |[wy| = 3m + 1. Then,

wy = a"0(b)ub(b)6(a™)b = 6(a)bO(u)ba™ (b)vo(b) or

wy = a"0(b)ub(b)o(a™)b = ab(b)ub(b)6(a™)bO(v)b

which implies a = 6(a) (and a = b) or a = 6(b), a contradiction.
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Case4:3m+1<|w|<dm—1or3m+1 < |w,y| <4m — 1. Then,

wi = a"0(b)ub(b)0(a™)bo(u,) = 6(a“)bO(u)ba™6(b)vo(b) or

wy = a"0(b)ub(b)6(a™)bO(u)) = a* o(b)ub(b)O(a™bO(v)b

4

where 2 < k, k' <n+ 1, u = ujuy = ujus, uj,u; € X" and up, ), € £* which implies a = b (and
6(a) = a) or a = 6(b), a contradiction.

Case 5: |wi| = 4m or |w,| = 4m. Then,

wi = a"0(b)ud(b)0(a™)bO(u)b = 0(a™)bO(u)ba™0(b)vo(b) or

wy = a"0(b)ud(b)0(a™)bO(u)b = a"0(b)ub(b)0(a™)bO(v)b
which implies a = 6(a) or 8(u) = 6(v), i.e., u = v, a contradiction.
Case 6: 4m < |wy| < Sm or 4m < |w,| < Sm. Then,

wy = d"0(b)ud(b)O(d™bO(w)bd* = a* 9(a™bO(u)ba"(b)vO(b) or

wy = a"0(b)ud(b)0(a™)bO(u)ba" = 6(a**)a™0(b)ud(b)o(a™bO(v)b

where 1 < k, k', ki, k, < m which implies a = 6(b) (and a = 6(a)) or a = b (and a = 6(a)), a
contradiction.

Since all the cases lead to a contradiction w € Dy(1) N D(1). |

The following theorem uses Lemma 5.5.5, along with certain conditions on the alphabet X,

to show the disjunctivity of the languages (Dy(2) N D(2))\(Dg(1) N D(1))* for k = 1, 2.

Theorem 5.5.6 Let |X| > 3 and 6 be a morphic involution such that 6(a) # a for all a € .

Then (Dg(2) N D2)\(Dy(1) N D(1))* is disjunctive for k = 1, 2.

Proof Let {a,b} € X such that a ¢ {b,0(b)}. Let u,v € X" for n > 0 be such that u # v. Let
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m = |bub| = n + 2. Now let,

x = da"0(b)ud(b)o(a"8(b)ub(b))a" 0(a™0(b)ud(b))a" 6(b)

and y = 6(b). Then

xuy = a"0(b)ub(b)d(a" 0(b)ud(b))a"6(a" 0(b)ud(b))a" 6(b)ub(b) and

xvy = a"0(b)ud(b)0(a" 0(b)ub(b))a" 0(a™ 6(b)ub(b))a" 0(b)vo(b).

By Corollary 5.5.3, xuy € (Dy(2) N D(2))\(Dg(1) N D(1))* for k = 1,2. Now, by Lemma 5.5.5,
we know that xvy € Dy(1) N D(1). Therefore, u # v(Py) for every u,v € £, u # v, |u| = [v| and
L = (Dy(2) N D2))\(Dy(1) N D(1))* for k = 1,2 is, by Proposition 5.2.1, disjunctive. O

We conclude this section with some observations on the disjunctivity of some other lan-
guages related to Dy(i), i > 1. Let us recall the definition of a singular language from [26]. For

any language L C X7, [26] defines,

I(Ly={geLlgx¢ Lforallxe X" and g = yz,z € X, implies y ¢ L}.

Each element of /(L) is called a singular word in L and L is said to be a singular language if

I(L) # 0.
Theorem 5.5.7 [26] Let L’ be a disjunctive language and let L be a singular language. Then
LL’ is a disjunctive language.
Corollary 5.5.8 If X is such that |X| > 2 and a # 6(a) for all a € X, 0 is a morphic involution
on X', and L is a singular language over X, then the following hold:

1. If there exist {a, b} € X such that a ¢ {b,0(b)} then LDy(i) is disjunctive for all i > 1.

2. If there exist {a,b} € T such that a & {b,0(b)} then L(Dy(i) N Q3 %) is disjunctive for all

i>2.
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3. The language L(D;(l)\D(i)) is disjunctive for all i > 2.

4. If there exist {a, b} € X such that a & {b,0(b)} then L(D;(1)\Dy(i + 1)) is disjunctive for

alli > 1.
5. The language L((Dy(2) N D(2)\(Dy(1) N D(1))X) is disjunctive for k = 1,2.

Proof 1. By Theorems 5.3.8 and 5.5.7, LDy(i) is disjunctive for i > 1.
2. By Corollary 5.3.9 and Theorem 5.5.7, L(D4(i) N Q22) is disjunctive for all i > 2.
3. By Theorems 5.4.4 and 5.5.7, L(DQ\D(i)) is disjunctive for all i > 2.
4. By Theorems 5.4.6 and 5.5.7, L(Dgi(l)\Dg(i + 1)) is disjunctive for all i > 1.

5. By Theorems 5.5.6 and 5.5.7, L((Dg(2)ND(2))\(Dy(1)ND(1))¥) is disjunctive for k = 1, 2.

O

5.6 Further remarks on Dy(i) and related languages

As seen in Section 4, for a word u € Dy(1) there might not exist a decomposition u = u;u, such
that uy, uy € Dy(1). If, however, such a decomposition exists for a non-empty word, then that
word is said to be Dy(1)-concatenate. The word u is said to be completely Dy(1)-concatenate,
if u = xy for x,y € X*, imply that x,y € Dy(1). These notions generalize concepts related to

D(1)-concatenate words, defined in [14].

Example 5.4 Let ¥ = {a, b}, and 60 be (anti)morphic involution such that 6(a) = b and vice
versa. Then u = ab is Dy(1)-concatenate. Also, v = a', i > 1 is completely Dy(1)-concatenate,

butw = aba = (ab(a))(a) is not Dy(1)-concatenate and hence not completely Dy(1)-concatenate.

The following proposition shows that the set of all completely Dy(1)-concatenate words is

regular for an (anti)morphic involution 6.
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Proposition 5.6.1 Let X be an alphabet, L be the set of all completely Dy(1)-concatenate words

over X, and let 8 be an (anti)morphic involution. Then L is regular.

Proof LetX = {a;,a,,...,a,}. Letu € Lbe suchthatu = ajwa;, 1 <i,j <n,w e X*. If wdoes
not contain 6(a;) and 6(a;), then for w = w'w”, w',w” € ¥, aw’,w”a; € Dy(1). On the other
hand, if w contains 6(a;) or 6(a;), then for some w',w” € £*, w = w6(a;)w” or w = w'é(a;)w”.
Thus we have, u = (aw'6(a;))w”a; or a;w’(6(a;)w”a;), which contradicts to the fact that u is

completely Dy(1)-concatenate. Thus,

n

L= | ] aG\6@). @) a;.

i=1,j=1

Since a;(Z\{6(a;), 0(a;)})*a; is regular, L is regular. O

The catenation of #-unbordered words is not necessarily -unbordered. Additional condi-
tions, such as the one below, are needed to guarantee that the catenation of §-unbordered words

is 8-unbordered.

Proposition 5.6.2 [19] Let 0 be either a morphic or an antimorphic involution and let u,v € X*

be O-unbordered. Then uv is 0-unbordered iff 6(Pref(u)) N Suff(v)) = 0.

Based on above proposition and the notion of non-overlapped languages defined in [31], we
now introduce a new class of languages, called #-non-overlapped languages. 6-non-overlapped
languages are a special class of #-unbordered words, whose additional properties imply that
the catenation between any two words in the language remains 6-unbordered.

A pair of words u,v € Z*, u # v, is said to be -non-overlapped ift 6(Pref(u)) N Suff(v) = 0
and O(Pref(v)) N Suff(u) = 0. A language L C X* is said to be 8-non-overlapped if L C Dy(1)
and u,v € L, 8(u) # v, implies u and v are §-non-overlapped.

For a language L, let us denote Lg) = {ub(u)lu € L}. The following results describe some

properties of -non-overlapped languages.
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Lemma 5.6.3 Let 6 be morphic involution and L be 0-non-overlapped. Then 6(L) is also 6-

non-overlapped.

The following proposition shows the necessary and sufficient condition for a language to

be #-non-overlapped.

Proposition 5.6.4 Let L C X" and 0 be a morphic involution. Then L is 6-non-overlapped

language if and only if L C Dy(1) and LZ\L((,Q) C Dg(1).

Proof Let L C X*. Assume that L is a #-non-overlapped language. Then L C Dy(1). Now,

let, u,v € L such that v # 0(u), i.e. uv € L2\Léz). Suppose uv ¢ Dy(1), then there exists

0

w € X% such that w <§

uv. If |w| > |u|, then there exists w' € X* such that w = uw’ and
uv = uw'a = BO(u)d(w’) for a,B € X*. Thus w’ <f1 vand L € Dg(1), a contradiction. We
will reach a similar contradiction if we assume that |w| > |v|. If |w| < |u| and |w| < |v|, then
0(w) € 6(Pref(u)) N Suff(v), a contradiction. Hence uv € Dy(1) and LZ\L((,Z) C Dy(1).
Conversely, assume that L C Dy(1) and LZ\Léz) C Dy(1). Consider u,v € L such that
v # 6(u). Then, clearly uv € Lz\Léz). Suppose u, v are not -non-overlapped, then 8(Pref(u)) N
Suff(v) # 0 or O(Pref(v)) N Suff(u) # 0. Let w € 8(Pref(u)) N Suff(v) which implies 6(w) <f1 uv.
Thus uv ¢ Dy(1), which is a contradiction to the assumption that LZ\L? C Dy(1). We will reach
a similar contradiction if we assume that w’ € 6(Pref(v))NSuff(u). Thus, 8(Pref(u))NSuff(v) = 0

and O(Pref(v)) N Suff(u) = 0 for every u,v € L, 8(u) # v and L C Dy(1), i.e. L is 6-non-

overlapped. O
We will illustrate Proposition 5.6.4 with the following example.

Example 5.5 Let X = {A,C, G, T} and 8 be a morphic involution such that 6(A) = T, (G) = C
and viceversa. Let L = {AG, GACG}, which is a 6-non-overlapped language. Then L C Dy(1)
and

I\L? = {AGAG, AGGAGC,GAGCGAGC, GAGCAG) € Dy(1).
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Proposition 5.6.5 Let L C X" be a 8-non-overlapped language and let w € L™ for some m > 1.

If there exists u € £+ such that u <% w, then u € L'(6(L))’ for some 1 < i, j, < m.

Proof Letw € L™, ie., w = wyws...w, for some wi,wy,...w,, € L. Let u € X" be such
that u SZ w. Then there exist 1 < I < m such that u = wy...w;_ju;, where u; € Pref(w,).
Thus u; sg Wy ...wy,. Similarly, there exist [ < k < m such that 8(u;) = uowiyy ... w,, where
up € Suff(wy) which implies u; = 6(u)0(Wii1) . .. O(wy,). Now, since O(uy) <, u; <, w; and
uy <, wi, we will get 6(u,) <’ wywy. Since by Proposition 5.6.4, LZ\Léz) C Dy(1), wy = O(w)).

Also, since L, 0(L) C Dy(1), wi = 6(w;) = u,. Thus,

u=wp...wi_1u;
=wi. .o w1 0u)0(Wiir) ... 0(wy,)

=Wy .. W WOWis1) . .. Owy,) € LI(OL))Y" .

For a word u € X*,
IN(u) = {v € Z¥|u = xvy for some x,y € *}.

The following result shows the relationship between the length of an infix of a #-periodic

word and the number of borders as well as 6-borders of such infix, for morphic involutions 6.

Proposition 5.6.6 Let u,v € X" and 0 be a morphic involution. If v € Dy(i;) N D(i) with
i =i +1iforii, > 1andv € INuu,...u,) where u, = u if k is odd and u;, = 0(u) if k is

evenfor 1 <k <mandm > i, then |v| < |u'l.

Proof Let us assume that [v| > |¢|. Then there is an integer i < j < m such that |u/| < || <
lu/*'|. Hence, v is of the form v = (v;v; . .. vV where |v/| = |ul, 1 <1< j,andV € %, V| < Jul.

Since, v is an infix of a word of the form uu, . ..u,, where u;, = u if k is odd and u;, = 6(u) if
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k is even for 1 < k < m, there exists a word w € X*, |w| = |u|, such that v; = w if [ is odd and
v = 6(w) if lis even, 1 <[ < j. Furthermore, if j is odd, then v" <, 6(w) and if j is even, then
v <, w. We have the following two cases to consider.
Case I: jis odd. Thenv = (wO(w)wl(w)...w)0(w") forw = w'a where w’ € £* and o € X*.
This implies, v = (W af(w")0(@) ... w @)B(w’).
j+3

Thus, A, w', (Viva)W,...,(viva...vopw' € LY(v) which implies v(v) = &=,

Also, 4, vi0(w’), (vivav3)0(W'), ..., (viva...vj2)0(W') € Ly(v). This implies v4(v) = %

Hence, vfi(v) +vu(v) = % + % = j+ 2 > i+ 2 > i, which is a contradiction.
Case 2: jis even. Then v = (wO(w)wb(w)...0(w))w” for w = w”’S where w” € X and
B € X*. This implies, v = (W”’BOW")O(B) . .. 0w )B(B))w".
Jj+2

Thus, 4, w”, (vivo))w”, ..., (viva...v; 2))Ww"” € Ly(v) which implies v4(v) = ==.

Also, 1, vid(w”), (vivav3)d(w”), ..., (viva...v;-1)0(W”) € L;6(v). This implies v4(v) = %

j+2 j+2 . . . . . .o
Hence, v)(v) + va(v) = &= + &= = j+2 > i+ 2 > i, which is a contradiction.

Since both the cases lead to a contradiction, |v| < |u]. O

We conclude with a preview of possible generalizations of this research to cases where
6 = I over X or, more generally, where 8" = I over X. In [19] it was shown that, for a morphic
involution 6, the set of all -bordered words over X is not context-free. The following results
shows that this holds also for the case of a morphism 6 with the property that 8(a) # a for all

a € X and 6° equals the identity on X with || > 3.

Proposition 5.6.7 If|X| > 3, 0 is a morphism such that 8> = I on X and 6(a) # a for all a € X,

then the set of all 8-bordered words over X is not context-free.

Proof Let a € £. Now, since a # 6(a) there exists ¢ € X such that §(a) = c¢. By the same
argument there exists b € T such that 6(c) = b. Since, & = I, 0(b) = a.

Assume that L is context-free. Let n be the constant defined by pumping lemma for context-
free languages. Let w; = ¢""'a""1b"*!¢"*! which is clearly a §-bordered word. By the pumping

lemma, there is a decomposition w; = axvyg such that |xvy| < n, |xy| > 1 and for all i > 0,
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w; = ax'vy’8 € L. Since w; begins with ¢ for any i > 0, every #-border z of w; has the property
z = cu for some u € X*.

Case 1: xvy is a subword of ¢"*'a"*! of w,. In this case, since w; has the suffix ¢"*!,

6(z) € bZ*c™*'. (A(z) cannot begin with ¢ or a because in those cases z would begin with a or
b respectively, which is not possible.) Hence, z € c¢Z*a"*!. If neither x nor y contains any as

ofwy, we getw; = ¢"a" b ™! fori > 2andm > n+1.

which means xvy is a subword of ¢
But then, z = ¢"a"*! which further imply that 6(z;) = b, which is a contradiction since w;
does not contain m consecutive bs. Hence, either x or y must include at least one letter a. But
this would imply that wy has at most 7 letters a which is a contradiction since it has z = cua"*!

for some u € X* as its 6-border.

Case 2: xvy is a subword of a™*'b"*! of w,. In this case, since w; has the suffix ¢"*!,
6(z) € bx*c"*!. Hence, z € cX*a"*'. If neither x nor y contains any bs which means xvy is a
subword of a™*! of w;, we get wy = ¢"*lakb™ ! c™*! for k < n, which means that w, has at most
n letters a which contradicts the fact that wy has zy = cua""' for some u € X* as its #-border.
Hence, either x or y must include at least one letter b. But then, wy = ¢""'a'bfc"*! ¢ L for
k<n+land! <n+1since k < n+ 1, "'a’ cannot be a #-border of w,. Hence we have

reached a contradiction

Case 3: xvyis a subword of b"*!¢"*! of w. In this case, since w; has prefix ¢**!, z € ¢""'Z*a.
(z cannot end with ¢ or b because in those cases 6(z) would end with b or a which is not
possible.) Hence, 6(z) € b™*'T*c. If neither x nor y contains any cs which means xvy is a
subword of b"*! of wy, we get wy = ™ la™'b¥ ¢! for k' < n, which means wy ¢ L which
is a contradiction, because, ¢"*'a"*! cannot be a 6-border of w; due to the fact that k¥’ < n.
Hence, either x or y must include at least one letter c. But then, w; = a1 il ¢ L for

j>n+1,7>n+1andi> 2since ¢""'a™! cannot be a 6-border of w; because j/ > n + 1.

Hence, we have reached a contradiction.

Lastly, since |xvy| < n, we have that xvy can also not be a subword of ¢"*'a™*!'p"*! or

an+lbn+lcn+l .
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Since all the cases lead to a contradiction, our assumption was incorrect and hence L is not

context-free. O

In general, the set of all #-bordered words, By, is not context-free for any morphism 6
such that there exists n > 2 with 8"(a) = a for all a € £. The idea of the proof, [24], is to
consider such a morphism and a letter a € T such that "(a) = a forn > 1 and 6'(a) # a for
all 0 < i < n. Now, consider the set S = By N a*0(a)*@*(a)*...0" Y(a)*a*. If w € S, then
w = a®@(a))" (6*(a))? ... (0" (a))"' (0" (a))” where i,, > 1 for | <m < n. Letv € * be such
that v <4 w. Thus,

o) = ()Y (6* (@) ... (8" (@)™ (0" (@)"

for j < iy. Also, v = a®(8(a))"(6*(a))? ... (6" ' (a))* for k < i,_;. This implies

0(v) = (B(@)"(@*(@)" ... (0" (@)(0" (@)

Thus, the comparison of expressions for 8(v) yields, iy = j<ij, i1 = =i3 = ... =l = [

and i, = k <i,_;. Hence,

S = {a" (@) (@) ... 0" (@) a"lio,in < I}

which is clearly not a context-free language. Thus, if we consider any word from the set S, it

will clearly be a 8-bordered word and hence the set By is not context-free.

5.7 Conclusions

This paper continues the exploration of properties of 6-bordered (pseudo-bordered) words and
f-unbordered words for the case where 6 is a morphic involution. We prove, under certain
conditions, the disjunctivity of the language of words with exactly i 6-borders, for all i > 1,

and also that the set Dé(l) \ D(i) of the language of words which consist of catenations of



122  CHAPTER 5. DissuNcTiviTy AND OTHER PROPERTIES OF SETS OF PSEUDO-BORDERED WORDS

i B-unbordered words, but which do not have exactly i borders, is disjunctive for all i > 2.
Further directions of research include generalizations of these and similar results for morphism
or antimorphisms 6 with the property that 6" equals the identity function on X for an arbitrary

n>3.
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Chapter 6

Conclusion and Discussion

In this thesis, we continue the study initiated in [1] and [5] on the generalization of two fun-
damental notions in combinatorics on words, namely periodicity and borderedness, for various

pseudo-identity functions.

The operation of catenation is known to generate the power (repetition) of a word. However,
the catenation operation cannot generate pseudo-powers (pseudo-repetition) of a word, where
the identity function is replaced by a pseudo-identity function. In Chapter 3, [2], we propose
and investigate the binary word operation of #-catenation that generates 6-powers (pseudo-
powers) of a word, for morphic or antimorphic involutions §. We study the connection of
the operation of 6-catenation with the previously defined notions of #-primitive and #-periodic
words, and explore closure properties of various language families under the operation of 6-
catenation. In particular, we find the right and left inverses of #-catenation, characterize, under
certain conditions, some 6-primitive words which result by an application of #-catenation be-
tween two words, and show that the families of regular, context-free and context-sensitive

languages are closed under the operation of #-catenation.

In related research project, which attempts to generalize the notion of identity, we extend
the notion of pseudo-bordered words for functions beyond identity and involution (Chapter

4, [3]). In particular, we study properties of 6-bordered (pseudo-bordered) and #-unbordered
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(pseudo-unbordered) words for functions 8 such that either € is an (anti)morphism with the
property that 8" = I, for n > 2, or 6 is any literal (anti)morphism. Some of the obtained proper-
ties include necessary and sufficient condition for a word to be #-bordered, and the transitivity
of the relation </ for literal (anti)morphisms 6. We also proved that the set of all 6-bordered
words is not context-free for morphisms 6 such that € is an identity function on X, and with
the property that 8(a) # a for all a € X.

The relation between disjunctive and regular languages is that disjunctive languages are not
regular. This and the fact that the set of all words with exactly i borders, D(i), is disjunctive for
all i > 1, motivated the study of disjunctivity of the set of all 6-(un)bordered words and some
other related languages for morphic involutions 6 (Chapter 5, [4]). We show that the set of all
words with exactly i 8-borders, Dy(i), is disjunctive under certain conditions for all i > 1. In an
attempt to establish the relationship between Dy(i) and D(i), we prove that the set Dg(l)\D(i),
is disjunctive, under certain conditions, for all i > 2.

As future work, we are interested primarily in investigating the disjunctivity properties
of the set of all pseudo-bordered words for functions which are further generalizations of in-
volution functions, as well as studying binary word operations which generate other pseudo-
powers. Another notion that can be generalized by considering pseudo-identities is the notion
of Fibonacci words and languages, which is of great mathematical interest. Also, it would be
interesting to model other secondary and complex structures that are formed in DNA as well

as RNA molecules.



Bibliography

[1] E. Czeizler, L. Kari, and S. Seki. On a special class of primitive words. Theoretical

Computer Science, 411:617 — 630, 2010.

[2] L. Kariand M. S. Kulkarni. Generating the pseudo-powers of a word. Journal of Automata,

Languages and Combinatorics, 19(1-4):157-171, 2014.

[3] L. Kari and M. S. Kulkarni. Pseudo-identities and bordered words. In G. Paun, G. Rozen-
berg, and A. Salomaa, editors, Discrete Mathematics and Computer Science, pages 207—

222. Editura Academiei Romane, 2014.

[4] L. Kari and M. S. Kulkarni. Disjunctivity and other properties of sets of pseudo-bordered

words. Submitted, 2015.

[5] L. Kari and K. Mahalingam. Involutively bordered words. International Journal of Foun-

dations of Computer Science, 18(05):1089-1106, 2007.

129



Chapter 7

Addendum

Since this thesis is formated as integrated-article, the content of all the technical chapters should
be exactly the same as those of published article and no change is allowed. Hence, we list all

the modifications according to the comments provided by the thesis examiners in this chapter.
Implementation of the comments

page 44, line 1: “properties in combinatorics on words” — “properties in the combinatorics

on words”.
page 49, line 7: “left-inclusive .” — “left-inclusive.”

page 51, line 6: “The following Lemma and its Corollary” — “The following lemma and

its corollary”.
page 51, line 12: “Firstly” — “First”, “Secondly” — “Second”, “Thirdly” — “Third”.

page 52, line 5: “We will prove this by induction on n.” — “We prove this by induction on

2

page 52, line 16: “in the same way the operation of catenation” — “in the same was as the

operation of catenation”.

page 52, line 17: “the operation of 6-catenation is the one that generates the §-powers of a

word.” — “the operation of 8-catenation generates the §-powers of a word.”.

page 54, line 15: If o is the operation of catenation then any prefix-free language will be
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o-free.

page 62, line 20: “its” — “it’s”.

page 66, line 1: “properties in combinatorics on words and formal language theory” —
“properties in the combinatorics on words and in formal language theory”.

page 67, line 3: “several new notion in combinatorics on words” — “several notions in the
combinatorics on words”.

page 67, line 6: “modeled” — “modelled”.

page 74, last line: “leads” — “lead”.

page 75, line 18: “leads” — “lead”.

page 79, line 17: “leads” — “lead”.

page 82, line 8: “leads” — “lead”.

page 82, line 14: “leads” — “lead”.

page 83, line 16: “leads” — “lead”.
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Copyright releases

e The contents of Chapter 3 were published by Otto-von-Guericke University, Magdeburg
(Germany) in “Journal of Automata, Languages and Combinatorics”. I requested them
to grant me a permission to reuse the article for my thesis and I got the following kind

permission from them.

From: jalc <jalc@iws.cs.uni-magdeburg.de>
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To: Manasi Kulkarni

Subject: Re: Permission to resue my paper for my thesis
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e-mail-account since some days. I hope that the information comes in
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Herewith I give the permission to reuse the paper in your thesis.
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Enclosed I send you published version as pdf and LaTeX file.
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J"urgen Dassow
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Am 2015-07-06 19:17, schrieb Manasi Kulkarni:

Dear Sir/Ma’am,

I am a PhD student at the Department of Computer Science at the
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published papers will be provided with 20 free reprints".
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Thank you.
Regards,
Manasi Kulkarni

http://www.csd.uwo.ca/ "mkulkar3/

e The contents of Chapter 4 were published by Editura Academiei Romane in “Discrete
Mathematics and Computer Science”. I requested the editor of the journal to grant me
a permission to reuse the article for my thesis and I got the following kind permission
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To: Manasi Kulkarni

Subject: Re: Permission to resuse my paper for my thesis

Dear Manasi,
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Thesis. If you need a more formal permission letter, please let

me know.

Best regards,

Gh. Paun, editor of the mentioned volume
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thesis. Hence, I would like to request you to grant the

permission to reuse the article in my PhD thesis.

I appreciate your time and help.

Thank you.
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Manasi Kulkarni
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