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Abstract

Let V be a finite and nontrivial alphabet. A word is a finite sequence of symbols
drawn from V. A partial word is a word in which letters in some positions may
not be known. Such a position is said to have a hole. A partial word w is said to
be primitive if it is not contained in some power of a word. This thesis reports a
theoretical investigation on the language of primitive partial words, a special type of
bordered partial words, and palindromes in partial words.

We explore the position of the language of primitive partial words in conventional
Chomsky hierarchy. We prove that the language of primitive partial words is not
regular, not linear and not a deterministic context-free language. The pumping
lemmata and the closure properties of language classes are used to prove these results.
The language of nonprimitive partial words is shown to be a non-context-free language.
We give a 2DPDA automaton to recognize the language of primitive partial words
with one hole. We also prove that the language of nonprimitive words is an indexed
language. We study several combinatorial properties such as denseness and reflectivity
of the language of primitive partial words.

We study combinatorial properties that preserves primitivity in partial words
with one hole under several point mutation operations such as deletion of a symbol,
insertion of a symbol, substituting a symbol by another symbol, and exchanging
two distinct consecutive symbols. The languages of non-del-robust primitive partial
words with one hole and non-exchange-robust primitive partial words are proven to
be non-context-free. A lower bound on the number of del-robust primitive partial
words with one hole of length n over an alphabet of size k is given.

A partial word w is bordered if there exist words z,y, z such that w is contained
in both zy and zz. For a given alphabet V', an involution 6 is a mapping such that
0(6(u)) = u for all w € V*, and an antimorphic involution is an antimorphism, that is,
O(uv) = 0(v)0(u) for all u,v € V*. We extend the concept of bordered partial words
to pseudo-bordered partial words or #-bordered partial words under the assumption
that 6 is either a morphic involution or an antimorphic involution. A partial word u
is said to be f-bordered if it is contained in zy and in z6(z) for some z,y,z € V+.
We present a comparative study of 6-bordered partial words and characterize the set
of f-bordered partial words when 6 is an antimorphic involution. A necessary and
sufficient condition for a partial word to be #-unbordered which is based on #-contained
prefixes and suffixes is given. We do a counting of the number of #-borders of a partial
word w = (uf(u))® where u is unbordered as well as #-unbordered partial word. The
set of #-unbordered partial words is shown to be a disjunctive language. It is proven
that the set of all f-unbordered partial words is regular when 6 is an antimorphic
involution, and the set of all #-bordered partial words is not context-free when 6 is a
morphic involution. We also introduce the notion of #-primitivity, #-conjugacy and
f-commutativity in partial words. We provide a characterization of partial words x
and y such that x is a #-conjugate of y.

vii
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Lastly, we initiate a study of palindromes and pseudo-palindromes in partial words,
and identify various properties in relation with primitive partial words. In particular,
we give a bound on the number of palindromes in the conjugacy class of a primitive
palindromic partial word. The number of §-borders of a partial word u/ for some j
when 6 is a morphic involution is given. A lower bound on the number of #-borders
of some power of a f-palindromic partial word with arbitrary number of holes is also

given.
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Chapter 1

Combinatorics on Partial Words

1.1 Introduction

The origin of combinatorics on words goes back to the 20" century and initiated
by the work of Axel Thue on square-free words (words without having consecutive
repetitions such as zx) [4]. A systematic study of words appeared in a series of Thue’s
papers where several combinatorial problems related to sequences of symbols were
solved using the tools of discrete mathematics. The first infinite square-free word
was given by Axel Thue in his work. His contributions were mainly concerned with
repetitions in words, and usage of iterated morphisms for studying such repetitions.

The research in combinatorics on words has emerged due to development in
discrete mathematics and theoretical computer science. The collective works of group
of researchers under the pseudonym of Lothaire give an account of the topic in series of
books; namely combinatorics on words [69], algebraic [70] and applied combinatorics
on words [71]. It has numerous applications including the field of coding theory [5],
formal language theory [47], graph theory [84] and semigroup theory [69]. Two
fundamental properties of words, namely periodicity and borderedness play a vital
role in many research areas including string algorithms [22,26,28,42, 62,63], theory
of codes [5], data compression algorithm [89], computational biology [46], and serial
data communication systems [23].

Primitive words are words that cannot be expressed as an integer power of
another shorter word. Primitivity is one of the most fundamental and explored
property of words. Primitive words play an important role in formal language theory,
coding theory and combinatorics on words. The theory of primitive words has been
extensively studied and many combinatorial properties have been identified; see for
example [34,54,72,78,80,81].

Partial words, a canonical extension of words, are words that may have some
unknown symbols known as “holes” or “do not know” symbols and has been introduced
by Berstel and Boasson [3]. The holes are represented by the symbol . The motivation
behind introducing partial words was stimulated by practical problems in Molecular
biology such as in comparison of two genes. For example, alignment of two DNA
sequences can be viewed as construction of two partial words which are compatible.

TH_2064_136123006



Chapter 1. Combinatorics on Partial Words

Another motivation for studying partial words is that partial words can be used to
store the information in compact form known as universal partial words [24].

The book of Francine Blanchet-Sadri “Algorithmic Combinatorics on Partial
Words” [9] gives an overview of works on partial words. Several concepts and results on
partial words have been investigated, for example, conjugacy and commutativity [8,19],
periodicity [7], Fine and Wilf’s Theorem [7,10,17], unbordered partial words [14],
avoidability of sets [12,18,20], critical factorization theorem [15] and equations on
partial words [11]. Also partial words has been used as a tool for DNA encoding
purposes [66]. The language of partial words has been investigated in several ways, for
example, the language of partial words in relation to pcodes [6], punctured codes [65],
and languages of partial words related to regular language of full words [30]. Recently,
Blanchet-Sadri et al. [2] developed an approach that can compute the number of
partial words having a set of strong and weak periods, and the number of partial
words having a maximum border length. The problem of longest common compatible
extension for each pair of positions (7, j) in a partial word has been studied in [16].

This thesis presents a theoretical investigation of problems on primitive partial
words and a variation of bordered partial words known as pseudo-bordered partial
words. In particular, following are the main goals of the thesis.

e Explore the position of the language of primitive partial words in the conventional
Chomsky hierarchy:.

e An indexed grammar for the language of nonprimitive words.

e Describe a Two-way Deterministic Pushdown Automata (2DPDA) that recognize
the set of primitive partial words with one hole.

e Characterize and study combinatorial properties of the sets of primitive partial
words which are robust under point mutation operations.

e Prove that the language of non-exchange-robust primitive partial words is not a
context-free language over an alphabet.

e Initiate the study of #-bordered partial words which is an extension of bordered
partial words where 6 is either a morphic or an antimorphic involution.

e Prove that the language of #-unbordered partial words is a disjunctive language
where 6 is a morphic involution.

e Prove that the set of #-bordered partial words is not a context-free language
under the assumption of € to be a morphic involution.

e Provide a characterization for #-conjugacy and #-commutativity of two partial
words.

e Combinatorial properties of palindromes and #-palindromes in partial words.

TH_2064_136123006



1.2. Thesis Outline

e Count the number of #-borders of a partial word u/, j > 1, where u is a primitive
palindromic partial word with one hole under the assumption that 6 to be a
morphic involution.

1.2 Thesis Outline

The rest of the thesis is organized as follows.

Chapter 2: Preliminaries

In this chapter, we review the basic concepts on words and partial words. We mention
the well-known results which are used later in the thesis. This chapter introduces the
notations and definitions on partial words.

Chapter 3: The Language of Primitive Partial Words

In this chapter, we study the language of primitive partial words over a nontrivial
alphabet and investigate the position of the language of primitive partial words. We
prove that the language of primitive partial words is not regular, not linear and not
a deterministic context-free language. The language of nonprimitive partial words
is shown to be a non-context-free language. We describe a 2DPDA automaton that
accepts the set of primitive partial words with one hole. We give an indexed grammar
for the language of nonprimitive words over an alphabet and prove that the language
of nonprimitive words is an indexed language.

Chapter 4: Robustness of Primitive Partial Words

In this chapter, we extend the notion of robustness of primitive words to primitive
partial words. Under this setting, we consider various point mutation operations such
as deletion of a symbol, insertion of a symbol, exchanging two distinct consecutive
symbols and substitution of a symbol by another symbol. We give the structural
characterization of each class of primitive partial words with one hole, and explore
some important combinatorial properties related to each of the aforementioned classes.
It is proved that the languages of non-del-robust primitive partial words with one
hole and non-exchange robust primitive partial words are not context-free over a
nontrivial alphabet. We also provide a lower bound on the number of non-del-robust
primitive partial words with one hole of length n over an alphabet of size k.

Chapter 5: Pseudo-Bordered Partial Words

In this chapter, we consider the problem of §-(un)bordered * partial words which
is a combined extension of 6-(un)bordered words and bordered partial words where

L(un)bordered means either a bordered or an unbordered word.
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Chapter 1. Combinatorics on Partial Words

6 is an involution. An involution # is a mapping such that 62 is an identity, that
is, 0?(w) = w for every w € V*. A function € over an alphabet V is said to be a
morphism if §(uv) = 0(u)f(v) and an antimorphism if §(uv) = 6(v)0(u) for all words
u,v € V*. A nonempty partial word w is said to be #-bordered if there exist nonempty
words x,y, z such that w is contained in zy and also contained in z6(x). We identify
several important combinatorial properties of #-(un)bordered partial words under
the assumption of 6 to be (anti)morphic ? involution. A necessary and sufficient
condition for a partial word to be #-unbordered is given in terms of contained prefixes
and contained suffixes. For a given partial word u which is unbordered as well as
f-unbordered, we count the number of #-borders of the partial word of the form
(uf(u))* for ¢ > 1. We also prove that the set of f-unbordered partial words is a
disjunctive language. The set of #-unbordered partial words is shown to be a regular
language under the assumption of # being an antimorphic involution. It is proved
that the language of #-bordered partial words is not a context-free language when
f is a morphic involution. The #-unbounded annihilator of a language of partial
words is proved to be a post-plus language. We introduce the notion of #-primitive
partial words and study its basic properties. The concepts such as #-conjugacy and
f-commutativity property of partial words is studied, and a characterization of partial
words z and y such that x is a f-conjugate of y is given.

Chapter 6: Palindromes and Pseudo-Palindromes

In this chapter, we study the notion of palindromes in partial words. Palindrome is a
well studied topic in formal languages, automata theory and word combinatorics. It is
known that the language of palindromes over an alphabet is a context-free language.
A partial word u is said to be a palindrome if « is compatible to u” where u" is the
reverse of u. For a partial word u, we provide necessary and sufficient condition
for the concatenation of u and u” to be nonprimitive. For an even length primitive
palindromic partial word, there are exactly two palindromes in its conjugacy class.
We introduce the notion of #-palindromes in partial words and establish a relation
between #-palindromes and #-bordered partial words for (anti)morphic involution 6.
We count the number of #-borders of a partial word w/ when 6 is a morphic involution.

We conclude our thesis by giving a set of conclusions where the future directions
of study are discussed.

2(anti)morphic means either a morphic involution or an antimorphic involution.

4
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Chapter 2

Preliminaries

This chapter presents the definitions and basic concepts on total words and partial
words that are used in the rest of this thesis. It states mathematical notations along
with the existing results on words and partial words.

2.1 Words

An alphabet is a nonempty finite set whose elements are called as symbols or letters.
We use V' to denote an alphabet. If V is a singleton set then we call it trivial;
otherwise we call it nontrivial. We assume V' to be nontrivial throughout this thesis.
A total word or word is a finite sequence of symbols drawn from V. We use the
term “word” or “string” interchangeably. Formally, a word w = ag - - - a,_; is a total
function w : {0,...,n — 1} — V where a; € V for all i € {0,...,n — 1},

The length of a word w over a given alphabet V is the total number of symbols
that appear in w and is denoted by |w|. For a word w over an alphabet V', we use
a(w) to denote the set of distinct symbols that appear in w, and |a(w)| is the number
of distinct symbols in w. The word which does not contain any symbol is called the
empty word and is denoted by ¢; so |g| = 0.

Example 2.1. Let V = {a, b, c} be an alphabet. Then w = bbaaa is a word of length
5 and a(w) = {a, b}. O

For any m € Ny, V™ denotes the set of all strings of length m over V. We use
V* to denote the set of all finite length strings over V, and V* for the set of all
nonempty strings. Therefore, V* = U,,5oV™ and V't = V*\ {e}. A language L is
a set of strings over an alphabet V', that is, L C V*. For two words u and v, the
concatenation of u and v is denoted by u-v (or simply wv) where ‘- is the juxtaposition
or concatenation operator. This operation is associative, that is, for any u,v,w € V*,
(uv)w = u(vw). However, the operation is not commutative and in general for two
strings u, v, uv # vu. Also, for any string u € V*, ue = eu = u. For a language
L CV* we use length(L) = {|z| | x € L}.

5

TH_2064_136123006



Chapter 2. Preliminaries

Prefix, Suffix and Factor

Let w = xyz be a word where x,y, 2z € V*. We call y as a factor of the word w, and it
is a central factor if x # € and z # €. The word y is said to be a prefiz (respectively,
a suffix) of the word w if x = ¢ (respectively, z = ¢). The i* symbol of a word w
is denoted by w[i — 1] for 1 < i < |w|. We use wli..j] to represent the factor that
starts and ends at the positions i and j, respectively for 0 <7 < j < |w| — 1, that is,
wli..j] = wlilwli + 1] ... w[j]. Thus, w[0..5 — 1] is the prefix of length j of a word w,
and the word w[j..Jw| — 1] of length |w| — j is the suffix of w.

For a word w, we denote Pref(w) = {u € V' | Jv € V*,w = ww} and Suff (w) =
{u € V* | Jv € V*,w = vu} as the set of all prefixes and suffixes, respectively.
Similarly, the set of proper prefixes and proper suffixes of a word w is defined as
PPref(w) ={u e V| Fv e VT w=uwv} and PSuff(w) ={uecV*t|FveVHw=

vu}, respectively.

Primitive and Periodic Words

For a word u, the n® power of u is defined inductively as v’ = ¢ and u® = u""' - u

for n > 1. A word wu is said to be primitive if it cannot be expressed as an integer
power of a shorter word, that is, u = v™ implies that v = v and n = 1. Note that ¢ is
not a primitive word as it can be expressed as e = . The set of primitive words over
an alphabet V' is denoted as (v, or simply ) when V' is understood. If u = v™ and
v € @ then v is called the primitive root of u and is denoted by /u. Observe that
when u is a primitive word then \/u = u. We use the notation Zy, or simply Z when
V' is understood, to denote the set of all nonprimitive words over an alphabet V. For
example, w = abab = (ab)? is a nonprimitive word, whereas u = abb is a primitive
word over the alphabet {a, b}.

For a word w = ag...a,_1 where a; € V and 0 < i <n — 1, an integer p is said
to be a period of w if a; = a;4, for 0 <7 <n — p. A word can have several periods.
The smallest period of a word w is called the period of w.

0

Example 2.2. Consider a word w = abbabbabb over an alphabet V' = {a,b}. The
periods of w are 3 and 6. The smallest period is 3 and hence the period of wis 3. [

Conjugacy, Commutativity and Borders

Conjugacy and commutativity are two important word properties which are used to
solve many word equations (see for example, [41] and [72]). For a group G operating
on a set S, an element x € S is conjugate to another element y € S if there exists
an element z € G such that x = zy. Similarly, two words v and v are said to
conjugate if there exist x,y € V* such that u = zy and v = yzr. We use u ~ v to
denote the conjugacy relation between two words v and v. Observe that for a word
w, its conjugates are obtained by cyclic permutations of letters in w. The set of
all conjugates of a word w is denoted by Conj(w). The conjugacy relation ~ is an
equivalence relation. The number of conjugates in a conjugate class are different for

6
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a primitive and a nonprimitive word. For a primitive word w of length n, Conj(w)
has exactly n elements. For a nonempty word w € Z, there exists a unique primitive
word z such that w = 2™, and hence |Conj(w)| = |z|.

Example 2.3. Let V = {a,b} be the alphabet. Let w; = aabab be a primitive
word and wy = abab be a nonprimitive word. Then Conj(w;) = {aabab,baaba,
abaab, babaa, ababa} and Conj(wq) = {abab, baba}. O

Two nonempty words z and y are said to commute if xy = yx. The following
example illustrates the commutative property of two words.

Example 2.4. Let x = ab and y = abab be two nonempty words. It is easy to observe
that = -y = y -  and hence x and y commute to each other. O]

A word w is said to be bordered if there exists a nonempty proper prefix of w
which is also a suffix. Formally, a word w is bordered if and only if there exist
nonempty words z, ¥, z such that w = xy = yz and y is said to be a border of w. A
nonempty word which is not bordered is called as unbordered. Such words turn out
to be primitive, that is, an unbordered word cannot be written as a power of another
word. A word can have several borders. A border x € V* of a word w is called a
minimal border if for any y € V* such that |y| < |z| then y is not a border of w.

Example 2.5. Let w = abababa be a word over the alphabet V = {a,b}. The
nonempty borders of w are a,aba and ababa where a is the minimal border of w. [

Morphisms

A homomorphism or morphism is a mapping that maps every letter to a string and is
then extended to an arbitrary string by concatenation operation. Formally, a function
h: V" — V5 is a morphism if h(xy) = h(x)h(y) for all z,y € V}*. Note that h(e) = e.

Example 2.6. Let V; = V5 = {a, b} and h be a morphism such that h(a) = ba and
h(b) = b. For the word w = baab, we have h(w) = h(baab) = h(b)h(a)h(a)h(b) =
bbabab. O

Definition 2.7. Let h : V' — V' be a homomorphism. Then h is said to be
(a) nonerasing if h(a) # € for all a € V.

(b) uniform if |h(a)| = |h(b)| for all a,b € V;.

(c) injective if h(x) = h(y) then x =y for all x,y € V}*.

Palindrome

Let w =ag---a,_1 be a word. We use the symbol w" to denote the reverse of a word
w and w" = a,_1---ag. The word w is called a palindrome if w = w". For example,
the word w = abba is a palindrome.

Definition 2.8 (Reflective Language). A language L is said to be reflective if vy € L
implies that yx € L for all xz, y € V*.
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2.2 Partial Words

A partial word is a word in which letters at some positions may be unknown. Such
positions are known as “holes” or “do not know” symbols. A partial word w of length
n over an alphabet V' can be defined as a partial function w : {0,1,...,n —1} = V.
For i € {0,1,...,n — 1}, if w[i] is defined then we say that i belongs to domain of
w denoted by D(w); otherwise we say ¢ belongs to the set of holes of w denoted by
H(w). We use the symbol { to denote a hole and ¢ is not a symbol in alphabet V.
A total word is a partial word with empty set of holes.

Example 2.9. Let V' = {a, b} be the alphabet. Let w = ab{badb be a partial word.
Then the domain and set of holes of w are D(w) = {0,1,3,4,6} and H(w) = {2,5},
respectively. O]

A partial word can be seen as a total word over the extended alphabet V U {{0}.
We use V,, for this extended alphabet. The concatenation of two partial words is
defined as it is for total words.

We denote V{ as the language of partial words with arbitrary number of holes
and V7 = Vi \ {e} is the set of nonempty partial words. The length of a partial
word w is the number of symbols in w including the hole ¢. The notation a(w), for a
partial word w, denotes the set of distinct symbols from the alphabet V' excluding
O, and |a(w)] is the number of distinct symbols from the alphabet V. Two partial
words u and v are said to be equal if H(u) = H(v) and D(u) = D(v), and u(i) = v(7)
for all i € D(u). We define containment and compatibility which are useful in study
of partial words.

Definition 2.10. [Containment & Compatibility| Let u and v be two partial words
over an alphabet V' and |u| = |v].

(a) The partial word w is said to be contained in partial word v if D(u) C D(v) and
u(i) = v(i) for alli € D(u). The containment relation is denoted by C.

(b) The partial words u and v are said to be compatible if there exists a partial word
w such that uw C w and v C w. The notation T is used to denote the compatibility
relation between two partial words.

Note that containment relation is not symmetric whereas compatible relation is
symmetric but not transitive. For two compatible partial words u and v, a partial
word w can be constructed in a way such that the domain of w is the union of the
domains of u and v. Such a word is called as the least upper bound (lub) of the
partial words v and v and is denoted by u V v.

Example 2.11. Let V = {a, b} be an alphabet and u = a)bdba, v = abbdOa be two
partial words. Then D(u) = {0,2,4,5}, D(v) ={0,1,2,5}. Here u is compatible to
v but w is not contained in v as D(u) € D(v). The least upper bound of v and v is
the partial word abb{ba. O

As partial words can be viewed as total words over the extended alphabet, the
terms prefix, suffix and factor are defined as for total words.

8
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2.2. Partial Words

Periods of a Partial Word

Unlike the periods of a total word, there are two different types of periods of a partial
word; (i) strong period or period, and (ii) weak (local) period. Let w = aq...a,—; be
a partial word of length n. A strong period of a partial word w is a positive integer
p such that a; = a; whenever i,j € D(w) and i = j mod p '. A weak period or
local period of a partial word w is a positive integer p such that a; = a;4, for all
0 <i < n—p whenever i,i +p € D(w). There may be several strong periods or
local periods of a partial word. If a partial word w has a strong period p, we call w
is p-periodic, and if w has a local period p, we call w is locally p-periodic. A period
(local period) k of a partial word is said to be minimal if all other periods (local
periods) are larger than k.

Example 2.12. Let w = abc{){Ocacc be a partial word over the alphabet V' = {a, b, c}.
Here w is locally 3-periodic but is not 3-periodic. O

It is worthy to mention some important differences between words and partial
words.

1. Every locally m-periodic word is m-periodic.

2. Even if the length of a partial word w is multiple of a local period of w, w need
not to be a power of a shorter partial word.

The set of all strong periods of a partial word w is denoted by P(w) and the minimal
strong period is denoted by p(w).

Example 2.13. Consider a partial word w = QabaQbaa over the alphabet V' = {a, b}.
Then P(w) = {3,6} and p(w) = 3. O

Primitive Partial Word

A partial word w is said to be primitive if there does not exist a word v such that
u C v™ with n > 2 [8]. Note that if w is primitive and v C w then w is also primitive.

Example 2.14. A partial word w = ab{a is a primitive partial word over the alphabet
V ={a,b}. O

We use the symbols (), and @p(or, Z,) to denote the language of primitive partial
words and language of nonprimitive partial words over an alphabet.

The root of a partial word is a set of total words. The root of a partial word u is
defined as follows:

Vu = {v | v is a total primitive word and v C v™ for some n > 1}

1§ = j mod p means i — j is divisible by p, i.e., i and j leaves the same remainder when divided

by p.
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Unlike for a total word, the root of a partial word is not unique. For example, consider
a partial word u = a{ab over the alphabet V = {a,b}. Then u C abab = (ab)? and
also u C aaab. Hence \/u = {ab, aaab}.

Next we recall the following rules which are useful to deal with the computation
in partial words.

Lemma 2.15 ([9]). Let u,v,w,z and y be partial words.

(a) Multiplication: If u T v and x 1y then uzr T vy.

(b) Simplification: If ux 1 vy and |u| = |v| then w T v and x T y.
(¢c) Weakening: If ut v and w C u then w T v.

Lemma 2.16 ([9]). Let u,v,z,y € V§ such that ux 1 vy.

(a) If |u] > |v| then there exist partial words w and z such that u = wz, v 1T w and
yTze.

(b) If lu| < |v| then there exist partial words w and z such that v = wz, vt w and
x T zy.

Similar to total words, the concepts of conjugacy, commutativity and borders
have been defined in partial words. Let u and v be two partial words. Then u and v
are conjugate if there exist partial words x and y such that v C zy and v C yx. For
example, the partial words u = abQOb and v = bQbab are conjugate because u C xy
and v C yx for x = ab and y = bab. Two partial words x and y are said to commute
if xy T yx.

Blanchet-Sadri et al. [14] extended the definition of border to partial words. A
nonempty partial word u is said to be bordered if one of its proper prefix is compatible
to a suffix of u of the same length. A partial word u is unbordered if there exist no
nonempty words x,y and z such that v C xy and v C zx. Unbordered partial words
also turn out to be primitive [8]. A nonempty word x is a border of a partial word w if
there exist y, z € V* such that u C xy and v C zz. A border z of a partial word u is
said to be minimal if for all words y with |y| < |z| implies that y is not a border of w.

Example 2.17. For the partial word w = ab{bdab, border of w is ab. Hence w is a
bordered partial word. O

The combinatorial results such as commutativity and conjugacy are not true in
case of partial words with arbitrary holes. To accommodate several results from total
words to partial words, the structure of partial words through a sequence of positions
need to be observed carefully. Thus, some special kinds of partial words have been
defined and are taken from [9].

Definition 2.18. Let k and [ be two positive integers satisfying k < | and z = xy be
a partial word with |x| =k and |y| = 1. For 0 <1i < k41, we define the sequence of i
relative to k,l as seqy (i) = (o, 41, ..., ins1) where

10
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(a) io =i =ins
(b) For1<j<mn,i;#1i

. . . i1+ kit <l
<7< . ;= J J ’
(c) For1<j<n+1,i; is defined as, i; { i;1—1 otherwise.

Definition 2.19 ((k,l)-special partial word). Let k, | be two positive integers
satisfying k < 1 and let u be a partial word of length k + 1. We say that u is (k,l)-
special if there exists 0 < i < ged(k,l) such that seqy (i) = (o, i1, ..., int1) contains
at least two positions that are holes of u while ulig] wlir] - - ulini1] is not I-periodic.

The following example illustrates the above definitions.

Example 2.20. Let u = cacQcOcbOb be a partial word and let £ = 4 and | = 6.
As the ged of 4 and 6 is 2, we compute the seqs(0) and seqq¢(1). Then we have,
seqs6(0) = (0,4,8,2,6,0) and sequ(1) = (1,5,9,3,7,1).

seqs6(0) = w(0)u(4)u(8)u(2)u(6)u(0) = cchcce

seqs6(1) = w(1)u(d)u(9)u(3)u(7)u(l) = adbdOba

The first sequence seqy(0) does not satisfy the conditions while the sequence seqy (1)
has two holes and is also not 1-periodic. Hence the partial word u = cacOcdcbb is
(4, 6)-special. O

Definition 2.21 ({k,[}-special partial word). Let k,l be two positive integers such
that k <1 and u € Vi with |u| = k4 1. Then u is said to be {k,l}-special if there
exists 0 < i < ged(k,l) such that either of the conditions hold:

(a) seqi,(i) has two positions that are holes and is not 1-periodic.
(b) seqy.(i) has two consecutive positions that are holes.
Remark 2.22. If a partial word u is (k,1)-special then it is also {k,1}-special.

Thus the example given in Example 2.20 is also {k,[}-special. But the converse
does not hold true and shown in the following example.

Example 2.23. Let u = cacacOcad be a partial word and k = 4 and [ = 6. Thus,
calculating seqs6(0) and seqq (1), we have

seqs6(0) = w(0)u(4)u(8)u(2)u(6)u(0) = cchecee

seqss(1l) = u(1)u(d)u(9u(3)u(7)u(l) = addaaa
Observe that seqy6(1) contains two consecutive positions which are holes of u, and
hence u is {4, 6}-special. Since both of the sequences seq,6(0) and sequ6(1) are
1-periodic then u is not (k,[)-special. O]
11

TH_2064_136123006



Chapter 2. Preliminaries

2.3 Results on Words

Several results on total words are known. We recall some of the existing results on
primitive words.

Lemma 2.24 (Lyndon and Schiitzenberger [72]). For every nonempty word w, there
exists a unique primitive word x and a unique integer n > 1 such that w can be
expressed as w = x™.

The following theorem shows the necessary and sufficient condition in which a
nonempty word will have an identical prefix and suffix.

Theorem 2.25 (Lyndon and Schiitzenberger [72]). Let z,y, z be nonempty words.
Then xy = yz if and only if there exist wordsu € V', v € V* such that x = uv, z = vu
and y = (uv)™u for some integer n > 0.

The above theorem also shows an alternative way to check whether two words
x and z are conjugates of each other. Two nonempty words x and z are said to
conjugate if there exists a word y € V* such that zy = yz. The next result deals with
the commutativity of two words.

Theorem 2.26 (Lyndon and Schiitzenberger [72]). Let u,v € V. Then uv = vu if
and only if there exists a primitive word x € ) such that u = ™, v = x" for some
mtegers m,n.

Next we recall an important result on periodicity which is also known as periodicity
theorem of Fine and Wilf.

Theorem 2.27 (Fine and Wilf [41]). Let u and v be nonempty words with |u| =
m,|v| = n, and d = ged(m,n). If u’ and v? for some i,7 € N share a common prefiz
(or common suffix) of length at least m +n —d, then u and v are powers of a common
primitive word of length d.

Fine and Wilf’s periodicity theorem can be restated in the following way. Let u be
a word. If for some p, g € NT, w is p-periodic and ¢-periodic and |u| > p+q— ged(p, q)
then wu is ged(p, q)-periodic. The length p 4+ ¢ — ged(p, q) is optimal. For example, let
w = aaabaaa over V = {a,b} and |w| = 7. The word w is having periods 4 and 6 but
w does not have period 2 = ged(4,6). Hence |w| = p1 + ps — ged(py, p2) is optimal.

The next result deals with a word equation by Lyndon and Schiitzenberger which
shows that the equation has only trivial solution.

Theorem 2.28 (Lyndon and Schiitzenberger [72]). Let u,v,w € V. The word
equation u'v’ = w* with i,§,k > 2 holds if and only if there exists a word z such that
u,v and w are powers of z.

The following result is a direct consequence of Theorem 2.28.

Corollary 2.29. Let u and v be two primitive words such that u # v. Then u'v? € Q
for all 1,7 > 2.

12
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Lemma 2.30 (Shyr and Yu [87]). If u,v € Q with u # v then there is at most one
nonprimitive word in the language utv™.

The next proposition shows that a primitive word u cannot be a proper factor of
U,

Proposition 2.31 (Choffrut and Karhuméki [25]). Let u be a word. Then u is
primitive if and only if u is not a factor of uu, that is, uu = xuy implies that either
r=cory=c.

The following theorem shows that if two words x and y are conjugates and z is a
power of some primitive word then y is also same power of a primitive word.

Theorem 2.32 (Shyr and Thierrin [86]). Let x = ujus and y = usuy be conjugates.
Then x = p* for some p € Q if and only if y = q* for some q € Q.

2.4 Results on Partial Words

In this section, we recall some of the existing results on partial words which are
used later in the thesis. The following result for partial words is an extension of
Theorem 2.25.

Lemma 2.33 (Blanchet-Sadri and Luhmann [19]). Let z, y be nonempty partial
words, and z be a word. If xz 1 zy then there exist words u,v such that x C uv, y C vu
and z C (uv)'u for some i > 0.

Lemma 2.33 does not hold true if z is not a full word. For example, let x = b, y = a
and z = Qaa. Then xz = bQaa and zy = Qaaa and xz 1T zy. If there exist full words
u and v such that x C wwv, then it must be that b = wv. This makes it impossible for
Yy =a C vu.

The next result deals with the conjugacy of two partial words similar to total
words but under the assumption that the partial word zz V zy is |z|-periodic.

Theorem 2.34 (Blanchet-Sadri and Luhmann [19]). Let x,y and z be nonempty
partial words. If vz T zy and xz V zy is |x|-periodic then there exist partial words u,v
such that x C uv, y C vu and z C (uv)"u for some n > 0.

The above result is illustrated by the following example.
Example 2.35. Let x = Qba, y = Qb and z = bQabdOOO. Then we have
zz = ObabOabOOOO

2y = bOabOOOOOLO
xz V zy = bbababdObO

Observe that zz 1 zy and zz V zy is |z|-periodic. Putting u = bb and v = a, we
can verify that © C uv,y C vu, and z C (uv)"u for some n > 0. O]

13
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Similar to the commutativity result of two words, the following theorem states
the condition for two partial words u and v commute each other such that uv has at
most one hole.

Theorem 2.36 (Berstel and Boasson [3]). Let u and v be nonempty partial words
such that uv has at most one hole. If uv 1 vu then there exist a word w € V' such
that w C w™ and v C w"™ for some m,n > 1.

The above result does not hold for partial words having two or more holes. For
example, consider the partial words u = a(Qb and v = Qabb. Then, uv = adbdabb T
Qabba®b = vu, but it is not possible for v and v to be contained in powers of a
common word.

The following result is about the commutativity equation in partial words having
two or more holes.

Theorem 2.37 (Blanchet-Sadri and Luhmann [19]). Let u and v be nonempty partial
words such that neither uv nor vu is {|u|, |v|}-special. If uv 1 vu then there exists a
word w such that u C w™ and v C w™ for some integers m and n.

The next two results provide other sufficient conditions for two words w and v to
commute each other.

Lemma 2.38 (Blanchet-Sadri and Luhmann [19]). Let u,v be nonempty words and
w be a partial word with at most one hole. If w C uv and w C vu then uv = vu.

The above result is not true in case of partial words having two or more holes.
For example, consider the partial word w = a0b{ over the alphabet V = {a,b}. For
u = abb and v = a, we have w C wv and w C vu but uv # vu.

Lemma 2.39 (Blanchet-Sadri and Luhmann [19]). Let u,v be nonempty words and
w be a non {|u|, |v|}-special partial word. If w C uwv and w C vu then uv = vu.

The next result extends the well-known result of Fine and Wilf’s periodicity
theorem for partial words.

Theorem 2.40 (Blanchet-Sadri and Hegstrom [17]). Let u be a partial word and u
15 locally p-periodic and locally q-periodic.

(a) If u is having 2n holes and |u| > (n+1)(p + q) — gcd(p, q), then u is ged(p, q)-
pertodic.

(b) If u is having (2n + 1) holes and |u| > (n+1)(p + q), then u is ged(p, q)-periodic.

The bound (n+ 1)p + q¢ — ged(p, q) and (n + 1)(p + ¢) turns out to be optimal.
For example, aaaabaaaadaa has one hole, is locally 5-periodic and locally 8-periodic,
has length 12 =5+ 8 — 1, but is not 1-periodic.

Similar to the language of primitive words, the language of primitive partial words
is also closed under the cyclic permutation operation which is stated in the next
result.

14
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Proposition 2.41 (Balnchet-Sadri [8]). Let u,v be partial words. If there ezists a
word x € @ and for some integer n such that uv C x™ then vu C y™ for some primitive
word y € Q.

By Proposition 2.31, it is known that a word w is primitive if it is not a central
factor of wu. Similar result also holds for partial words with one hole.

Proposition 2.42 (Balnchet-Sadri [8]). Let u be a partial word with one hole. Then
u 18 primitive if and only if uu T xuy for some partial words x,y implies that x = ¢
ory =-«c.

The above proposition does not hold in case of partial words having two or more
holes. For example, let u = aQb be a primitive partial word. Then uu = aQbOadb 1
xuy where x = a and y = Qb. Hence u is compatible to a central factor of uu with
x # € and y # € but u is a primitive partial word.

The following lemma is the extension of Proposition 2.42 and holds for primitive
partial words having two or more holes.

Lemma 2.43 (Balnchet-Sadri [9]). Let u be a partial word having two or more holes.
(a) If uu T zuy for some partial words x,y implies © = € or y = €, then u is primitive.

(b) If uu T xuy for some nonempty partial words x and y satisfying |x| < |y|, then
the following hold:

(i) If |z| = |y|, then w is not primitive.

(i) If u is not (x|, |y|)-special, then u is not primitive (it is contained in a
power of a word of length |x|).

(1ii) If w is (x|, |y|)-special, then u is not contained in a power of a word of
length |x|.

The following lemma states that for a partial word u with one hole having two or
more distinct letters, at least one of u or ua is a primitive partial word.

Lemma 2.44 (Balnchet-Sadri [8]).

(i) Let u be a partial word with one hole such that |a(u)| > 2. If a is any letter
then uw or ua is primitive.

(i1) Let uy, uy € Vi such that uyuy has one hole and |a(uyuz)] > 2. If a is any
letter then uius or ujaus s primitive.

15
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Chapter 3

The Language of Primitive Partial
Words

In this chapter, we investigate the position of the language of primitive partial words
in conventional Chomsky hierarchy.

3.1 Introduction

The important role of primitive words across several research areas including formal
language theory [47,84], coding theory [5,86], string matching [28], word combinatorics
[69-71] and many others has drawn attention of researchers. Recall that, a nonempty
word w is said to be primitive if it cannot be expressed as an integer power of another
word, that is, if w = v™ then it implies that v = v and n = 1.

The language of primitive words () has been extensively studied and many facts
have been proved regarding the relation of () with the traditional formal language
classes. The language of primitive words ) is known to be not regular [33], not
linear [50], not a Deterministic Context-free Language (DCFL) [68] but it is a
Context-sensitive Language (CSL) [64]. However, it is still an open question whether
the language of primitive words @) is context-free or not [34,37,67,81]. There is a
linear time algorithm based on Proposition 2.31 to test whether a given word w is
primitive.

Organization. The outline of the rest of this chapter is as follows. The next section
contains some fundamental concepts and describes the hierarchy of languages of
partial words. Section 3.3 contains some basic results on primitive partial words. In
Section 3.4, we show that the language of primitive partial words with at most one
hole is a dense language. In Section 3.5, we prove that the language of primitive
partial words is not regular, not linear and not a deterministic context-free language.
In Section 3.6, we give a 2DPDA automaton that accepts the language of primitive
partial words with one hole. An indexed grammar for the language of nonprimitive
words is given in Section 3.7. Section 3.8 contains some conclusions.

17
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3.2 Hierarchy of Partial Words

A partial word w is said to be primitive if there does not exist a word v such that
u C v"™, n > 2. Note that if u is a primitive partial word and u C v, then v is
primitive as well [8]. We denote V;* as the set of partial words over V' with at most i
holes, and the language of partial words is denoted by V or V7. We use V and V
interchangeably. Observe that the following relation holds.

%*C‘G*C%*C"'C‘/;*C"'
where Vi* = V*. Thus, V' = U5, V;*- Thus, we can have
-VI-)*:‘/O*U‘/]-*U‘/Q*U%*U"'

We use the notation Q; to denote the language of primitive partial words with at
most i holes. We know that Q U @Q = V* where @ is the set of all nonprimitive words.
The root of a partial word w is defined as follows,

Vw = {p | p is primitive and total and there exists k such that w C p*}.

Hence a partial word has a set of total words as root. For a language L of partial
words, we define VL = {u | w € L and u € y/w}.

For example, consider a partial word w = a{ over the alphabet V' = {a, b}. Since
a) C ab and ad) C a?, hence v/ad = {ab,a}.

Figure 3.1: The hierarchy of languages of partial words

We denote the language of primitive partial words and the language of nonprimitive
partial words as @, and @, respectively. Therefore,

Q=QoUQURUQIU- -

18
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and @, U Gp = V,". The language of partial words with at most 7 holes can be viewed
as hierarchy of formal languages. Figure 3.1 shows the hierarchy of languages of
partial words.

3.3 Properties of Primitive Partial Words

In this section, we discuss some basic concepts such as bordered partial word and
reverse of a partial word. We present some results in reference to these properties.

Let w be a partial word. The reverse of the partial word w is denoted by w” and
it is obtained by reversing the order of the symbols in w. For example, the reverse of
w = a{ba is w" = abQa. We see below a result that relates the reverse of a partial
word with primitivity.

Proposition 3.1. A partial word w € V,* is primitive if and only if w" is also
primative.

Proof. Let w € V' be a primitive partial word. Suppose, the reverse of w, that is, w"
is not primitive. So, w” C z* for some z € Q and k > 2. We can write w = (w")". So,
w= (w")" C (2F)" = (2")F for k > 2 which is a contradiction. Hence w" is primitive.

The other direction can be proved similarly. O

The Proposition 2.41 shows that the language of primitive partial words @), is
reflective.

Corollary 3.2. The language (), is reflective.
Corollary 3.3. The language @p is reflective.

Proof. Let w = uv be a nonprimitive partial word. Let w = uv C 2" for n > 2 but
vu ¢ Q,. If vu is primitive then by Proposition 2.41 uv is also primitive which is a

contradiction. Hence, vu € @p. O
We denote the language of power of primitive partial words QS), and defined as

QY ={u'|ueQ,}
In our next result, we show that the language Ql(f) is closed under cyclic permutation.

Proposition 3.4. Let u, v be two nonempty partial words. If uv € Q;S,i) fori>1
then vu € Q;(,Z).

Proof. For ¢ =1, let uwv € @,. By using Corollary 3.2, we conclude that vu € Q.

For ¢ > 2, let uv € Qg), that is, there exists a primitive word z such that uv C 2.
Let x = yz for some y € VT and z € V*. Hence u C (yz)™y and v C z(yz)"™ where
m-+n+1=1i. Since r = yz € () and () is closed under the cyclic permutation,
thus zy € Q. Hence vu C z(y2)"(y2)™y = (2y)"2y(zy)™ = (2y)™™"* = (2y)* which
proves that vu € Q,(f). O
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The following corollary immediately follows from Proposition 3.4.
Corollary 3.5. The language Qz(f) is reflective.

Let u = zyz be a nonempty partial word over an alphabet V' where z, z € V,J and
Yy € V<>+. The partial word y is called as factor of u. If z # e (respectively, z # €),
then z (respectively, z) is called the nonempty prefix (respectively, nonempty suffix)
of u. Recall that, a partial word w is bordered if there exist words z,y and z such
that w C zy and w C yz.

Lemma 3.6. Let u be a partial word such that w C v*, k > 2 where v € Q. Let w be
a factor of uw with |w| > |v|. Then w is bordered.

Proof. Let u be a partial word and w is a factor of u. Hence v = xwz for some =z,
z € V;. Consider the partial word wzx which is a conjugate of u. We know that the
language of primitive partial words is reflective. Using Proposition 2.41, since u is
contained in k** power of v, the partial word wzz will also be contained in k™ power
of some conjugate t of v. Hence we can write w C t/t' for 7 > 1 and t' is a nonempty
prefix of . Then w is contained in #'t”t' where ¢t = t/ and hence w is bordered. [

By Proposition 2.42, if u is a primitive partial word with at most one hole and
uu 1 zuy then either x = ¢ or y = &. In our next result we prove that for n > 2, u"!
is not compatible to a central factor of 4" where u is a primitive partial word with
one hole.

Lemma 3.7. Let u be a nonempty partial word with one hole. Then u is primitive if
and only if ™t is not compatible to a central factor of u™ for all n > 2.

Proof. (=)
We prove it by induction on n.
Base Case: Let n = 2. Assume that u is compatible to a central factor of
u?. Then there exist nonempty partial words ¢ and s such that u? 1 tus where
lu| = [t| + |s|, and t and s are prefix and suffix of u?, respectively. Thus there
exist two partial words z and y such that u = tx, u = ys. Hence uu = txys 1 tus
implies that u 1 xy.

Now, |u| = |z| + |y| = |t| + |z| = |y| + |s|. Thus |t| = |y| and |z| = |s|. Also
tx = ys and |t| = |y| implies ¢t = y and x = s which further implies u = ys = yz.
Hence, xy 1 yx. Thus, by using Theorem 2.36 there exists a nonempty word
v such that z C v™ and y C v™ for some m,n > 1. Hence, u C v, a
contradiction.

Induction Hypothesis: Let us assume that the result is true for 2 < k < n—1,

that is, ©*~! is not compatible to a central factor u*.

Induction Step: Now we prove the result for n = k, that is, we will prove that

u” is not compatible to a central factor of ©**!. Assume that u* is compatible to

a central factor of ©**1. Thus, u**! = tvs such that v T u* for some nonempty
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partial words ¢,s with |u| = |t| + |s| and ¢ and s are prefix and suffix of u,
respectively. Since |t|, |s| < |u| then u = ty = zs for some nonempty partial
words y,z € V5" Now, vf™' = wuf"'u = tyuF~'zs. As v T u*, we have
yuF~tz 1 u*. Since y and z are nonempty u*~! is compatible to a central factor
of u* which is a contradiction to the inductive hypothesis, which implies that
u” is not compatible to a central factor of u**!.

n—1

Hence if u is a primitive partial word then cannot be compatible to a

central factor of v for all n > 2.

Assume that v is not a primitive partial word. Then there exists a nonempty
word z such that u C z*, k > 2. Now, u" C 2" = zzF=D k=1 Gince
u" b C 2H= we have u” 1 zu™12F1, and thus " ! is compatible to a central
factor of u™, a contradiction.

]

However, Lemma 3.7 does not hold for partial words having two or more holes. For
example, consider a partial word w = aQbd € @),. We have ww = adbOabd 1 rwy
where r = a and for some y 1 O0b0. Hence w is compatible to a central factor of ww.

3.4 Partial Primitivity and Density

We now explore the denseness property of the language of primitive partial words.
We prove that the language of primitive partial words with at most one hole Q; is
dense over an alphabet V' in Vj*.

A language L C V* is called a dense language if for every word w € V*, there
exist words x, y € V* such that zwy € L [55]. Let k be a positive integer. A language
L C V* is called right k-dense (strictly right k-dense) if for every u € V*, there exists
aword z € V* |z| <k (1 < |z| < k), such that ux € L, that is, uXy N L # () where
Xi ={x e V*| |z| < k}. Alanguage L is called right dense if it is right k-dense for
all k£ > 1. It is known that the language of total primitive words ) is dense and given
in the following result.

Lemma 3.8 ([78]). The language of primitive words Q) is right dense.

A language L is said to be minimal (strictly) right k-dense if L is (strictly) right
k-dense language and does not contain any proper (strictly) right k-dense language.

The definition of dense language, right k-dense, strictly right k-dense can be
extended for partial words in similar manner.

Definition 3.9. A language of partial words L C Vi is said to be dense over an
alphabet V' if for every partial word w € V;© there exist partial words x and y such
that zwy € L.

We define a strict language of partial words with at most one hole. Let V{*(s) =
ViE\ {z0z | z € V*}.
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Corollary 3.10. Q}? is right 1-dense in V*(s).
Proof. The proof follows from Lemma 2.44. O
Theorem 3.11. The language Qzl, is dense over an alphabet V' in V.

Proof. Consider a partial word w with at most one hole . Let |w| = n, n > 1.
There are two different cases depending upon whether w is primitive partial word or
nonprimitive partial word.

Case 1. Let w is a primitive partial word. By choosing x = ¢ and y = ¢, we have
zwy =w € Q.

Case 2. Let w be a nonprimitive partial word. Here we consider two possibilities
depending on whether w is contained in power of a symbol from the alphabet or
power of a word having two or more distinct letters.

(i) Let w C a", n > 2 for some symbol a € V. It can be easily seen that wb" € Q,
where a and b are two distinct letters. Here x = ¢ and y = b" for some b # a
such that zwy € Q,.

(ii) Let w C ¥, where |a(z)| > 2 and k|n. By choosing z = ¢ and y = b", we have
zwy € Q).

Hence, for every w € V}*, there exist x, y € V{* such that zwy € Q). So @, is
dense over the alphabet V' in V" [

Lemma 3.12. Let L be a minimal right 1-dense language of primitive partial words
with at most one hole over an alphabet V. Then the following statements hold:

(CL) LﬂVQ%@.

(b) For every integer n > 1 and every w € V{*(s) such that w C a™, a € V there
exists b € V, b # a such that wb € L.

(c) If L is minimal strictly right 1-dense and if ua, ub € L with
u e V{OW\{zdz |z € V*}
and a, b €V then a =b.

Proof. (a) Since L is minimal right 1-dense, then it is also right 1-dense. From the
definition, there exists a partial word z € V}*, |z| <1 such that ex € L. Since €
is not primitive, so |z| =1 and x € LN V,. Hence LNV, # 0.

(b) Since w C a™ for a € V, so w is not a primitive partial word. Since L is right
1-dense, there exists a partial word x with |z| < 1 such that wz € L. This implies

x =0b for some b € V and b # a.
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(c) For the sake of contradiction, suppose that a # b. Consider the set L — {ub}. The

set L — {ub} is not strictly right 1-dense. So there exists v € V{O}V*\ {0z |

x € V*} such that {v}V N (L — {ub}) = 0. As L is minimal strictly right 1-dense,

then {v}V N L # . So it follows that, there exists some y € V such that vy € L.

From vy ¢ (L —{ub}), it follows that vy = ub. Since y € V, then y = b and v = u.

Now {u}V N (L —{ub}) = 0. Since ua € L — {ub}, we obtain a contradiction and
hence a = b.

[l

3.5 The Language (), in Chomsky Hierarchy

In this section, we shall prove that the language of primitive partial words (), is not
regular, not linear as well as not a deterministic context-free Language (DCFL). Also
we shall prove that the language of nonprimitive partial words @p over a nontrivial
alphabet is not a context-free language.

The linear Diophantine equation is given in the next Lemma which is required to
prove Theorem 3.14.

Lemma 3.13 ([33]). For any fized integer k, there exists a positive integer m such
that the equation system (k—j)xzj+j=m, j =0,1,...,k—1 has a nontrivial solution
with appropriate positive integers x1,...,x; > 1.

In order to prove that the language of primitive partial words ), is not regular,
we will use the pumping lemma for regular languages given in Appendix A.1.

Theorem 3.14. @), is not a regular language.

Proof. Suppose that the language of primitive partial words (), is a regular language.
So there exists a finite state automaton and n > 0 is the pumping length depending
upon the number of states in that automaton for @,,.

Consider the partial word w = a"(Qa™{a™b, m > n. Note that w is a primitive
partial word over V where |V| > 2 and a # b. Since w € @), and |w| > n, then it
must satisfy the other conditions of pumping lemma for regular languages. So there
exists a decomposition of w into z,y, z such that w = xyz,|y| > 0, |zy| < n and
zy'z € Q, for all i > 0.

Let # = a*, y = a2 = & *Qa™Oa™b. Now choose i = x; and we know by
Lemma 3.13 that for every j € {0,1,...,n — 1}, there exists a positive integer z; > 1
such that zy*iz = aba"=9%5 gI kO Oa™b = oD IO Oa™b = a™Oa™Oa™mb C
(a™b)? ¢ @, which is a contradiction. Hence the language of primitive partial words
@, is not regular. O

Next we prove that the language of primitive partial words (), is not linear.
To prove this, we use the standard pumping lemma for linear languages given in
Appendix A.2.
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Theorem 3.15. (), is not a linear language.

Proof. Suppose that the language of primitive partial words (), is linear. Let m > 1
be an integer. Consider z = a™ba>"+™'bO™ € @, be a partial word over the alphabet
V = {a,b} and a # b. Since |z| > m, so there exists a factorization of z into u, v, w, z,y
such that it satisfies the conditions of pumping lemma for linear languages.

Now, in the factorization of z = wwwzy, we have |uvzy| < m which necessarily
implies that |uv|, |zy| < m. So, uv € a* and xy € O*. Fori =1+ %, we should have
2 = wiwaly = a"ba®mTHO™ " € @, for some non-negative n’ and n” such
that n’ +n” = m!. But 2t = @™t pag2nrmipymtn’ — gmtn'pgmin” gmtn’pemtn -~
(™" ba™*")2 ¢ @Q,, which is a contradiction. Hence @, is not linear. O

In our next result, we show that the language of primitive partial words is not a
deterministic context-free language and we use the closure properties of DCFL. In
particular, the set of DCFLs are closed under complementation and the intersection
of a deterministic context-free language and a regular language is a DCFL.

Theorem 3.16. (), is not a deterministic context-free language.

Proof. Suppose that the language of primitive partial words @), is deterministic
context-free. As the set of DCFLs is closed under complementation, the complement
of Qp, that is, @p is also a DCFL.

Also, we know that the intersection of a DCFL with a regular language is also
a DCFL. Therefore, @, N {a*b*a*b*} = {a"b™a"b™ | m,n € N} is also a DCFL. But
the language {a™0™a™b™ | m,n € N} is not a context-free language (CFL) which can
be proved by using pumping lemma for CFLs. Hence it is a contradiction that the
language of primitive partial words @), is a DCFL. Therefore the language (), is not
deterministic context-free. O

_ In the following theorem, we prove that the language of nonprimitive partial words
(), is not context-free. We prove it by using the pumping lemma for context-free
languages which is given in Appendix A.3.

Theorem 3.17. @p s not a context-free language.

Proof. We prove it by contradiction. Let us assume that @p is a CFL. Let n > 0 be
an integer that is guaranteed to exist by pumping lemma. Since @p is context-free,
then it satisfies all the conditions of Lemma A.3. So for every partial word z € @1,
with |z| > n, z can be factorized into wvwzy such that |[vwz| < n, |vz| > 0 and
w'wa'y € Q, for all t > 0.

Consider the partial word z = a" 1) 1a" "1 where a, b € V and are distinct.
It is easy to follow that z € @, as z C (a™'6™™)2. There will be different possibilities
depending on whether the substrings v and x contain one type of symbol or more
than one alphabet symbol or hole.
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Case 1. If v and = contain only one type of symbol. Either we shall have vwz = a”
or vwz = bP or vwzr = QP for p < n. Suppose vwzr = aP from the first part of
a’s. Let u=a', v=2a’, w=da" x=d and y = a™O" a" """ such that
j+k+1l=pandj+1>1. Consider uvtwz'y for t = 2.

u02w$2y — al+2]+k+2l+m<>n+1an+1 bn+1

= "I gL ¢ Q) as j 1> 1

Other cases where vwzx consists of only a’s from the second part or only b’s can
be handled similar way. We consider vwz consist of only {’s separately.

Case 2. If v and z contain different types of symbols. We will have the following
choices: (a) vwz = a?Q? (b) vwz = OPa? (¢) vwz = aPb?. We consider the first
case and the other cases can be proved similarly. Let vwx = aP{Q?. Here we
have three possibilities.

(i) v=al, w=aP?, x = aP3 4
(ii) v = apl, W = ap2<>q1, T = qu
(iii) i ail’1<>ql7 w = qu’ T = <>QS

Let us consider subcase (i). Let v = aP', w = aP?, z = aP*Q? where p;+py+ps =
p. For t = 2, we have

uv2wx2y 3 a"+1+p1 Oqap3<>"+1a"+lb"+1 ¢ @p.
Similarly the other two subcases can be proved.
Case 3. Let vwz = QP. Suppose u = a"" 10!, v

y = ¢7a"" " where py +py +ps =p, p1 +p3 >
w'lwrly = a" TP oY ¢ Q) for t = 0.

<>P1’ w = OPQ’ T = <>p3 and
landi+j+p=n+1. Now

The other cases are similar to one of the above three cases. Hence the language
of nonprimitive partial words (), over a nontrivial alphabet is not a context-free
language. O]

3.6 2DPDA for Q,

In this section, we prove that the language of primitive partial words with one hole Qll,
is accepted by a two-way pushdown automaton (2DPDA). Let us recall the definition
of 2DPDA.

A 2DPDA is the same as ordinary DPDA but with an additional ability to move
its input head in both the directions. We use Z, as the bottom of stack and one left
end and one right end symbol as - and -, respectively.
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Definition 3.18 ( [88]). A 2DPDA, P, consist of 7-tuples
P ={(S,1,T,0,5s0, 20, 5t),

where

(a) S is the states of the finite control.

(b) I is the input alphabet (excluding - and ).

(c) T is the pushdown list alphabet (excluding Zy).

(d) § is a mapping on (S — {s:}) x (L U{F,4}) x (T'U Zy). The value of 6(s,a, A)
is one of the forms (s, d, push B),(s',d), or (s',d, pop) where s € S,B € T and
de {—1,0,+1}. We assume a 2DPDA makes no moves from the final state s;.

(e) so € S is the initial state of the finite control.
(f) Zy is the special symbol that indicates the bottom of the pushdown list.
(9) s is one of the designated final state.

In the above definition d(s, a, A) indicates the transition function of a machine when
it is in the state s, has the symbol A on top of the stack and the input head has read
a symbol a. The three possible actions for d(s, a, A) are: (s ,d, push B) provided B #
Zy, (s',d) and (s',d, pop) if A # Z,. In these transitions the machine enters in state
s" and moves its input head in the direction d, where d = —1, +1 or 0, to indicate to
move its head to left, right or remain stationary, respectively. The operation push
B means add the symbol B on the top of pushdown list and pop means remove the
topmost symbol from the pushdown list.

The following lemma shows that for a primitive partial word of length n, there
are n primitive partial words in its conjugate class.

Lemma 3.19. Let w be a primitive partial word with |w| = n. Then the cardinality
of the class of conjugates is n.

Proof. Let w be a primitive partial word over an alphabet V' of length n. Thus every
new partial word which is generated by cyclic permutation of w is a conjugate of w.
Since w is primitive and we know that a cyclic permutation of a primitive partial
word is also primitive, each of the conjugate of w is also primitive. Therefore, the
number of such conjugates of w is n. This proves our claim. O]

In [80], a 2DPDA that recognizes the language of primitive words () is presented.
We show that a 2DPDA can also be constructed for Qzl, by using the similar idea.

Theorem 3.20. Q, is accepted by a 2DPDA.
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Proof. The informal idea is as follows: Let P be a 2DPDA. Let - w - be the input
partial word with at most one hole augmented with two end markers. If w = ¢, P
rejects. If not, then P moves its head towards 4 . P skips the last symbol of w and
pushes the remaining symbols of w onto its stack. Again P moves to -, pushes all
symbols of w onto the stack and pops one symbol. If we write the input w = zw'y
with z,y € VU {0} (assuming |w| > 2), the contents of the stack will be:

w'yzw' Z

The automaton P compares w with the pushdown contents one symbol at a time.
If the symbols match (assuming that a # b and ¢ = a for any a € V), the head
moves right and P pops the pushdown. If in this way the entire word w is completely
scanned and is compatible to a factor of w'yxw’ P rejects (by assuming that the hole
{ is compatible to any of the symbol in V).

If a mismatch is encountered P moves the input head back to F and pushes
the symbols scanned during this move. Then P pops the topmost symbol from the
pushdown and repeats the process. If the pushdown becomes empty then P accepts.

Hence the 2DPDA accepts w if and only if w is not compatible to a factor of
w'yxw’. By Proposition 2.42 such a partial word is primitive. H

Observe that the idea used in above result does not work for the set of primitive
partial words with two or more holes. We illustrate in the following example.

Example 3.21. Let w = a{0b{d be a primitive partial word with two holes. By
the method described in Theorem 3.20 we have x = a,y = ¢ and w’ = Ob. Now
w'yzw’ = Obdadb and w is compatible to a factor of w'yzw’. O

Next we show that the language of primitive partial words (), over an alphabet
V is accepted by a Random Access Machine (RAM) model of computation in linear
time. A RAM is a simple model of computation equipped with an input tape that is
accessed sequentially during the computation. It requires the input and its length to
be available before the RAM computation starts. For more details, see [48].

Next we prove the following result which shows the optimality to recognize a
primitive partial word.

Lemma 3.22. The language @), of primitive partial words over a nontrivial alphabet
V' is accepted by a RAM in linear time. The bound is optimal.

Proof. In [9], a linear time algorithm has been given to recognize the set of primitive
partial words for RAM model of computation. We use the standard adversary
argument to prove the optimality. Consider an input w of length n and w is stored in
the input array as t[0], ..., t[n — 1].

Let w be a partial word such that w C a™ for a € V. Suppose, RAM answers on w,
without looking at each letter of the input. Let i € {0,...,n — 1} be a position such
that RAM has not looked at position ¢ of the input. RAM would therefore answer the
same on partial word w’ = a’bQa" "2 and, partial word w. But the former partial
word is nonprimitive and the latter is a primitive partial word. Hence at least |w],
that is, n operations are required in the worst case. O
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3.7 Indexed Grammar for 7

In this section, we study a new type of grammar for the language of nonprimitive
words known as indexed grammar that was introduced by Alfred V Aho [1]. An
indexed grammar is an extension of context-free grammar and is a proper subset of
context sensitive grammar. The corresponding language recognized by an indexed
grammar is known as indexed language. We present the definition of indexed grammar
along with some examples.

Definition 3.23. An indexed grammar is a 5-tuple G = (N, T, F, P, S) where

(a) N is the finite set of non-terminals.
(b) T is the finite set of terminal symbols.
(c) F is the set of flags or indices of which the elements are ordered pairs.
F={(4 x)|AeN, xe (NUT)"}
The elements of F' are called index productions.
(d) P is the finite set of production rules in the form of ordered pairs
P={(B, a)| BEN, ae (NF*UT)"}

(e) S is a special non-terminal which is the start symbol.

When there are no flags, an indexed grammar is equivalent to a context-free
grammar. Unlike we expand only a nonterminal in context-free grammars, we
expand nonterminals or flags in indexed grammar. The flags or indices f € F* are
successively applied on nonterminals in ordered pairs (A, f) and produce the string
of terminals, and does not have any effect on terminals. In the production rules,
the flags f € F* will be distributed over the nonterminals to generate the terminal
strings. The language of an indexed grammar G is called as an indexed language and
L(G):{wET*|S%>w}.

While deriving the string w € L(G), the intermediate strings a € (NF*UT)* are
called as sentential forms. A sentential form « directly generates a sentential form
if either of the following holds:

1. Let the production B — Xin Xons ... Xynr and applying this production on
a = vBoyp, we have, X111 Xons . .. Xpnroe which gives = v X160, X205 ... X000
for1<i<k 0,=noif X;e Norbt=cit X;€T.

or
2. Let a« = yBfop and B — X1 X5 ... X} is an index production in the index f.
Then we have f = v X160, X320, ... Xp0rp where for 1 <i <k, 0, =0 if X; € N or
0;=cit X; €T.
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In the first case, 0 € F* has been distributed over the production or index
production nonterminals. In the second case, f has been consumed when the index
production of f has been applied.

Next, we illustrate the concept of indexed grammar by the following examples.

Example 3.24 ([1]). Consider the language L = {a™b"c¢" | n > 1}. It is known that
the language L is context sensitive but not context-free. The language L can be
generated by the following indexed grammar G:

G=({S, A, B},{a, b, c},{f, g}, P,S) where
P =[S —aAfc, A— aAgc, A— B |
f=[B—1?b, g¢g=[B—bB]

The above grammar generates the strings of the form a"0"c" for n > 1. O

Let us consider another example.

Example 3.25. Consider the language Ly = {a"b"’ a”|n > 1}. The language L; can
be generated by the following indexed grammar.

G={s T, A B, C}{a,b},{f,9},P,5)
where

P=[S—>Tf, T—Tg, T — ABA]

is the set of production rules, and

f=[A—a,B—bC—b,9=[A— aA,B— bBCC,C — bC]

are the index production rules. O

Next we give an indexed grammar for the language of nonprimitive words. It is
known that the language of nonprimitive words is not a context-free language.

Theorem 3.26. The language of nonprimitive words Z is an indexed language.

Proof. Consider the indexed grammar G =< N, T, F, P, S > for the language of
nonprimitive words Z where N = {S, A, B, C}, T ={a, b}, F ={f, g, h} and

P={S— Af,A— Ag | Ah | B,B — CC,C — CC'} is the set of production
rules, and

g=1[C —aC],h=[C — bC], f = [C — €] are the index productions.

Next we prove that the above indexed grammar generates the language of non-
primitive words. We prove in both directions, that is, L(G) C Z and Z C L(G).

(=) Let w be a word that is generated by the indexed grammar G. To generate
w, the initial production rule S — Af is applied.

If w = ¢, the production rules A — B and B — C'C are subsequently applied.
Then the distribution of index f over nonterminal C' generates € which is a nonprimitive
word.
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If w # ¢, either one of the production rules A — Ag or A — Ah is applied. The
only way to generate terminal symbols is to use the production rule A — B. The
repeated application of production rules B — C'C and C' — CC' generates the number
of copies of a word to be formed. Then the index production rules g = [C' — aC]
or h = [C — bC] is applied to generate terminals a or b respectively. Finally, f is
applied on C' to generate the word w and, w € Z. Thus, L(G) C Z.

(<) Let w = 2™ be a nonprimitive word with n > 2.

Depending upon the primitive word z, we apply the production rules and index
production rules to generate the word z. To start with, the initial production rule
S — Af is applied. Then the production rules A — Ag or A — Ah is applied
repeatedly to generate the corresponding indices of word x. To generate n number
of copies of z, the production rules B — CC and C — CC are applied. Then
the distribution of indices over the nonterminals generate the word w = x". Thus,
Z C L(G).

Hence Z = L(G) and Z is an indexed language. O

Let us illustrate the above grammar by deriving a string in the following example.

Example 3.27. Let w = (abb)?® be a nonprimitive word. The following is the
derivation steps for w.

S — Af
— Ahf
— Ahhf
— Aghhf
— Bghhf
— C'ghhfCghhf
— aChhfCghhf
— abChfCghhf
— abbC' fCghhf
— abbCghh f
= abbabb = (abb)?

3.8 Conclusions

We discussed the language of primitive partial words and provided a hierarchy of
languages of partial words. We proved that the language of primitive partial words
is not regular, not linear and is not a deterministic context-free language. We also
proved that the language of nonprimitive partial words is not a context-free language
over a nontrivial alphabet. A 2DPDA automaton has been given to recognize the
set of primitive partial words with one hole. An indexed grammar to recognize the
language of nonprimitive words has been given.

30

TH_2064_136123006



Chapter 4

Robustness of Primitive Partial
Words

In this chapter, we study several operations on primitive partial words that preserves
primitivity. In particular, the operations that we consider are deletion of a symbol,
insertion of a symbol, exchange of two distinct consecutive symbols and substitution
of a symbol by another symbol from the underlying alphabet.

4.1 Introduction

When we study an algebraic structure, we are interested in investigating the operations
which preserve some property of the underlying structure. Primitivity of words is an
important property in the field of word combinatorics. Thus, it is worth considering
the operations under which the property primitivity can be preserved. In [78], Paun
et al. considered the effect of point mutation operations on primitive words such as
deleting a symbol, inserting a symbol, substituting a symbol by another symbol and
the operation of taking prefixes. The preservation of primitivity property has also
been studied with respect to homomorphisms; [75, 76, 79].

In [31], Jiirgen Dassow et al. have investigated the edit distance operation under
which a word ww’ is primitive where w is a given primitive word and w’ is a modified
mirror image or modified copy of w. For two words w and w’, the edit distance of
w and w' is the minimal number of changes, deletions and insertions of letters to
transform w into w’. Blanchet-Sadri, Nelson and Tebbe [21] extended the work of
Dassow et al. [31] to partial words with one hole and studied the notion of preservation
of primitivity in partial words.

We state some of the existing results on the robustness of primitive words and
some properties on primitive partial words that will be useful later in this chapter.

The following result shows that for any nonempty word u, appending two distinct
letters a and b from the alphabet, at least one of ua or ub is primitive.

Lemma 4.1 ([78]). For every word u € V' and all symbols a, b € V', where a # b,
at least one of the words ua, ub is primitive.
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Lemma 2.44 shows the possibility of obtaining a primitive partial word by append-
ing a symbol or removing a symbol in any nonempty partial word. Specifically, if u is
a nonempty partial word with one hole, then at least one of the u or ua is primitive
foraeV.

The next result holds for partial words with one hole of some particular type.

Proposition 4.2 ([8]). (a) Let u be a partial word with one hole which is not of
the form xQx for any word x. If a and b are distinct letters, then ua or ub is
primitive.

(b) Let uy and ug be partial words such that usuy has one hole and is not of the form
xQx for any word x. Then at most one of the words uijaus with a € V' is not
primitive.

The following proposition shows the possibility of obtaining primitive word by
deletion of a symbol in a primitive word.

Proposition 4.3 ( [78]). Every word w € Q, |w| > 2, can be written in the form
w = uiaus, for some uy, us € V, a € V, such that ujus € Q.

Organization. The rest of this chapter is organized as follows. In Section 4.2, we
discuss the preservation of primitivity of partial words with one hole with respect to
deletion operation. We call the set of primitive partial words with one hole which are
robust to deletion operation as del-robust primitive partial words. We characterize the
set of primitive partial words with one hole which are not del-robust and prove that
the language of non-del-robust primitive partial words with one hole is not context-free
over an alphabet. In Section 4.3, we explore the primitive partial words that are robust
to exchange operation where we exchange two consecutive distinct symbols from the
underlying alphabet. We prove that the language of non-exchange-robust primitive
partial words is not context-free over an alphabet in Section 4.4. We investigate the
preservation of primitivity of partial words with respect to substitution operation
along with some combinatorial properties in Section 4.5. We finally conclude this
chapter in Section 4.6.

4.2 Del-Robust Primitive Partial Words

In this section, we discuss the robustness of primitive partial words with one hole
with respect to deletion of a symbol or a hole. This special class of primitive partial
words with one hole is referred as del-robust primitive partial words with one hole.

We have the following result for primitive partial words with one hole that gives
an alternative to obtain new primitive partial words by deletion of either a symbol or
a hole.

Lemma 4.4. Every primitive partial word with one hole w with |w| > 4, w = viabuvy
such that vive # xQx,x € V* can be written as w = wjaus such that ujug € Q.
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Proof. Given that |w| > 4 and w = vyabv, for some vy, vy € V¢, and v1v; has exactly
one hole. Also vyv; is not of the form x{Qx for some x € V*. From Proposition 4.2(b),
at least one of the viavy or v1bvy is primitive. If vyavy is primitive then u; = via and
Uy = vy. If v1bvy is primitive then u; = v; and uy = bvs. O

The class of primitive partial words with one hole which remains primitive upon
deletion of a symbol or a hole is a subclass of primitive partial words with one hole.
A prefix (suffix) of length & of a partial word w is denoted as pref(w, k) (suff(w, k)),
respectively, where k € {0,1,..., |w|} and pref(w,0) = suff(w,0) = . We define the
del-robust primitive partial words with one hole as follows.

Definition 4.5 (Del-Robust Primitive Partial Words). A primitive partial word w
of length n with one hole is said to be del-robust if and only if the partial word

pref(w, i) . suff(w,n —i — 1)
is a primitive partial word for alli € {0,1,...,n — 1}.

Note that a del-robust primitive partial word must remain primitive on deletion
of any symbol or the hole. The number of such partial words is infinite. For example,
abba and a™Qb™ for m, n > 2 are del-robust primitive partial words with one hole.

We denote the set of all del-robust primitive partial words with one hole by Q})D
over an alphabet. It is obvious that the language of del-robust primitive partial words
with one hole is a subset of @} and hence w € @, for all w € Q,” where @, be the
set of all primitive partial words with one hole. Let Qll,(l) = Q}, U {e}, and for all

n>2let Qy(n) ={u"|ue@,}

Proposition 4.6. Let m and n be two distinct positive integers. Then the sets Qzl)(m)
and Q(n) are disjoint.

Next we study a subset of primitive partial words with one hole in which deletion
of a symbol or a hole results in a nonprimitive partial word. We call such partial
words as non-del-robust primitive partial words with one hole and the set is denoted

by Q1P.
Definition 4.7 (Non-Del-Robust Primitive Partial Words). A primitive partial word
w with one hole is said to be non-del-robust if and only if
pref(w, i) . suff(w,n —i — 1)
is not a primitive partial word for some i € {0,1,...,n —1}.

Thus Q;D = Qzl, \ Q;D where ‘\’ is the set difference operator. The number of such
non-del-robust words is infinite. For example, a{b, ba™{ for n > 1 are non-del-robust
words.

Next we give complete structural characterization of those primitive partial words
with one hole which are in the set Q) but not in Q}”, that is, deletion of a symbol or
hole from such words will result in nonprimitive partial words.
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Theorem 4.8. A primitive partial word w with one hole is in the set Q},ﬁ if and
only if w C uFu ausuf? for some uy, us € V* and u = ujus, a €V, ky, koy > 0 and
ki +ky > 1.

Proof. The necessary and sufficient parts are proved as follows.

(<) Let us consider a primitive partial word with one hole w C u*'ujauou*? where
uruy = u and a € V. If the symbol in w which is contained in the letter a in the
word u* ujausu®? is deleted then the obtained partial word will be contained in
exact integer power of u which is nonprimitive. Hence, w is a non-del-robust
primitive partial word.

(=) Let w be a primitive partial word with one hole which is non-del-robust. Therefore
w can be written as w = wycw, for some ¢ € V;, such that wyw, is not a primitive
partial word. Thus wjw, C u™ for some v € () and n > 2. Hence, w; C u"uy
and wy C ugu® for r, s > 0 and r + s > 1 such that uus = u. Therefore for
r =k and s = kg, w = wycwy C uFuyausu®? where ¢ C a.

[]

Observe that the language of primitive partial words with one hole Q}? is closed
under cyclic permutation. Similar result also holds for the language of del-robust
primitive partial words with one hole Q..

Lemma 4.9. The language of del-robust primitive partial words with one hole QII)D
1s reflective.

Proof. We prove it by contradiction. Let a partial word w = xy € Q;D such that
yr ¢ Q,°. Since w € @7, hence w € Q). So yx C u" usausu® for some ky and k,
where u = ujus, a € V and k; + k3 > 1. We consider two cases depending upon the
inclusion of the letter a either in y or in z.

Case 1 When the letter a is included in gy, we consider two subcases.

Case 1.1 If wyauy is completely in y, then y C uFujausu™u) and = C uhu®
where wjul = u, r + s+ 1 = ky. Now xy C uhuuF ujauyuu) which will
not be del-robust after deletion of the symbol for which a is replaced and
the obtained partial word will be nonprimitive. This is a contradiction to

the assumption that zy € Q..

Case 1.2 If ujaus is not completely in y, that is, some portion of us is in vy,
then y C v*wujaul, and z C uju*? where u = ujus and uy = uhuy. Now
zy C uhyur2uF uiaul, which will not result in a del-robust primitive partial
word after deletion of the symbol for which a is replaced. Moreover, the
partial word will be contained in (u4uju)* %2+ and ry is a nonprimitive
partial word. Hence it is a contradiction.
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Case 2 If a is included in z, we need to consider two cases with similar proofs as in
the previous case.

Hence the language of del-robust primitive partial words with one hole Q1P is
reflective. O

The next result immediately follows from Lemma 4.9.
Corollary 4.10. Q}P is reflective.

Next we prove that if a primitive partial word w with one hole is del-robust then
its reverse w" is also del-robust.

Lemma 4.11. Ifw € Q" then w" € Q}P.

Proof. We prove it by contradiction. Let w be a del-robust primitive partial word
with one hole. Suppose, the reverse of w, w” is not del-robust, that is, w € Q},D but
w” ¢ Q}JD . Using the structural characterization of non-del-robust primitive partial
words, we have w" C u™ujausu™ where u = ujus, m +n > 1. Now,

(wn)" =w C (u™uaugu™)”
(umulau2u”)r — Ur)n(UQ)TCLT(Ul)T(’U/T)m

Since u = ujus, we have u” = (uz)"(u;)". Thus,
w C ((u2)"(u1)")" (u2)"a(ua)"((uz)" (u1)")™.

It is clear that w is non-del-robust which is a contradiction to the assumption. Hence

for w e Q}P, w" € Q. O

Our next result is related to Theorem 4.8 which shows that a primitive partial
word with one hole is non-del-robust if it is contained in a cyclic permutation of a
nonprimitive word followed by a symbol.

Proposition 4.12. A primitive partial word w with one hole is in the set Q}P if
and only if w is either contained in u"a or in its cyclic permutation for some u € @),
where a € V., n > 2, and |a(u)| > 2.

Proof. We prove the necessary and sufficient conditions as follows:

(=) Let w € @, be non-del-robust, that is, w € Q.”. So w is contained in the
word which is of the form uwPu;cusu? for some v = wjus € @ and ¢ € V. By
Corollary 4.10, Q7 is reflective. Then consider the partial word w’ which
is a cyclic permutation of w and contained in the word wupufuPu,c. Hence
w' C ugutuPurc = (uguy)P M ¢ is also in QLP. Thus, w will also be contained
in a word of the form u"a or in its cyclic permutation.

(<) Let w be either contained in the word u"a or its cyclic permutation. Deletion
of that symbol in w for which the symbol a is replaced from u"a gives a
nonprimitive partial word w’ C u™ which is nonprimitive. Hence, w € Q;D :
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Based on Proposition 2.42, there is an algorithm that recognizes whether a given
partial word w with at most one hole is primitive and use the fact that if w is primitive
and ww T xwy then it implies that either x = ¢ or y = €. Observe that if a partial
word with one hole w is in set Q},D then there exists a cyclic permutation of w that
contains a nonprimitive partial word of length |w| — 1. Also note that ww contains
all the cyclic permutations of w.

In the following result we give a necessary and sufficient condition for a primitive
partial word with one hole to be non-del-robust which follows from the Theorem 4.8.

Corollary 4.13. Let w be a primitive partial word with one hole. Then w s non-
del-robust if and only if ww contains at least one nonprimitive partial word factor of
length |w| — 1.

Proof. The necessary and sufficient conditions are proved as follows.

(=) Let w be a primitive partial word with one hole. Let w € Qll,D . Since w is non-
del-robust then w C vPujausu? for some u € Q, uyus =u,a € V and p+q > 1.
So, ww C uPujausuiuPujausu? which has a factor ugufuPu; = (uguy )P4+ of
length |w|—1. Since p+¢+1 > 2, s0 (ugu1 )P %! is a nonprimitive word. Hence
a factor of ww contains one nonprimitive partial word of length |w| — 1.

(<) Let the partial word ww has a nonprimitive factor of length |w| — 1 where

w € Q). So, ww C uyv"uy, where uy, us € V*, [0"| = Jw| =1, v € Q and n > 2.
There are two cases depending upon whether v” entirely lies in w or partly in
w.

Case 1 Let v", n > 2 is entirely lies in w. Since [v"| = |w| — 1, so w C v"a.

The deletion of that particular symbol ¢ € V,, for which the symbol a is
replaced will give a nonprimitive partial word. Hence, w is non-del-robust.

Case 2 Let v" be partially in w and ww C wu;v™us. Since the language of
nonprimitive words Z is reflective, so usu;v™ € Z. So there exists a partial
word x such that za C usuv™ where x is a cyclic permutation of w. If v
is entirely in x, then either x C av™ or x C v"a. In both cases the word x
is a non-del-robust primitive partial word. As w is a cyclic permutation of
x and @), is reflective, we conclude that w is a non-del-robust partial word.

]

4.2.1 Q}P is not Context-free

In this section, we investigate the relation between the language of non-del-robust
primitive partial words with one hole Q}DD and the language classes in Chomsky

hierarchy. In particular, we show that Qll,B is not a context-free language (CFL) over
a nontrivial alphabet V.
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Theorem 4.14. Q;ﬁ 18 not a context-free language.

Proof. We prove it by contradiction. Let us assume that Q,” is a CFL. Let n. > 0
be an integer which is the pumping length that is guaranteed to exist by pumping
lemma. Since Q}?D is context-free, then it satisfies all the conditions of Lemma A.3.
Consider a string w = a"b"a"b"a"b"( where a, b € V' and are distinct. It is clear that
w € Q)" and of length at least n.

Hence, by the pumping lemma for CFL, w can be factorized into uvzyz such that
loy| > 1, |vzy| < n and for all i > 0, uwv'zy'z € Q;D. There are several possibilities,
that we consider below, depending on whether the substrings v and y contain more
than one symbol or hole.

Case 1 When both v and y contain one type of symbol, that is, v does not contain
both a’s and b’s, and same holds for y. Consider one such case. Let v and y
contain only a’s from the first set of a’s. Let vy = a* for some k& > 0. Let u = o/,
vey = a? and z = a?"a™b"a"b") such that j > 0 and j +p+ g = n. Now
for ¢ = 0, we have wv'zy'z = alaP~*aib"a"b"a"b" ) = altPraTkpngnpranhnd =
a"*pramb a0 ¢ QII)D for k > 1 and for k = 1, we have a"~'b"a"b"a"b" C
(@~ ba) ¢ QLP.

Similar cases can be handled if both v and y contain only symbol b.

Case 2 If v and y contain more than one type of symbol. There will be several
cases depending upon whether v contains combinations of a’s and b’s and y
contains only one type of symbol or v contains one type of symbol and y contains
the combination of symbols or x contains combinations of a’s and b’s. Let us
consider one such case.

Let vay = a/b* for some j and k such that 0 < j + k < n. Observe that
j >0, k> 0 otherwise it will fall into Case 1. Suppose u = a', v = @', = =
a2, y = a”b* and z = Pa"b"a"b"O such that j; + jo +j3 = 4, L +j =n, and
k+p=n. Fori =0, the string uv'zy'z = a"20Pa"b"a™"O ¢ QP as [+ j, <n
and p < n.

Similarly other cases in which v and y contain more than one symbol can be
handled.

Case 3 Let us consider the last case. If vy = 0 then there are following possibili-
ties:

(i) If the symbol ¢ is in vy then vy = 6O and x = P~ For i = 0, wvizy'z =
abra b qr b P ¢ Q;ﬁ

(i) If the symbol ¢ is in  then v = b, y=cand x ="' and [ > 1. Now,
wlrytz = ab"a"b"a"b" 1O ¢ Qll)5 for 1 = 0.

Observe that one of the above cases will occur. Since all the above cases result in a
contradiction, the assumption that the language of non-del-robust primitive partial
words with one hole Q;D is context-free is not true. O
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4.2.2 Counting n-Length Partial Words in Q"

In this section, we give a lower bound on the number of del-robust primitive partial
words with one hole of length n. We use the following notations in counting. Denote
by QP (n) (respectively, @Q,”(n)) the set of del-robust (respectively, non-del-robust)
primitive partial words with one hole of length n over an alphabet V.

We use some existing results and notations from [9] on counting of primitive words
as well as primitive partial words. Let Py, x(n) (respectively, Ny, x(n)) denote the set
of primitive (respectively, nonprimitive) partial words with A holes of length n over
an alphabet of size k. Also, denote by P, ,(n) (respectively, Ny x(n)) the number of
primitive (respectively, nonprimitive) partial words with h holes of length n over an
alphabet of size k. Let T}, x(n) denote the total number of partial words of length n
with h holes over V. We have, from [13],

Th,k(n) = Ph,k(n) = Nh7k(n),

n n!
— kn—h - n—h
(h) ="

Theorem 4.15 ([9]). Ny x(n) = nNox(n).
A consequence of Theorem 4.15 is as follows.
Corollary 4.16 ([9]). Pix(n) =n(Pyr(n) + k"t — k™).

Next we give an upper bound on the number of non-del-robust primitive partial
words of length n over an alphabet of size k.

Theorem 4.17. The following inequality holds:

\D [nk —(n—2)] Nig(n —1) — 2k(n — 1) if 2 f (n-2),
@y~ ()] < { 0k — (n— 2)] Ny — 1) — 2k(n — 1) — 262 else.

Proof. We give a constructive proof of the theorem. A non-del-robust primitive partial
word with one hole of length n can be obtained in two ways; either by inserting a hole
¢ in a nonprimitive word w, |a(w)| > 2 of length (n — 1) or inserting a symbol a € V
in a nonprimitive partial word with one hole w of length (n — 1) with |a(w)| > 2. But
the first case results in repetition because all those partial words that will be generated
by inserting ¢ in a word w € Z,_; are already in the second case because the words
are obtained from partial words by replacing holes. Thus we will consider only the
second case, that is, inserting a symbol a € V' in a partial word w € Ny ,(n — 1) to
obtain non-del-robust primitive partial words with one hole of length n.

Take a partial word w € N x(n — 1). The number of new partial words that will
be generated by inserting a symbol a € V' in w is

Hwiaws | w = wiws, wy,we € Vi =n—|wl,
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Now for a partial word w € N} g(n — 1), the total number of partial words generated
by inserting any symbol a € V is

Z Hwiaws | w = wiwy, wi,ws € Vi =nk —(n—2)
acV

where k is the size of the alphabet.

As we can observe that there are nonprimitive partial words with one hole which
remains nonprimitive by inserting a symbol a € V' and we need to discard such partial
words from consideration. Such partial words are either of the form {w | w C a™} or
{0z |z e VT}.

First, we consider partial words with one hole w of the form w C a™ for some
a € V. Since position of a hole generates different partial words, the number of such
partial words that are contained in power of a particular symbol is (n — 1); and
hence there are total k(n — 1) nonprimitive partial words over an alphabet of size
k. Inserting the symbol a € V' before and after ¢ gives two different partial words.
Thus, the total number of partial words is 2k(n — 1).

Also, there are some nonprimitive partial words which are contained in a"~* but
inserting a symbol b where b # a gives a nonprimitive partial word. For example,
aa)aa. Inserting b # a either in suffix (respectively, prefix) gives us aaQaab (re-
spectively, baaQaa) which are nonprimitive. Thus, for a partial word with one hole
which is contained in a"7!, placing a letter either in suffix or prefix generate two
nonprimitive partial words. For partial word w C a" !, a € V, there are 2k ways
to generate a nonprimitive partial word. Since |V | = k, there are total 2k? ways to
generate a nonprimitive partial words. Those case in which (n — 2) is divisible by 2,
we have to subtract some extra partial words. Hence,

D [nk — (n—2)] Ny g(n —1) — 2k(n — 1) if 2 J (n-2),
Q7 ()] < { [k — (n — 2)] Nya(n — 1) — 2k(n — 1) — 22 else.

]

Now the lower bound on the count of number of del-robust primitive partial words
with one hole of length n can be obtained by subtracting the number of non-del-robust
primitive words with one hole of length n from the total number of primitive partial
words of length n with one hole. This gives us

QPP P
D nk — (n — 1k(n—1)=2k(n—-1)1 n—2),
@Iz P~ { o~ el

)

4.3 Exchange-Robust Primitive Partial Words

In this section, we consider the set of primitive partial words with one hole which
are robust to exchange operation. A partial word in exchange-robust class remains
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primitive when any two consecutive distinct symbols in a partial word are exchanged.
For example, consider w = abaaad € Q),, but exchanging position 2 and 3 we have
w' = aabaal) C (aab)? ¢ Q,.

Definition 4.18 (Exchange-Robust Primitive Partial Words with One Hole). A
primitive partial word w = agay - - - Q41649 - - - an_1 of length n with one hole is said
to be exchange-robust if and only if

pref(w, i) . ajr1a; . suff(w,n —i — 2)
is a primitive partial word for all i € {0, 1,...n — 2}.

Remark 4.19. We consider the hole & and a symbol from alphabet are distinct. If
the symbol a and the hole { are adjacent, we exchange a and .

We denote Q;X as the set of all primitive partial words with one hole which are
exchange-robust over an alphabet V. Clearly, the set of all exchange-robust primitive
partial words with one hole is a subset of Qzl,. There are infinitely many primitive
partial words with one hole which are exchange-robust. For example, a"(b"a, n > 2
is exchange-robust.

Our next result concerns the exchange of two different symbols at consecutive
places in a nonprimitive total word. We prove that the new word obtained by
exchanging any two distinct consecutive symbols at any position in a nonprimitive
word results a primitive word.

Lemma 4.20. Let w be a total word with |a(w)| > 2. If w = xyabzy € Z with a # b
then x1baxs € Q.

Proof. We prove it by contradiction. Let w be a nonprimitive word. Then there
exists a unique primitive word w such that w = u™, m > 2. We can express
w = u™ujabusu™? where ujabus = uw and my, mo > 0, mqy + mo > 1. Assume
for contradiction that w’ = u™ u bausu™? ¢ Q). As we know the languages @) and
Z are reflective, then it is enough to consider the word abusu™?u™ u;. Suppose
abusu™?u™u; = v"™ and bausu™2u™u; = y", m, n > 2 and y € Q). Let p be the
common suffix of v and y". The words v and y" have common suffix of length
m|v| — 2 and n|y| — 2, respectively. We have |p| = m|v| — 2 = n|y| — 2. It is not
possible to have m = n = 2 which is not feasible.

So at least one of m and n is strictly greater than 2. Without loss of generality,
let us assume that m > 3 and n > 2. Now,

2|p| = m|v] +nly| — 4
= |p| = Z|v] + Zly| — 2
= Ip| >yl + o]+ 3lv| =2 (- m >3 and n > 2)

Since |v| > 2, we obtain that |p| > |y| + |v| — 1. Hence by Theorem 2.27, v and y are
powers of the same primitive word which is a contradiction. Thus bausu™2u™ u;, € Q)
which implies that w' = u"™ u1bausu™? € Q.

]
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The above result does not hold for partial words having one or more holes.
Consider a partial word w = aQbaab € Z,. If we exchange b and a, we have
w' = aQabab C (ab)® ¢ Q,.

Next we study the class of primitive partial words with one hole in which exchange
of two distinct consecutive symbols results in a nonprimitive partial word. We call
this set of partial words as non-exchange-robust primitive partial words with one hole.
We denote the set of non-exchange-robust primitive partial words with one hole over
an alphabet V' as Q. Observe that Q,* UQ,* = Q,.

Definition 4.21 (Non-exchange-robust Primitive Partial Words). A primitive partial
word with one hole is said to be non-exchange-robust if and only if exchange of two
distinct consecutive symbols results in a nonprimitive partial word.

In the following theorem, we give the structural characterization of non-exchange-
robust primitive partial words with one hole.

Theorem 4.22. A primitive partial word w with one hole is non-exchange-robust if
and only if w is contained in some word of the form uF*u,abusu®?, a, b €V, a #b
where k; + ko > 1 and urbaus = u.

Proof. We prove the necessary and sufficient conditions as follows:

(<) Let w be a primitive partial word with one hole. Suppose w = vizyvy C
uFu abusu?? where a # b such that v; C uFuy, vo C uu*?, * C a and y C b. If
we exchange z and y, we get w' = viyavs C uFuibausu®? such that uibaus = u™
for m > 1. Hence w' C u*, k > 2 where ky + m + k; = k and thus w is not an
exchange-robust primitive partial word.

(=) Let w € Qll) which is not an exchange-robust partial word. Then there exists
at least one consecutive positions where exchanging them makes the partial word
nonprimitive. The partial word w can be written as either viabvy where vy, v, € ViJ
or v1avy or v1Qave where vy, vy € V*. In the first case, as we have exactly one hole,
it is exactly in one among v; or v,. Let w' = vibavy € Z, that is w' = vibavy C u™
for m > 2. Now v; C u'uy and vy C ugu? for 4, 5 > 0 and i + j > 1. Combining both
we have v;bavy C u'uybausu’ where uibaus = u* for k > 1.

The other two cases can be handled similarly.

O

We have, Q)X = Q) \ QLX. There are primitive partial words of arbitrary length
which are non-exchange-robust; for example, (ab)"Oa(ab)” for n > 1. We denote the
set of exchange-robust (non-exchange-robust, respectively) primitive partial words
with arbitrary number of holes by Q. (Q.°, respectively).

The set of Q;X is not closed under the cyclic permutation unlike the language of
del-robust primitive partial words with one hole. For example, consider a partial word
abbabbOab € Q;X . One of the cyclic permutation of the partial word is ababbabb{,
which is exchange-robust.

In Theorem 3.11, we prove that the language of primitive partial words with
at most one hole is dense over an alphabet V. Next we show that the language of
exchange-robust primitive partial words with one hole is not dense.
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Proposition 4.23. The language Q})X 18 not right 1-dense.

Proof. 1t is sufficient to find one partial word for which we cannot find any word
which satisfies the condition. Let w = xQx be a primitive partial word with one hole
where x € V*. Let us assume that w is not an exchange-robust primitive partial word.
Here both wa and wb are not primitive. Hence, we cannot find a word 2z with |z| <1
for w such that wz € Q). Thus @, is not right 1-dense.

m

For the above result, such partial word exists. For example, take w = aabaQaaba ¢
Q}DX and if we concatenate a or b at the right end of w then we obtain a nonprimitive
partial word.

4.4 pr is not Context-free

In this section, we prove that the language of non-exchange-robust primitive partial
words is not a context-free language over a given alphabet. In our proof, we use
the fact that intersection of a context-free language and a regular language is also a
context-free language. We also use the result that the family of context-free languages
are closed under generalized sequential machine (gsm) mapping, and for details;
see [36].

Theorem 4.24. The language of non-exchange-robust partial words is not context-free
over the alphabet V. = {a, b}.

Proof. Consider the regular language R = ba™ba™ba™ba™. Consider the language

L = {ba™ba™ba™ba™ | ny, ng, nz, ng > 1, (jng —n3| <1, |ng —nyl <1,

|(n1 +n2) — (ng +ny4)] =0 or 2) and (ny # nz or ng #ny)} (4.1

We claim that pr NR=L.
The inclusion fo N R O L is easy to observe. For the converse, let us take a

word w = ba"™ba™ba"ba"™* & pr NR. Asw € pr, then w can be represented as
w = uyabus such that uibaus € Z. We have the following possibilities of exchanging.

Case 1. aba™ ~tba™ba"ba™
Case 2. ba™ ~tba™*ba"3ba™
Case 3. ba™ 1ba™tba"3ba™
Case 4. ba™ba™ *ba™1ba™
Case 5. ba™ba™ 1 ba™~tha™

Case 6. ba™ba™ba™ tha™t1
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Case 7. ba™ba™ba™ha™ !
Observe that all the above cases are in the language QpY only if we have
(1) ny # ng or ng # ny (otherwise ba™ ba"2ba" ba"™ ¢ Q)

(2) Ing —mng| <1, [ne—mu| <1, [(t4+4) — (E+1)| =0 or 2 (otherwise the word
w' e Qi(

Hence the inclusion pr NRCL.
As we know that a CFL is closed under the gsm mapping then using a sequential
transducer (a gsm), the language Q;( N R can be translated into a new language

L'={a™b™c™d™ | ny, ng, ng, ng > 1, |ng —ng| <1, |ng—ny| <1,

|(n1 +n2) — (ng +n4)| =0 or 2 and (ng # ns or ng #ny)} (4.2)

Now we prove that L’ is not a context-free language. Assume for contradiction that
L' is context-free. Let N > 0 be a constant which exists by the pumping lemma. As
L’ satisfies Ogden’s lemma (see Appendix A.4), then every w € L', |w| > N can be
decomposed into w = uvayz such that the following conditions hold: (i) vxy contains
at most N marked symbols, (ii) v and y have at least one marked symbol, (iii) and
w'zy'z € L' for all 1 > 0.

Consider a string w = a™b™c™d™ such that ny = N, no = N, ng = N 4+ 1
and ng = N —1. As |ny —ng| <1, |ng —ng| <1, |(ny +n2) — (n3+ng)| =0 and
ny # ns, ng # ny then w € L'. Let us mark all the occurrences of b which are at least
N of them. Now we can decompose w = uvxyz in such a way that all the conditions
of Ogden’s lemma are satisfied.

Clearly, neither v nor y contain two different symbols. There are two cases
depending on whether vy contains an occurrence of a or not.

(I) Suppose vy does not contain any occurrence of a. In this case, we have u =
aVbi, v =b"™, x =b"2, y=b" such that m; +mg > 1, k; = mq +mo +mg3
and z = N (BiF) NH N1 For § = 2 wvlzy?z = aNpNtmtms) N+ gN-1 _
aP b2 cP3dP4 which is a contradiction as |py — py| > 2.

(IT) Suppose vy contains occurrences of a. Let v = @/ and y = b* for j, k > 1. If
j < k, then for a large value of i, we can have w’ = uv'zy'z = aP*bP2cP3dP4 such
that [p; — ps| > 1 which is a contradiction. Therefore we must have j > k.
Consider the word uvizy'z which becomes a¥ I HiipN —k+riN+HLGN=1 For § = 5,
we have w” = aNTUPNTARNFLGN =1 where [(N+45)—(N+1)| = 4j—1 > 3, [(N+
4k)—(N—-1)| = 4k+1>5and |(N+4j+N+4k)—(N+1+N—-1)| = 4(j+k) > 8
which is a contradiction.

Hence L’ is not context-free. As we know that the family of context-free languages
is closed under sequential transducers and intersection with regular languages, we

conclude that pr is also not context-free.
]
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4.5 Subst-Robust Primitive Partial Words

In this section, we study another subset of primitive partial words that remain primitive
on substitution of a symbol by another symbol from the underlying alphabet.

We refer to the definition of substitute robust total words [78] and define symbol
substitution in partial words as follows. Consider a nonempty partial word with one
hole z € V;". We define

one(x) = {xbxy | © = mpaxy, x1, 2 € V], a,b €V, a # b}.

Let L € V§ and € L. Then z is called subst-robust (with respect to L) if
one(x) C L.

Definition 4.25 (Subst-Robust Primitive Partial Words). A primitive partial word
w with one hole is said to be subst-robust if and only if one(w) C Q;.

Remark 4.26. Since ¢ is considered as a place holder for any of the symbol from
the given alphabet, we assume that only a symbol a € V' can be substituted by another
symbol b € V' such that a # b.

Proposition 4.27 ([78]). If L consists of only subst-robust words, then L = {w €
V* | |w| € length(L)}.

The above proposition does not hold in case of partial words with one or more
holes. For example, let L' = {a0b, bOb, bda, ada}. Though L’ is subst-robust, it does
not contain all the partial words with one hole of length three.

We use the symbol Q;S to denote the set of subst-robust primitive partial words
with one hole which remain primitive on substitution of a symbol by another symbol
from the given alphabet. There are infinitely many primitive partial words with one
hole which are subst-robust. For example, w = (ab)"{ for n > 2 is subst-robust. It is
worth mentioning here that there are primitive partial words with one hole which are
at the same time exchange-robust and subst-robust. An example of such partial word
1s

Wy, = Gabab? ... a™mb™
for m > 2 over V = {a, b}.

Let w = ab0a be a primitive partial word over the alphabet V' = {a, b}. Sub-
stituting last occurrence of a by b will generate a nonprimitive partial word. Thus,
there are primitive partial words with one hole in which substituting one symbol
by another symbol generates a nonprimitive partial word, and we call that set of
primitive partial words as non-subst-robust primitive partial words with one hole. We
use the notation Qll)s to denote the set of non-subst-robust primitive partial words
with one hole. Formally,

Q;g = {’u} ‘ w = U1auy & Q; and w/ == ulbu2 ¢ lemb # a’}'

Observe that Q% = Q) \ Qzl,g. Next, we characterize the set of primitive partial words
with one hole which are not subst-robust.
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Theorem 4.28. A primitive partial word with one hole w = xay where x, y €
Vi, a € V is not subst-robust if and only if it is contained in a word of the form

uFrugauau®? where ¥ C uFuy, y C usu? with ki + ky > 1 such that uibus = u where

a #b.

Proof. (=) Let us assume that w = zay is a non-subst-robust primitive partial
word with one hole. Then there exists a position in w in which one symbol can
be substituted by another symbol and makes it nonprimitive. Let w’ = zby be
the nonprimitive partial word and hence w' = zby C u™, m > 2 for some u € Q.
Therefore, we have z C u*wu,, y C uou*? such that ubuy = u for b # a. Hence
w C uFrug augu®?.

(<) Let w be a primitive partial word with one hole and w = zay C u*u;ausu*?,
ki +ky > 1 where z, y € ViJ,a € V with x C uFuy and y C ugu®?. Also, it is given
that substituting a symbol b # a, we have uibus = u. If we substitute a symbol
b+# ain w = zay, we get w' = xby such that v’ = xby C uFuur? = uM+*k2+1 and
ki1 + ko + 1 > 2. Hence w = xay is not subst-robust. O

Next we show that the language of subst-robust primitive partial words with
one hole is closed under cyclic permutation. We know that two partial words x
and y are conjugate if there exist partial words u and v such that z C uv and
y C vu. A language L is closed under conjugacy relation if for every w € L, the cyclic
permutations of w are also in L.

Lemma 4.29. The language Q}?S s closed under conjugacy relation.

Proof. We prove it by contradiction. Let w = viv, be a primitive partial word with
one hole such that w € Q}DS . Suppose w' = vyv; ¢ Q;,S . Then w = vyvy € Q}DS implies
w = v1vg € Q. Since W' = vyvy ¢ Q;S then we can write w' = v9v; C u* uyausu®?
such that uibus = u for some b € V and b # a. We consider two subcases depending
on whether a is in vy or in vs.

Case 1. If the symbol a is contained in vy then we consider the following possibilities.

Case 1.1 If entire ujaus is from vy then vy C uFujausu™u!, and vy C uhu® where
u=ujuy and r + s + 1 = ky. Now vyvy C ubusuF ujausu™u). Substituting
a by b, we obtain a nonprimitive partial word which is a contradiction that
V1Uy € Qll,s .

Case 1.2 If a portion of uy is from v, then vy C uFujaul, and v; C uju*? where
uy = ubuly. Now vyvy C ujur2utuyaul, which will result a nonprimitive
partial word after the symbol a is substituted by the letter b. Moreover
v1vy C (ulurbul)* %2+ and vyvy is not subst-robust primitive partial
word.

Case 2. If the symbol a is not contained in v, then we can handle two different
subcases similar to Case 1.
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Hence the language of subst-robust primitive partial words Q}JS is closed under
conjugacy relation. O]

The following corollary is a consequence of Theorem 4.28.

Corollary 4.30. A primitive partial word with one hole w € Qf if and only of it is
either contained in u™u'a or it’s cyclic permutation for some u € Q, and u'b = u for

b+#a.

Proof. The proof of necessary and sufficient conditions are as follows:
(=) Let w = xay be a primitive partial word with one hole which is not subst-robust.
Then w = zay C uMujausu®? for some u € Q such that z C uFuy, y C ugu™?,
urbus = u and k1 + ks + 1 > 2. As the language Q;S is reflective, then yxra C
uguP2uPruya = (ugu b)) *2unua = 21 H*22'a where x = upurb and 2’ = ugu,.

(<) Let w be a partial word. If w is contained in u™u'a where w'b = w or it’s cyclic
permutation then by substituting a by b where b # a, we obtain w’ € u™*! which is a

nonprimitive partial word. Hence w is not a subst-robust primitive partial word. []

There is a linear time algorithm to test whether a given partial word with one
hole is primitive which is based on the property that a primitive partial word u is
not compatible to a proper factor of wu. In this chapter we defined several subclasses
of primitive partial words with one hole that are robust to different operations such
as del-robust primitive partial words, exchange-robust primitive partial words and
subst-robust primitive partial words. It is easy to observe that whether a primitive
partial word with one hole w of length n is del-robust can be tested in O(n?). Let u
be a partial word of length n. A letter from each position of u can be removed, and
primitivity of transformed partial word of u can be tested in O(n) time. For a partial
word of length n, that process can be repeated and the primitivity of partial word u
can be tested in O(n?) time. Similarly, in other cases we also can have simple O(n?)
time algorithm to test their respective robustness property.

4.6 Conclusions

We have discussed a special subclass of primitive partial words with one hole, referred
to as del-robust primitive partial words. We have characterized such partial words
and identified several properties. We have also proved that the language of non-del-
robust primitive partial words with one hole Q}DD over a nontrivial alphabet is not a
context-free language. We have given a lower bound on the number of such partial
words of a given length.

We have also investigated the exchange-robust and substitute robust primitive
partial words with one hole. The structural characterization of each of the aforemen-
tioned class of primitive partial words with respect to underlying operations have been
discussed, and also some important combinatorial properties related to each of the
class have been identified. We have shown that the language of non-exchange-robust
primitive partial words is not a context-free language.
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Pseudo-Bordered Partial Words

In this chapter, we consider a variation of bordered partial words known as pseudo-
bordered partial words for various pseudo-identity functions. Pseudo-bordered partial
words is also known as #-bordered partial words, where 6 is assumed to be either a
morphic involution or an antimorphic involution.

5.1 Introduction

Borderedness property of words is one of the fundamental notion in combinatorics
on words and formal language theory. The set of all unbordered words is a proper
subset of the set of all primitive words. The importance of bordered words have wide
range of applications such as in string matching algorithms [27, 28], data compression
algorithms [89], coding theory [5] and digital transmission systems [23].

One of the central problem in DNA computing is to find a good encoding scheme.
In DNA computing, DNA strands are the basic blocks for proteins and carriers of
information. The information encoded as a single strand of DNA contains basically
the same information as its Watson-Crick(WK)-complement. The Watson-Crick
complementarity property allows the information encoding strands to interact with
each other to form a double strand in a process known as base pairing. The information
equivalence between two strands in a biomolecule of DNA paved the road further
by mathematical formalization of the Watson-Crick (WK) complementarity in DNA
strands (wherein for a DNA alphabet A = {A, T, C, G}, A is a WK-complement of T’
and vice versa, and G is a WK-complement of C' and vice versa).

Motivated by the applications of primitivity, periodicity in several fundamental
areas and close connection of the field of combinatorics on words with Mathematics
initiated an interest to generalize these classical notions for pseudo-identity functions
instead of identity functions. Several classical properties including primitivity, peri-
odicity, conjugacy, borderedness property and palindromes have been extended for
various pseudo-identity functions [29,43,44,56,57,60,61,73,74]. Bordered words have
been studied with respect to homomorphisms, that is, characterization of unbordered
preserving morphisms are given in [38].

Mathematically, the Watson-Crick complementarity has been modeled as an
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antimorphic involution # over an alphabet V. An involution 6 is a function such that
6? is an identity function, that is, 0%(z) = z for all x € V*. A function 0 : V* — V* is
said to be a morphism if f(uv) = 0(u)f(v), and an antimorphism if #(uv) = 6(v)0(u)
for all u, v € V*. A DNA strand u over the DNA alphabet contains the same
information as its WK-complement, denoted by 6(u). Basically, the WK-complement
of a DNA strand is the reverse complement of the original strand. Recall from
Chapter 2, a word w is bordered if and only if there exist words x,y, z such that
w = xy = yz and y is said to be a border of w. Kari and Mahalingam [58] defines
a word w to be #-bordered if there exists a word x € VT that is a proper prefix
of w, while §(z) is a proper suffix of w. A word which is not 6-bordered is called
@-unbordered, and the set of all f-unbordered words is denoted by Dy(1).

In [66], Peter Leupold proposed the idea of using partial words as a tool to find the
good encodings for DNA computing purposes. Along with the WK-complementarity
for a DNA alphabet, he proposed that the “do not know symbol”, ¢ is mapped to
itself, that is, 0(¢) = 0.

A nonempty partial word wu is said to be bordered if there exists a nonempty prefix
of u that is compatible with a nonempty suffix of u [14]. A partial word which is
not bordered is called unbordered. Motivated by Peter Leupold’s work in [66], and
generalization of classical notion of (un)bordered! words to that of 6-(un)bordered?
words, [58], we generalize the notion of (un)bordered partial words to #-(un)bordered
partial words. A nonempty partial word w is said to be 6-bordered if there exist
nonempty words x,y, z such that u C zy and u C z0(x).

Organization. The outline of this chapter is as follows. We begin by reviewing basic
concepts and notations of #-bordered and f-unbordered partial words in Section 5.2. In
Section 5.3, we prove several combinatorial properties of 6-(un)bordered partial words
that includes closure properties as well as characterization of the set of #-unbordered
partial words for antimorphic involution €. In Section 5.4, we give necessary and
sufficient conditions for a partial word to be f-unbordered which is based on the
concept of f-contained prefixes and conatined suffixes. We also count the number of
O-borders of a partial word w = (uf(u))" where u is unbordered as well as f-unbordered
partial word. In Section 5.5, we prove that the set of all f-unbordered partial words
Dy, (1) is a disjunctive language. Section 5.6 discusses the classification of sets of
0-(un)bordered partial words and introduces new language classes in connection with
0-(un)bordered partial words. In Section 5.7, we define #-primitive partial words for
(anti)morphic® involution and discuss some basic properties of it. Section 5.8 defines
the concept of #-conjugacy and #-commutativity for partial words, and provides a
characterization such that one is a 6-conjugate of the other with concluding remarks
in the Section 5.9.

!By (un)bordered word we mean either a bordered or an unbordered word.
2By 6-(un)bordered word we mean either a f-bordered or a §-unbordered word.
3By (anti)morphic involution, we mean either a morphic or an antimorphic involution.
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5.2 Basics of f-bordered Partial Words

In the following definition, we extend the definition of 6-(un)bordered words to 6-
(un)bordered partial words. The notion of contained prefixes and contained suffixes
are introduced to accommodate #-(un)bordered partial words. We denote the set of
contained prefixes and contained suffixes as CPref and CSuff respectively. Similarly,
the set of proper contained prefixes and proper contained suffixes are denoted by
PCPref and PCSuff, respectively. We define the notion of contained prefixes, contained
suffixes, proper contained prefixes and proper contained suffixes as follows.

CPref(w) ={z € V' |y € V*, w C zy}
CSuff(w) ={x e V" |y e V", wCyr}
PCPref(w) ={x eVt |Jye V", wC ay}
PCSuff(w) ={z e V' |Jye V", w Cyx}

We denote the relations of a word u being a contained prefix, contained suffix, proper
contained prefix and proper contained suffix of a partial word w by u <., w, u <.s w,
u <q w and u <., w respectively, and define them as follows.

Definition 5.1.
(a) For w € Vi and v € V*, u <o w if and only if w C uv for somev € V*,
(b) Forw € V§ and u € V*, u <cs w if and only if w C vu for somev € V*.
(¢) Forw e Vg and u € V', u <g w if and only if w C uv for some v € V7.
(d) Forw € Vi anduw € V', u <¢s w iff w C vu for somev € V.

We illustrate the above definitions in the following example.

Example 5.2. Let V' = {a, b} be an alphabet and u = a{)b be a partial word over V.
Then CPref(u)= {a, aa, ab, aab, abb}, CSuff (u) = {b, ab,bb, aab, abb}, PCPref(u) =
{a,aa,ab} and PCSuff (u) = {b, ab, bb}. O

In the following definition, we define the relations such as #-contained prefix,
f-contained suffix, and #-border of a partial word.

Definition 5.3. Let 0 be either a morphic or an antimorphic involution on V.
(a) Forw e Vs andu e V*, u gi;; w if and only if w C O(u)v forv € V*.
(b) Forw € V§ andu € V*, u <% w if and only if w C vO(u) for v E V*.

(c) For a partial word w € Vi, x € V* is said to be a 0-border of u if x Szo u, that
is, w C xy and u C 20(x).
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(e) Forwe V5 andueV*, u <% w if and only if w C B(u)v forve VT,
(f) Forw € V&r andu € V*, u <% w if and only if w C vO(u) forve VT,
(9) <g® = <ep N <.

(h) Forw €V, v € V* is said to be a proper 0-border of w if u <ZQ w.

(i) Forw € V", define by LZQ (w)={ueV*|u <Z° w}, the set of all O-borders of a
partial word w.

(j) vy (w) = |L (w)].

(k) Denote by Dy, (i) = {w € V" | Vso(w) = i}, the set of all partial words with
exactly © 0-borders for i > 1.

From the above definitions, a partial word u € V<>+ is said to be #-bordered if
u C zy and u C z0(x) for y,z € V. In Definition 5.3, if # is an identity function
then the relations SZS, <% and gfﬁ become contained prefix, contained suffix, and
borders respectively. The set of all partial words which are not 6-bordered are called
g-unbordered and is denoted by Dy, (1). Note that € is a f-border of every nonempty
partial word.

Example 5.4. Let 6 be a morphic involution such that 6(a) = b,0(b) = a,0(0) = 0.
Consider the partial word u = aQab over V' = {a,b}. Then Lfﬁ(u) = {e,a,aba} and
1/3<> (u) = 3. Hence u € Dy, (3). O

5.3 Properties of 6-bordered Partial Words

In this section, we discuss some properties of #-bordered and #-unbordered partial
words which includes the transitivity, closed under cyclic permutation property, dense-
ness of the set of all f-unbordered partial words, for morphic as well as antimorphic
involution . We also provide a characterization of the set of #-bordered partial words
for an antimorphic involution 6.

Remark 5.5. The set of borders and 6-borders of a partial word need not be the
same.

Example 5.6. Let u = abbQa and € be a morphic involution such that 6(a) =
b, (b) =a, 8(Q) = 0. Observe that a is a border of u while ab is a §-border of u but
neither a is a 6-border of u nor ab is a border of u. O

Remark 5.7. A bordered partial word may not be a 0-bordered partial word and vice
versa.
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Example 5.8. Let us consider the DNA alphabet V = {A, T, C, G} and 6 be
(anti)morphic? involution such that 0(A) =T, 6(T) = A, 0(C) =G, 0(G) = C and
0(0) = ¢. The partial word u = AQGT is #-bordered but not bordered. Similarly
the partial word v = AGQA is bordered but not #-bordered. O]

The following observations follow directly from the definition.

Lemma 5.9. Let 6 be either a morphic or an antimorphic involution over an alphabet

V.
(a) A O-bordered partial word u € V<>Jr has length greater than or equal to 2.
(b) Forue VY, if u C {uy,us, ..., un} then 6(u) C {0(u1),0(uz), ..., 0(u,)}.

Lemma 5.10 ([56]). Let 6 be a morphic or an antimophic involution and let u €
VT \ Dy(1). Then there exists v € V* with |v| < % such that v is a proper 0-border
of u.

However, when 6 is a morphic involution, the above lemma does not necessarily
hold for partial words. For example, let V"= {A,C,G, T} and let § be a morphic
involution such that 0(A) =T, 6(T) = A, 0(G) = C, 0(G) = C and 0(0) = . Let
u = AGOCG be a partial word. Then, the f-borders of u are Lzo(u) = {e, AGC}
and there is no proper -border v of u such that |v| < %

It has been shown in [58] that in case of total words, if §(a) # a for all a € V' then
a®™ C Dy(1). However, this result does not necessarily hold in case of partial words as
any partial word ending or beginning with ¢ has a trivial 1-letter border.

The next result establishes a connection between the set of all -borders of a
partial word u and the set of all #-borders of 0(u).

Lemma 5.11. Let u € V<>+ be a partial word. If 0 is a morphic involution then
LZQ O(u)) = Q(Lzo(u)) and if 0 is an antimorphic involution then LZQ (u) = LZQ (O(u)).

Proof. Let 6 be a morphic involution, and let v € LZQ (u). This implies that u C v
and u C y6(v) for some z,y € V. Hence §(u) C #(v)f(x) and O(u) C 6(y)0(6(v)).
Now 6(v) is a @-border of partial word 9( ), that is, O(v) € LZO(G(u)) and hence
H(Lzo(u)) - LZO(G(u)). Similarly, let v € L ®(0(u)). Then O(u) C vp and O(u) C ¢b(v)
for some p,q € V*. Hence we have u C 9( )0(p) and u C 0(q)8(6(v)) which implies
that 6(v) € L% (u) and hence LY (A(u)) C O(LY (). Thus L% (A(w)) = 0L (u)).
Let 6 be an antimorphic involution and let v € Lfﬁ(u). This implies that © C vz
and u C yf(v) for some z,y € V. Hence 6(u) C 6(x)0(v) and 6(u) C 6(f(v )) (y) =
v0(y). Thus v € L2 (0(u)) and hence L% (u) € L% (A(w)). Similarly, let v € L2 (A(w)).
Then 0(u) C va’ and 0(u) C y'0(v ) for some a: ,y" € V't which implies u C (9( "0(v)
and u C vf(y'). Hence v € Ld (u) and Ld (O(u)) C LZO( ). Thus, Ld (u) =
L% (0(uw)). O

4By (anti)morphic involution, we mean either a morphic or an antimorphic involution.
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Recall that a language of partial words L C V/J is said to be reflective if zy € L
implies that yx € L for all z,y € V. A reflective language can be seen as a language
that contains all the cyclic permutations of a word w whenever w € L. From the
Definition 5.3(k), Dy, (7) is the language of partial words having exactly i f-borders.
Next, we illustrate that Dy, (7) is not necessarily closed under the relation of cyclic
permutation in the following example.

Example 5.12. Consider a partial word v = ababaQa over V = {a,b} such that
f(a) = b, (b) = a and 6(Q) = O. For # to be a morphic involution, Lgo(u) =
{e, ab, abab, ababab} and hence u € Dy, (4). Consider v’ = aababa$ which is a cyclic
permutation of u. Then Lfﬁ (v') = {e,a} and hence u' € Dy, (2). Similarly, if 6
is an antimorphic involution then for w = aa®, w € Dy, (2) but one of its cyclic
permutation w’ = aa € Dy, (1). O

Hence for a given i > 1, Dy, (i) is not necessarily closed under the cyclic permuta-
tion with respect to either a morphic or an antimorphic involution.

The following result shows the transitivity of the relation <ZQ for an antimorphic
involution #, and establishes a relation between partial words u, v, w such that u <3<> v
and v <ZO w when 6 is a morphic involution.

Proposition 5.13. Letuc V*, v € V' and w € V<>+ such that u <3<> v, v <Z° w. If
0 is a morphic involution then u is a border of w, and if 6 is an antimorphic involution
then u <Z<> w.

Proof. Since u <Z<> v, we have v = ux and v = yf(u) for x,y € V*. Also v <Z<> w
implies that w C vp and w C ¢f(v) for some p,q € V7.

If 6 is a morphic involution, then w C vp = uxp and w C ¢f(v) = ¢f(yh(u)) =
q0(y)u. Hence u is a border of w.

If 6 is an antimorphic involution, then w C uxp and w C ¢f(uzx) = ¢f(z)0(u)
which implies that u <ZO w. O

Corollary 5.14. The relation <Z<> 15 transitive when 6 is an antimorphic involution.

We mention the following result from [58] that establishes a relation between two
different #-borders of a total word. In particular, for a total word w, if u and v are
two distinct #-borders of w then either u is a border of v or v is a border of u when
6 is a morphic involution, and u (respectively, v) is a prefix of v(respectively, u)
when @ is an antimorphic involution.

Lemma 5.15 ([58]). Let u, v, w be such that u, v € V*, u+# v and u <4 w and
v <% w. If 0 is a morphic involution, then either v <q u or u <q v. If 0 is an
antimorphic involution then either v <, u or u <, v.

The Lemma 5.15 need not hold for partial words as shown in the following example.

Example 5.16. Let V' = {a, b} and 6 be (anti)morphic involution such that 6(a) = b,
0(b) = a and 6(Q) = 0.
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(a) Let 0 be a morphic involution. Let w = a{bbba. Then LZ<> (w) = {e, ab,aab}. We
can choose u = ab and v = aab. Observe that neither v <; u nor u <y v.

(b) Let @ be an antimorphic involution and w = ab{ab. Then Lzo (w) = {e,a, ab,
aba, abb, abba, abaa}. We can choose u = aba and v = abba and observe that
neither v <., u nor u <g, v.

]

From the Example 5.16, it is clear that for a partial word u € V', the set Lzo (u)
is not necessarily a totally ordered set with respect to the relation <; when 6 is
a morphic involution. Also, if 6 is an antimorphic involution, then Lzo(u) is not
necessarily a totally ordered set with respect to <.,, and Q(Lg<> (u)) is not necessarily
a totally ordered set with respect to <.

The following lemma provides a characterization of 6-bordered partial words
in case of an antimorphic involution #. We provide both necessary and sufficient
condition for a partial word to be #-bordered.

Lemma 5.17. Let 0 be an antimorphic involution. A nonempty partial word u € Vg
is 0-bordered if and only if u C avf(a) for some a € V' and some v € V*.

Proof. (=) Let u be a 6-bordered partial word. Then there exist z,y,z € VT such
that v C zy and u C z0(x). Let x = ap for some a € V and p € V*. Thus
0(z) = 0(ap) = 6(p)f(a) which implies v C apy, and u C z0(p)f(a). Hence we can
write u C avf(a) for some v € V*.

The converse is obvious. [

Next we study some properties related to #-unbordered partial words and prove

that the set of #-unbordered partial words is a dense set for an antimorphic involution
6.

Corollary 5.18. Let 6 be an antimorphic involution.
(a) For all v € Vi, u € Dy, (1) if and only if O(u) € Dy, (1).
(b) Let 6(a) # b for a,b € V. Then Dy, (1) is a dense set.

(c) Let u be a partial word over V' which does not begin with a hole and let a,b € V
be such that 0(a) = b and a # b. Then either ua or ub is 0-unbordered.

(d) For all z,z € V\ and y € V¥, we have xyz € Dy, (1) if and only if xz € Dy (1).
Proof.

(a) Let us assume that 6(u) ¢ Dy, (1) and u € D (1). By Lemma 5.17, 6(u) C ayf(a)
for some y € V* and a € V. Thus, 0(f(u)) = u C ab(y)f(a) which is a
contradiction to the fact that v is §-unbordered. Let 0(u) € Dy, (1) and u ¢ Dy, (1).
Then u C bxf(b) for some x € V* and b € V. Hence 6(u) C bf(z)0(b) which

shows that 6(u) is a f-bordered partial word, a contradiction.
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(b) Consider a partial word y € V;". We can choose # = a and z = b such that
xyz € Dg, (1) since 0(a) # b. Hence Dy, (1) is a dense set.

(c) Let us assume that both ua and ub are #-bordered partial words. Then by
Lemma 5.17, there exist o, 5 € V and y,z € V* such that ua C ayf(a) and
ub C [260(F) which implies a = 6(«) and b = 0(3). Since u does not begin with a
hole, we have u = cp for ¢ € V and p € V, that is, u = cp C ay and u = cp C Bz
which implies ¢ = o = [ which further implies that a = b which is a contradiction.

(d) Let us assume that zz ¢ Dy (1) and xyz € Dy, (1). Then by Lemma 5.17,
xz C apf(a) for p € V* and a € V. Thus, xyz € Dy, (1) depends only on the first
letter of x and last letter of z. Since z, 2 € V&’, ryz € Dy, (1) contradicts to the
assumption that xz ¢ Dy, (1) and vice versa.

]

The statement (c) of above Corollary 5.18 does not hold for a partial word that
begins with a hole as illustrated by the following example.

Example 5.19. Let V' = {a, b} and 6 be (anti)morphic involution such that 0(a) = b,
0(b) = a and 6(Q) = O, and let u = Qabb). Then both ua = Qabbda and ub = GabbOb
are f-bordered partial words. O

In Lemma 5.17, we have given the characterization of #-bordered partial words for
an antimorphic involution #, and it is clear that the minimal #-border of a #-bordered
partial word w is @ € V' which itself is a f-unbordered word. However, the minimal
f-border of a #-bordered partial word in case of a morphic involution need not be a
@-unbordered word. For example, if for a,b € V', let 0(a) = b, 6(b) = a and 6(0) = O,
and let u = abbQa. Then the minimal §-border ab = a - f(a) is not f-unbordered.

The next result relates the minimal border and other borders of a total word
under the assumption of # being a morphic involution.

Lemma 5.20 ([58]). Let 6 be a morphic involution and 0(a) = a for alla € V. If x
s the minimal border of w, then for all other borders y # x of u, y is bordered.

The above lemma does not necessarily hold in case of partial words.

Example 5.21. Let V' = {a,b} and 6 be a morphic involution such that §(a) =
a,0(b) = b and 6(Q) = ¢. Consider a partial word u = aQbbbaab. The minimal
f-border of u is ab. However aab is also a 6-border of u but aab is f-unbordered. [

5.4 Catenation of f-bordered Partial Words

In this section, we give a necessary and sufficient condition for a partial word u to
be #-unbordered in terms of set of contained prefixes and set of contained suffixes.
We also prove that for (anti)morphic involution 6, the set of #-unbordered partial
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words Dy, (1) is a post-plus language. We give a count on the number of §-borders of
a partial word of the form ((uf(u))" where u is a unbordered partial word as well as a
f-unbordered partial word and 6 is assumed to be a morphic involution.

We have a characterization of #-bordered partial words in Lemma 5.17 when 6 is an
antimorphic involution. The next lemma in similar lines provides a characterization of
@-unbordered partial word for (anti)morphic involution € in terms of set of contained
prefixes and contained suffixes. Note that, the characterization provided in Lemma 5.17
is stronger than the one provided latter when 6 is an antimorphic involution.

Lemma 5.22. Let 0 be either a morphic or an antimorphic involution on V;. Then for

allw € V,F with [u| > 2, u is 0-unbordered if and only if (PCPref (u)) N PCSuff (u) =
0.

Proof. We prove from both directions as follows.
(=) Let u be a -unbordered partial word. Assume that §(PCPref(u))NPCSuff(u) # 0.
Let x € O(PCPref(u)) N PCSuff(u). Then u C 6(z)us and u C uyzx for uy,uy € V*
Thus u ¢ Dy, (1), a contradiction.

(<) Let O(PCPref(u)) N PCSuff(u) = (). Assume that u is a @-bordered partial
word. Then there exist v, xz,y € V' such that v C vz and u C yf(v) which implies
6(v) € 6(PCPref(u)) N PCSuff(u), a contradiction. O

It is clear from the previous lemma that for an antimorphic involution 6, a partial
word u is @-bordered if and only if §(PCPref(u)) N PCSuff(u) # 0.

In Corollary 5.23, we give a necessary and sufficient condition for concatenation
of two #-unbordered partial words to be #-unbordered follows from Lemma 5.22.

Corollary 5.23. Let 6 be either a morphic or an antimorphic involution and let
u,v € V<;r be two O-unbordered partial words. Then uv is @-unbordered partial word if

and only if 6(CPref (u)) N CSuff (v) = 0.

Proof. (<) Let u, v € V" and assume that 6(CPref(u)) N CSuff(v) = 0. Let uv be a
f-bordered partial word. Then we have the following cases to consider.

Case 1: Let 6 be an antimorphic involution. Then uv C ayf(a) for some y € V,F
and a € V. Hence 0(a) € 0(CPref(u)) N CSuff(v) which is a contradiction.
Hence uv is a #-unbordered partial word.

Case 2: Let 6 be a morphic involution. Since wv is a #-bordered partial word,
wv C zy and uv C z0(x) for some y, z € V. Then we consider following cases.

Case 2.1 If |z| < |u| and |#(z)| < |v|. In this case © € CPref(u) and 0(z) €
CSuff(v). Hence 0(x) € 6(CPref(u)) N CSuff(v) which is a contradiction.

Case 2.2 If |z| < |u| and |0(z)| > |v]|, that is, uv has a 6-border longer than
v. Now the corresponding #-contained suffix of uv is 6(u'v’) for some
O-contained suffix of u where u = ujus, us C 0(u') and v C v'. By the
definition of §-border, (u’) matches a contained prefix of u which shows
that u is 6-bordered and hence a contradiction.
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Case 2.3 If |z| > |u|, we can argue in the similar way to Case 2.2 and show
that v is a #-bordered partial word which is a contradiction.

Since all the cases lead to contradiction, we have that uv is a #-unbordered partial
word.

(=) Let u,v € V" and let u, v be f-unbordered partial words. Assume that uv is
also f-unbordered partial word and 6(CPref(u))NCSuff(v) # 0. Let 2 € §(CPref(u))N

CSuff(v). Then z = 0(uy) = vy for some u = v'u”, v = V'v" v C uy,v” C vy where

u',u” v 0" e V&“. Now, uv = u'u"v'v" C ujugv16(uy) where v’ C uy and v C vy
which implies that wv is a #-bordered partial word which is a contradiction. Hence

6(CPref(u)) N CSuff(v) = 0. O

The following result provides a necessary and sufficient condition under which a
partial word u’v’ is f-bordered.

Corollary 5.24. Let 6 be either a morphic or an antimorphic involution and let u,v
be two partial words. Then 8( CPref (u)) N CSuff (v) # 0 if and only if (CPref (u")) N
CSuff (v/) # 0 fori,j > 1.

Proof. (=) Let us assume that 6(CPref(u’)) NCSuff(v?) = @ for ¢, 5 > 1. Then clearly
6(CPref(u)) N CSuff(v) = (), a contradiction. Hence if §(CPref(u)) N CSuff(v) # 0,
then 0(CPref(u’) N CSuff(v?) # ()

(<) Assume that 0(CPref(u)) N CSuff(v) = @ and §(CPref(u’)) N CSuff(v?) # 0.
Then there exists z € VT such that = € 0(CPref(u')) N CSuff(v’). Then we have
x = 0(a*i,) = 60" where @ = 11, U = U102, u C @, v C ¥ such that 4; € CPref(u)
and vy € CSuff(v), 41,7, € V* and k,[ > 1.

Let 6 be a morphic involution. Since z = (") = 6,9, 0(1;) € O(CPref(u))N
CSuff(v) which is a contradiction.

Let § be an antimorphic involution. Then x = 0(@*i,) = 0(1i,)0(@*) = o', Let

U = uuy C Uyts = @ such that uy € V&“. Hence we can write z = (1 )0((i1s)*) =
9(@1)9((’(211/72)1671)9(@2)9(1[1) = 9(@1)y9(u~1) = ﬁzf}l where Yy = 0((@1@2)]671)9( ~2) which
implies that 6(u;) € 8(CPref(u)) N CSuff(v) which is a contradiction. O

In the next result we prove that if a partial word x;x5 is f-unbordered then the
partial word 173 is f-unbordered as well.

Proposition 5.25. Let x1,25 € V<>+ and 0 be either a morphic or an antimorphic
involution. If 179 is a 0-unbordered partial word, then x1x3 is also a O-unbordered

partial word.

Proof. Let 6 be an antimorphic involution. Suppose, z;23 is a #-bordered partial

word. Then by Lemma 5.17, there exists a € V and y € V* such that z;23 C ayf(a).
Since x1,xy are both nonempty partial words, we have z125 C azf(a) for x € V*
which is a contradiction. Hence z123 is #-unbordered.

Let 6 be a morphic involution and 123 be f-bordered. Then there exist u, z,y € V'
such that x122 C uz and z123 C yf(u). Then we have following cases to consider.
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Case 1: |u| < |z1|. Then there exists a € V* such that z; C ua.

Case 1.1 If |#(u)| < |xg|. Then for some 8 € V*, x5 C 60(u) which implies
129 C uafl(u), a contradiction.

Case 1.2 If |z5| < |0(u)| < |23|. Then for zo = 851, f1z2 C 0(u) where 51 € V,f
and # € VJ which implies £1861 C 6(u). Let 6(u) = ajap such that
f1 C oy and 25 C ay. Thus, 129 C uaff; C uafag = 0(aq)f(az)abay,
a contradiction.

Case 1.3 [0(u)| > |#3]. Then for 2y = B, fra3 C 0(u) where 3y € V7 and
B € Vi. This implies x125 C uawy C 0(uy)0(uz)0(uz)axs where 0(u) =
urusly such that 5 C uy; and a9 C us. Also, x129 = BP129 C Pujus, a
contradiction.

Case 2: |r1]| < |u| < |x125]. Then there exists a € V* such that x;xe C ua.

Case 2.1 If |#(u)| < |xo|. Then for some g € V*, x5 C [6(u). Similarly,
1Ty C 2100(u) and z129 C ua, a contradiction.

Case 2.2 |xo| < |0(u)| < |xows|. Then for zy = 551, fixe C 6(u) where
By € V5 and B € V. Let 6(u) = ujup where 8y C uy, z3 C uy for
some u; € VT, ug € V*. Thus, z1295 C ua = 6(up)f(uz). Similarly,
T1x9 = 11601 C x1Puq, a contradiction.

Case 2.3 |zazs| < |0(u)| < |z1223]. Then for z; = 45, and 0(u) = ujugus,
B C uy and xy C up where § € Vi, f1 € V7 and uy,us € V*. Thus,
Ty C ua = O(uy)f(ug)l(ug)a. Similarly, 129 = fizy C Pujug, a
contradiction.

Case 3: |r179| < |u] < |z12229|. Then for u = ujusus and zy = BB, x1 C uy,
Ty C ug and B C ug where 3,6, € V.

Case 3.1 |z3] < |0(u)| < |xows|. Then for xo = s and §(u) = v'u” such that
s C v’ and o C u” where s € VJ, 51 € V<>+ for some v € VT, v’ € V*.
Also, u = ujuguz = 0(u')8(u”). Now, since xo C uy as well as zo C u”, we
will get that |us| = |0(w”)| which will further imply that |ujus| = |#(v')| and
hence O(u') = uyr, uy = rp and O(v”) = pug where r,p € V*. Thus, x12s =
r1881 C xysu'. Similarly, xizous C ujusug = uirpug = 0(u')pus which, by
length argument further implies that xyz9 C 0(u')p, a contradiction.

Case 3.2 |zoxo| < |0(u)| < |z12222]. Then for O(u) = vjubjul, and z, = ssq,
sy C vy and x5 C ub where s, s1 € V7. Also, u = uyugus = 0(u})0(ub)f(uj).
Now, since x9 C ug as well as xo C u), i.e., O(x2) C 0(uj), we will get that
lur| > 10(u))|, |ua] = |60(uy)| and |us| < |#(uh)| which implies u; = 6(u))y
and 0(ub) = y'ug for y,y’ € V. Thus, u = 0(u))yusus = 0(u})y usy'us
which implies that y = '. Hence, x129 = 21661 C wusfy = 6(u})yusfs.
Similarly, 129 = ss129 C sujuy = suj0(y)0(us), a contradiction.
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Since all the cases lead to contradiction, we have zy23 € Dy, (1).
[l

We generalize the result of Proposition 5.25 and prove that if z1x5 is #-unbordered
then x,2% for k > 1 is also f-unbordered.

Lemma 5.26. Let x1, 29 € V<>+ and 0 be either a morphic or an antimorphic involution.
If x1x9 is a O-unbordered partial word, then xlxlg for k > 2 is also a @-unbordered
partial word.

Proof. Let 6 be an antimorphic involution. Suppose, z125 for k > 2 is a #-bordered
partial word. Then by Lemma 5.17, there exists a € V and y € V* such that
r125 C ayb(a). Since x1, zo are both nonempty partial words, we have z1x5 C axf(a)
for z € V* which is a contradiction. Hence z;z% is §-unbordered.

Now, let # be a morphic involution. We will prove the result by induction on k.

Base Case: For k = 2, x122 is f-unbordered by Proposition 5.25.

Inductive hypothesis: Let us assume that the result holds for k = n, that is,
x12y is 0-unbordered.

Inductive step: Next we prove the claim for £ = n + 1. Suppose x5
a 0-bordered partial word. Then we have 125" C uz and zy25+" C yf(u) where
u,r,y € V*.

+1 g

Case 1: |25 < |0(u)| < |z125T]. Then ayay™ C (u) for some x; = aa; where
a,qq € V<>+.

Case 1.1: |zxy| < |u| < |zy@5™"|. Then z1258 C u for some B € V' and
xy = BB where 8 € V7. We have 0(a;)0(2%)0(x2) C u which implies
that 0(cy)0(25)0(8)0(B1) C u. Also zyay ‘29 = x5 8318 C u. Thus
0()0(x3)0(3)0(B1) T w12y BB 8. Considering the length argument, we
have 0(a1)0(z}) 1 2125 ' 3. By augmenting 3; both sides, 8(a;)0(x3)53; T
r125 3B = 1128 = acyzl. Hence 0(a123)p; T aay ) which implies that
there exists a partial word w such that 0(cy2%)8; C w and amzh C w.
Let apaly C v for some v € V. Then v € 0(CPref (x;23)) N CSuff (z;23)
which shows that z;2% is §-bordered and hence a contradiction.

Case 1.2: |u| < |zi2y|. Then z258 C w for some zo = B3, where 3 €
Vo, B1 € Vi and i < n. Thus 6(a;)0(2z3*') C w which implies that
1258 1 0(a)0(x5) = 0(ar)0(23)0(B)0(B1). Now, we have x 25 83,8 1
0(ay)0(z3)0(B)0(51) and by length argument, z125 '8 1 0(ay)(23). By
augmenting Bz5~" on both the sides, we get z 25 188 25" = 2128 =
oz 1 0(ay)0(xh)pray " = 0(anx})Bizh ™", Hence there exists a partial
word w such that acyzh C w and O(a23) By ™ C w. Let aqal C v
and thus v € O(CPref(z,;23)) N CSuff (x;x}) which implies that z;x} is
f-bordered and hence a contradiction.

Case 2: If |#(u)| < |25"| then by similar argument we can obtain a contradiction.
Since all the cases lead to contradiction, we conclude that ;25 € Do, (1).
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Hence z;75 is §-unbordered partial word for all k > 1. O
The following corollary is a direct consequence of Lemma 5.26.

Corollary 5.27. Let x1,29 € V<>Jr and 6 be either a morphic or an antimorphic
involution. If x1xy is a O-unbordered partial word, then for any k > 1, 2%y is also a
O-unbordered partial word.

A language L C V* is called a post-plus language if for u, v € V*, uv € L implies
that wot C L [92]. Similarly, we define post-plus language in partial words as follows:

Definition 5.28. A language L C V<>+ of partial words is said to be a post-plus
language if for two partial words u,v € Vi, wv € L implies that uv™ C L.

Corollary 5.29. For (anti)morphic involution 6, Dy, (1) is a post-plus language.
Proof. The proof directly follows from Lemma 5.26. O]

In Proposition 5.31, for a partial word u which is unbordered and #-unbordered as
well, we provide the number of #-borders of a partial word which consists of alternating
pattern of u and #(u) for a morphic involution € such that ¢ is not identity on V.
The following result is required for the proof of Proposition 5.31.

Lemma 5.30. Let 6 be a morphic involution such that 6(a) # a for all a € V and
let u € Dy (1) N Dy(1). Then for w = (uf(u))", uy <q u and u C u' for some u' and
uy, we have (W'O(u))iuy, (WOW))u'0(uy) ¢ LY (w) for all 1 < j < n.

Proof. We prove it by contradiction.

Let us assume that (v/0(u'))u; € LZQ (w). Then there exist a, 8 € VT such
that w C (v/'0(v)) w0 and w = (uf(u))® C B(O(W)u')0(uy). Since |ui| < |ul,
O(u1) <es O(u), that is, uy <es w and also u; <., w. This implies u ¢ Dy(1), a
contradiction.

Now, let us assume that (v/6(u/))7u/0(u1) € L7 (w). Then there exist o, 3’ € V+
such that w C (u'0(v"))'u'0(uy)a’ and w = (ub(u))® C B'(O(u")u')70(u )uy. Since
lug| < Jul, w1 <es O(uw), that is, 6(u1) <.s v and also u; <. w. This implies
u ¢ Dy, (1), a contradiction. O

In the following proposition, we count the number of #-borders of a partial word
of the form (uf(u))" where we assume that u is a unbordered partial word as well as
a #-unbordered partial word.

Proposition 5.31. Let 0 be a morphic involution such that 0(a) # a for alla € V,
and let uw € Dy(1) N Dy, (1). Then w = (ub(u))’ € Dy, (m) for all i > 1 where

m=1+k+k" 4. + k&
and k is the size of the alphabet and | = |ul,.
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Proof. Let | = |u|, be a nonnegative integer.

Let ¢ = 1, that is, w = uf(u). Then clearly ¢ € LZO (w). Observe that any wu; such
that u C u; will be a 6-border of w. The number of such u;’s depend on the number
of holes in u. Hence 1/3<> (w) <1+ K.

Let 2 € LY (w) be such that = # ¢ and x # wu; for all j such that u C u;. Then
there exist «, 5 € VT such that w = uf(u) C za and w = uf(u) C G0(x).

Let |z| < |u]. Thenz <., wand §(x) <.s 0(u), i.e, © <.s u which implies u ¢ Dy (1),
a contradiction. Now, let |z| > |u|. Then z = v'z5 and 0(x) = z}0(u’) where u C o/,
for some u/, x9, 2] € V. Thus w = uf(u) C xa = vw'zoa which implies xo <, 0(u),
that is, 0(x2) <., uw since |v/| = |u|. Also w = uf(u) C fO(x) = BO(u')0(x2) which
implies 0(x2) <cs O(u), that is, xy <. u since |ry| < |u[. Thus u ¢ Dy, (1), a
contradiction. Hence uf(u) € Dy, (1 + k').

Let ¢ = 2, that is, w = uf(u)ubf(u). Observe that any words «, 8 such that u C «
and uf(u)u C F will be #-borders of w. Also by Lemma 5.30, v'0(u)uy, u'0(u')u’
O(uy) ¢ Lgo(w) where u C ' for any ' and uy; <., u. Thus Vgo(w) = 1+ klvlo 4
fluétulo “that is, (uf(u))? € Dy, (1 + k' + k).

Now, let i > 2, then we have w = (uf(u))’. When i > 2, any words oy, as, ..., q;
such that u C a1, ub(u)u C ag, (uf(u))*u C as,...,(wd(u))'u C a; will be 6-
borders of w. By Lemma 5.30, w will not have any border of the form [u’ where
(ub(u))? C B and v’ <., u with j < i. Hence the number of §-borders of w = (uf(u))"
depends on the number of holes present in u, uf(u)u, (ud(u))u,...,(ud(u)) " u.
Thus Vgo (w) =14k 4+ k3% ...+ E&-1L

Hence w = (uf(u))" € Dy, (m) where

m=1+k+k+.  + &

5.5 Disjunctivity of the Set of f-unbordered Par-
tial Words

For a language L C V*, the principal congruence Pp determined by L is defined as
follows: for any z,y € V* such that = # y, v = y(Pp) if and only if uzv € L &
uyv € L for all u,v € V*. The index of Py, is the number of equivalence classes of Pr,.
The language L is said to be disjunctive if Py, is the identity, that is, for any = # y
there exist u,v € V* such that uzv € L and uyv ¢ L or vice versa. Every disjunctive
language is dense and every dense language contains a disjunctive subset, [85]. It is
clear from the definition of disjunctive language that every disjunctive language has
infinitely many principal congruence classes whereas a regular language has finitely
many principal congruence classes. Hence no disjunctive language can be regular.

The following lemma provides a necessary and sufficient condition for a language
to be disjunctive.
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Lemma 5.32. [82] Let L. C V*. Then the following two statements are equivalent:
(a) L is a disjunctive language.
(b) If u,v € VT, u# v, |ul = |v|, then u # v(Pr).

Recall that, a partial word can be viewed as a total word over an extended alphabet
Vi, and hence the definition of principal congruence and disjunctive language can be
extended for partial words in a similar way.

Lemma 5.33. Let L C V. Then the following two statements are equivalent:
(a) L is a disjunctive language.
(b) If u,v € Vo, uv, Jul = |v], then u # v(PyL).

Proof. (a) = (b) It is straightforward.
(b) = (a) We prove that if |u| = |v| and u = v(PL) then u T v.

Let © = y(Pr). Assume that for a,b € V, a # b and let M = maz{|zb|, |yb| }.
Then it is clear that both zba™ and yba™ are primitive. Now zw = yw(Py) by setting
w = ba™ which implies that (zw)? = zwyw = ywzw(Py). Since |[zwyw| = |ywrw
and rwyw = ywrw(Pr), we get zwyw 1T ywrw. Thus, zw and yw are commutative
partial words. However, zw and yw are primitive, which implies that zw 1 yw which

shows that x 1 y by the length argument. Hence L is a disjunctive language. O]

It has been shown that the set of all (total)words with exactly i borders, D(i) is
disjunctive [52] and the set of all words with exactly ¢ §-borders, Dj(i) is disjunctive for
morphic involution @ [57] for all ¢ > 1. Here we prove that the set of all §-unbordered
partial words is a disjunctive language for a morphic involution. In order to prove
the disjunctivity of the language of partial words Dy, (1), we need several auxiliary
lemmas as follows.

Lemma 5.34. Let 0 be a morphic involution and a,b € V such that a # b and
0(a) #a. Let x,y € V" for m > 0. Then

(a) a™t'20(b) € Dy, (1).
(b) If x = 0(b)a” for 2" € V§ and k > m, then (a*y0(b))(a*z0(b)) € Dy, (1).
Proof.

(a) Let us assume that a™*'20(b) ¢ Dy, (1). Then there exist u, r, f € V' such that
a™x0(b) C ua and a™z0(b) C B0(u). Then we have following two cases to
consider.

Case 1: |u| < m+ 1. Then u = a" and 6(u) = x240(b) where n < m + 1 and
T = z129 with xo C zf and xy, 29 € V<;r which implies u = a™ = 6(z})b
which further implies that a = b, a contradiction.
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Case 2: m+ 1 < |u| <2m + 1. Then u = a™™ 2} and 0(u) = a’2'0(b) where
for v = xyx9, x C &', 2y C 2, 1 € V<>+, rg € V5 and j < m + 1. This
implies u = a™™z] = 6(a?)f(2’)b which further implies that 6(a) = a, a
contradiction.

Since all the cases lead to contradiction a™z6(b) € Dy, (1).

(b) Let us assume that (a*y0(b))(a*z6(b)) ¢ Dy, (1). Then there exist u/, o/, 8’ € V*
such that (a*y0(b))(a*z0(b)) C u'a’ and (a*yO(b))(a*z0(b)) C B'O(v'). Then we
have following cases to consider.

Case 1: |[u/| < k. Then u' = a" for n < k which implies (a*y0(b))(a*z0(b))
C f'O(v') = p'0(a") which further implies #(a) = 0(b), i.e., a = b, a

contradiction.

Case 2: k < [/| < m +k+ 1. Then u' = a*y| where y = y190, 11 C v} and
y1,y2 € Vi . Also, 0(u/) = a"2'0(b) = a0(b)2""6(b) where for = = 6(b)z",
2" C 2" and n < k. Thus (a*yd(b))(a*z0(b)) C v'a’ = 0(a™)bd(z")ba’
which due to the fact that n < k implies a = b, a contradiction.

Case 3: |v/| = m+k+1. Then v’ = a*y'0(b) and O(u') = a*2'0(b) where y C v/
and x C 2’. Thus v’ = a*y/'0(b) = 0(a*)0(x")b which implies 0(a) = a, a
contradiction.

Case 4: m+k+1 < |[u/| <2k+m+1. Then v’ = a*y'0(b)a’ where y C ¢’ and
j < k. Also, 0(u) = y40(b)a*z'0(b) where for y = y1y2, yo C yb, y1 € VJ,
y2 € V37 and « C 2. Thus o' = a*y/(b)a’ = 6(y5)bd(a”)6(2")b which implies
a = b, a contradiction.

Case 5: 2k +m+ 1 < |u/| < 2k + 2m + 1. Then o' = a*y/'0(b)a*z, where
for v = 212y, 1y C 2, 2 € V', 13 € V3 and y C y/. Also, §(u)
a™y'0(b)a*z'0(b) where n < k and z C 2. Thus, (a*yd(b))(a*z0(b))
B = B0(a*)0(y)b0(a*)0(x}). Now, since |ba*ai| < |aFzb|, b0(a

0(x}) <. a*x0(b) and hence a = b, a contradiction.

=N

Since all the cases lead to contradiction, (a*y6(b))(a*26(b)) € D, (1).

]

Next we prove the following result under the assumption that the alphabet contains
at least three distinct letters and 6 is a morphic involution.

Lemma 5.35. Let 6 be a morphic involution and V' be an alphabet with |V| > 2 and
let a,b € V such that 0(a) # a, a # b and a # 0(b). Let x ¥y, xz,y € V", m > 0,
z,y € 0(b)Vy. Then for alli > 1,
a™ yf(b)(O(a™ 20(b))a™ 2O (b)) T O(a™ T 0 (b)) € Dy, (1).
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Proof. Let us assume that w = a™ ' yd(b)(0(a™ 1 20(b))a™ 1 20(b))t (a™  z (b))
¢ Dg,(1). Then there exist u,a,3 € V* such that w C ua and w C p6(u). Let
w = w'l(a™zh(b)) where w' = a™yd(b)(0(a™ T 20(b))a™ Tz 6(b))""'. Then we
have following cases to consider.

Case 1: |u| <m+ 1. Then u = a* for 1 < k <m + 1. Thus,
w = wl(a™26(b)) C BO(a)
which implies 0(a) = b, a contradiction.

Case 2: m+1 < |u| < 2m + 1. Then u = a™"y! where for y = y1v0, y1 € V<>+,
y2 € V§ and y; C y; for some y; € V. Also, since z = 0(b)a’ for 2’ € V7,

w = w'0(a™ bl (z )b C BO(a™T)0(y,).

Since |a™ )| < |a™To2'd|, 0(a™™)0(y)) <es 0(a™T)bO(2')b which implies
O(a™ Mol (x" )b C B'0(a™™)0(y;) where 3 € VT which further implies that
0(a) = b, a contradiction.

Case 3: |u| = 2m + 2. Then u = a™"1y/'0(b) where y C 3/ for some 3y’ € V. Thus,
w = wl(a™z0(b)) C BI(a™)O(y)b

which by length argument implies 6(z) C 6(y'), i.e., z C y'. Also, y C ¢/ and
hence x 1 y, a contradiction.

Case 4: 2m + 2 < |u| < 3m + 3. Then u = a™ 'y/0(b)0(a*) for k < m + 1 and
y C y for some y' € V. Thus,

w = w'0(a™ T zo(b)) C BO(a™)O(y )ba"
which implies @ = b, a contradiction.

Case 5: 3m + 3 < |u| < 4m + 3. Then u = a™"y/0(b)0(a™1)0(x}) where for
T =x1Ta, T1 €V, 29 € Vi, z1 C o) and y C ¢/ for some z7, ¥’ € V*. Thus,

w = w'0(a"t'zf(b)) C BO(a™)O(y Yba™ 2.

Now, since |a™ 1z} > |xb|, 0(a®)b0(2')b C a™ 2} where k < m+ 1, x = 0(b)z’
for 2 € V' which implies a = b, a contradiction.

Case 6: |u| =4m+4. Then u = a™'y'0(b)0(a™1)0(2")b where x C 2" and y C
for some 2", 3/ € V*. Thus,

w = w'l(a™ M z0(b)) C BO(a™)O(y )ba™ 2" O (b)
which implies 0(a) = a, a contradiction.
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Case T: 4m +4 < |u| < 5m + 5. Then u = a™™y/'0(b)0(a™2"0(b))a* where
E<m+1, zCa2”and y C ¢ for some x”, 3y € V. Thus,

w = w'0(a™ T z0(b)) C BO(a™ Ty 0(b))a™ 2" 0(b)0(a”)
which implies 6(a) = b, a contradiction.

Case 8: 5m +5 < |u| < 6m + 5. Then u = a™y/0(b)0(a™ 1 2"0(b))a™ 2! where
for x = zy29, v C ), 1 € V<>+, v € Vi, z C 2" andy C ¥y for some
@y, 2",y € V*. Thus,

w = wl(a™ ' zh(b)) C BO@™ Ty 0(b))a" T 2"0(b)0(a™ ) ().

Now, since |ba™ ™z} < |a™xb|, (0)0(a™)0(2]) <o O(a™xO(b)). This
implies 0(a™z0(b)) = O(a™)bO(z)b € B'0(b)0(a™)0(x}) where 3 € V*
and z' € V which further implies 6(a) = 6(b), i.e., a = b, a contradiction.

Case 9: |u| = (2m +2)(2i —1). Then u = a™'y/0(b)(0(a™ 2’ (b))a™ 'z’ O(b))"!
where 1 > 2, x C 2’ and y C v/ for some 2/, ¢y € V*. Thus,
w = a™yO(b)(0(a™ T 2(b))a™ 2l (b)) O(a™ 2h(b))
_ m+1 ( )9(&m+1l‘9< ))( m+1$9(b)0(am+lx9(b)>)i71
CBG( m+1 ’G(b))( m+1 /9<b)6<am+1x/9(b)))i71

which implies 6(z) C 0(y'), i.e., x C 3" and also y C ¢’ which further implies
x Ty, a contradiction.

Case 10: 2m +2)(2i —1) < |ul < 2m +1)(2¢ — 1) + (m + 1). Then u =
a™ 1y 0(b)(0(a™ T 2’0(b))a™ 2’ 0(b)) 10(a”) where x C 2/, y C ¥y for some
2,y € VT and k <m + 1. Thus,

w = w'0(a"tz0(b)) C BO(a™ Y 0(b)) (a2 O(b)(a T 'O (b)) a"
which implies a = b, a contradiction.

Case 11: (2m+2)(2i— 1)+ (m+1) < |u| < 2m+1)(2i —1)+ (2m+1). Then u =
am“y’Q(b)(Q(am+1x/9(b))am+1x’9(b))i_10(am+1)6(1"1) where for x = xyx9, 21 C
zy, vy € Vi and x5 € V3 for some ¢/, 24 € V. Thus, w = w'6(a™+'260(b)) C

BO(a™ 1y 0(b))(a™ 1 2'0(b)0(a™ 1 2'0(D))) " La™ 2. Now, since |a™ M z]| < |[a™zb),

a™ <. 0(a™zh(b)), ie., O(a™ 1z 0(b)) C fa m“xl where 3 € V' which
1mphes a = 0(a), a contradiction.

Since all the cases lead to contradiction,

a™y0(b)(0(a"z0(b))a™x0(b)) ' 0(a™x0(b)) € Dy, (1).
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In Theorem 5.36, we prove that the language of #-unbordered partial words is a
disjunctive language which make use of the results Lemma 5.33, Lemma 5.34 and
Lemma 5.35.

Theorem 5.36. Let 6 be a morphic involution and let V' be an alphabet with |V| > 2
such that for a,b € V, a #b, a # 0(b) and 0(a) # a. Then the set of all O-unbordered
partial words Dy, (1) is a disjunctive language.

Proof. Let i > 1 and z,y € VI, z ¥y, m' =n+2,n > 0. Let u=a™6(b) and
v = 0(b)(A(a™ (D) zO(b))a™ O(b)x0 (b)) 10(a™ O(b)z0(b)).
Since a ¢ {b,0(a)}, by Lemma 5.34 a™ 0(b)z0(b) € Dy, (1) and by Proposition 5.31,
uzv = [a™ (b)z0(b)0(a™ O(b)x0(D))]" € Dy, (m).

where m(= 1+ k' + k% 4+ -+ + k=D >4 > 1 for o' = a™'0(b)z0(b), | = |ul, and
k =|V| > 2. Also, by Lemma 5.35

uyv = a™ 0(b)yd(b)(0(a™ O(b)x0(b))a™ 0(b)x0(b))" 6 (a™ (b)x0(b)) € Dy, (1).

Thus for z,y € V; and x ¥y, we have uzv ¢ Dy, (1) and uyv € Dy, (1).
Therefore z # y(PD%(l)) for every x ¥y, |z| = |y|. Hence, by Lemma 5.33, Dy, (1)
is a disjunctive language. O

5.6 Pseudo-Bordered Partial Words and Language
Classes

In this section, we study the languages of 8-unbordered and 6-bordered partial words
with respect to the conventional language classes in Chomsky hierarchy. We prove that
the set of all #-unbordered partial words is regular when 6 is an antimorphic involution,
and the set of all 8-bordered partial words is not a context-free language when 6 is a
morphic involution. We introduce the concept of Dy, (1)-concatenate partial word
which is an extension of the concepts defined in [52,57]. We also extend the concept
of #-non-overlapped language, [57], for partial words and provide a necessary and
sufficient condition for a language of partial words to be #-non-overlapped when 6 is
assumed to be a morphic involution (Proposition 5.41).

Theorem 5.37. Dy, (1) is a regular language when 0 is an antimorphic involution
on V5.
%

Proof. From Lemma 5.17, all the partial words of the form axb where a,b €V, x €
Vi, b # 0(a) are f-unbordered. Also by Lemma 5.9, a € V; is also §-unbordered.
Hence Dy, (1) = VoUL where L = {J, ey @V, b# 0(a). Since V' is a finite alphabet,
L is regular. Hence Dy, (1) is a regular language. O
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Next we prove that the language of #-bordered partial words is not a context-free
language for a morphic involution 6.

Theorem 5.38. Let 6 be a morphic involution such that 6(a) # a for all a € V.
Then the language of 0-bordered partial words over V' is not a context-free language.

Proof. Since 6(a) # a for all a € V, there exists b € V such that #(a) = b. Also,
0(0) = ¢. Let L be a language of #-bordered partial words.

Let us assume that L is context-free. Let n > 0 be the constant defined by
pumping lemma for context-free languages. Since L is context-free, it must satisfy the
conditions of the pumping lemma. Thus, for every partial word z € L with |z| > n, 2
can be factorized into uwvwzry such that |[vwz| < n, |vz| > 0 and w'wz'y € L for all
1> 0.

Consider a partial word z; = a"t1Q" 1a" . Observe that 2, is #-bordered since
21 C (a1 ) e and z; € a™TO(a" TV TY) = a" T el There are two cases
depending upon whether vwz is a substring of a” )"+ or Ontlgntl,

Case 1: vwz is a substring of a®™1)" 1. Note that every 6-border w of z; is of the
form w = ap for some p € V* since z; begins with a. We consider the following
subcases depending on whether vwzx contains ¢ or not.

Case 1.1 Suppose vwzx does not contain any ¢, that is, vwz is a substring of
a"tt of z;. Then for i > 2, we get z;, = a™O" a"t! where m > n + 1.
Hence for m’ > n + 1, z, = wowaz?y = a™ ¢"a"*! ¢ L, a contradiction.

Case 1.2 Suppose vwz contains at least one ¢, that is, either v or x must
include at least one ¢. Consider zy = uwy = a*®/a"** where k < n + 1,
j <n-+1. Since j < n+ 1, a*t with |t| = j cannot be a f-border of z, and
hence 2y ¢ L, a contradiction.

Case 2: vwz is a substring of $""1a"*t. The proof for this case is similar to that
of Case 1 and leads to a similar contradiction.

Since all the cases lead to contradiction, the language of 8-bordered partial words L
over V is not a context-free language. O]

Let V = {a, b, c,d} and 0 be (anti)morphic involution such that 6(a) = b, 6(b) = a,
0(c) = d, 0(d) = c and 0(0) = . Let u = adQd. Clearly, u € Dy (1). Let us consider
the decomposition of u = ujus such that u; = ad and uy = Od. Then u; € Dgo(l)
but uy = ¢d & Dy, (1) as Od C cd. Hence, it is not necessary that any f-unbordered
partial word can be decomposed as a concatenation of two #-unbordered partial
words. However, if such a decomposition exists for a #-unbordered partial word
then u is said to be Dy, (1)-concatenate partial word. Similarly, a partial word u is
said to be completely Dgo(l)—concatenate if u = ujus for uy,uy € V<>+, implies that
Uy, Ug € Dgo(l)

In case of total words, the set of completely Dy(1)-concatenate words over an
alphabet V' is a regular language, [57]. However, no partial word u € V<>+ such that
|u| > 2 and contains one or more holes can be completely Dy, (1)-concatenate.
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Proposition 5.39. For (anti)morphic involution 0 there does not ezist any completely
Dq, (1)-concatenate partial word u such that [u| > 2 and u contains at least one hole.

Proof. Let u € V<>+ be a partial word with at least one hole. Then there will always
exist a decomposition u = wujuy such that u; = ay® ¢ Dy (1) (or u; = Qya) for
y € V§ and up € V7. Hence u can never be a completely Dy, (1)-concatenate partial
word. ]

In Theorem 5.23, we have given a necessary and sufficient condition for concatena-
tion of two #-unbordered partial word to be f-unbordered. However, this result may
not hold for catenation of partial words which are not 8-unbordered. Hence we extend
the concept of 6-non-overlapped language for partial words, which is a generalization
of concepts defined in [90] and [57].

Definition 5.40. A pair of partial words u,v € V<>+ such that w ¥ v is said to be O-non-
overlapped if and only if O(CPref(u)) N CSuff(v) = 0 and O(CPref(v)) N CSuff(u) = 0.
A language of partial words L is said to be 6-non-overlapped language if L C Dg, (1),
u,v € L and O(u) ¥ v implies u,v are §-non-overlapped.

For a language L of partial words, by L((f), we denote a language L(GQ) = {ub(u)lu €
L}.

Proposition 5.41. Let L C V<>+ and 6 be a morphic involution. Then L is 0-non-
overlapped language if and only if L € Dy, (1) and LQ\LéQ) C Dy, (1).

Proof. Let L C V<>+. Assume that L is #-non-overlapped language. Then L C Dy, (1).
Let u,v € L be such that 0(u) ¥ v, then uv € L2\Lé2). Suppose uv ¢ D (1). Then
there exist w,x,y € V* such that uv C wx and wv C yf(w). Let |w| > |u|. Then for
w = wiws, let v = V105 be such that v C w; and v; C wy where wy,wy € VT and
V1, Vg € V<>+. Thus wv C wx = wywsx and wv C yO(w) = yb(w;)0(w,). Since u C wy,
we get v C wor and v C af(wsy) for « € V. Thus v ¢ Dy, (1), a contradiction since
L C Dy, (1). We will reach a similar contradiction if we assume that |w| > |v]. If
|lw| < |u| and |w| < |v|, then w € CPref(u) and w € #(CSuff(v)), a contradiction
since L is a §-non-overlapped language. Hence uv € Dy, (1) and LQ\LéQ) C Dy, (1).
Conversely, assume that L C Dy, (1) and L2\L((,2) C Dy,(1). Let u,v € L
such that 0(u) ¥ v, that is, uv € L2\L§2). Suppose u,v are not #-non-overlapped.
Then either 6(CPref(u)) N CSuff(v) # § or §(CPref(v)) N CSuff(v) # . Let a €
0(CPref(u)) N CSuff(v). Thus there exist uy,us, vy,v2 € V3 such that u = ujus,,
v = V09, up C O(a) and vy C a. Thus uv = ujusvive C O()ugvyar which implies
uv ¢ Dy, (1), a contradiction. We will reach a similar contradiction if we assume that
6(CPref(v)) N CSuff(u) # 0. Thus, §(CPref(u)) N CSuff(v) = () and §(CPref(v)) N
CSuff(u) = 0 for every u,v € L, 6(u) ¥ v and L C Dy (1), that is, L is §-non-
overlapped language. ]

Recall the concept of 8-unbounded annihilator ay,(u) = {v € VT uv € Dy(1)}
defined in [53] which is a generalization of unbounded annihilator defined in [93]. We
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extend the concept of #-unbounded annihilator for a nonempty partial word u as
follows;

by (1) = {v € VM luv € Dy, (1)}

In our next result, we prove that for a #-unbordered partial word u, if we raise the
power of the set of proper contained suffixes of u then it is a subset of 8-unbounded
annihilator of u.

Proposition 5.42. Let 0 be (anti)moprhic involution on V. If u € Dg (1), then
(PCSuff (u))* C s, (u) where PCSuff(u) is the set of all proper contained suffizes
of u.

Proof. Let u € Dy (1) and let v = uyus - - - uy, for some u; € PCSuff(u) and 1 < < k.

Let 6 be a morphic involution. Suppose that uv ¢ Dy, (1). Then there exist
a,d, " € V't such that wv C a’ and wv C F'0(«). Then we consider following two
cases:

Case 1: |a| > |v|. Let u C v/v” and v = v’ such that 0(«) = v"v" and v/, u" € VT
which implies v’ € CSuff(u). Also, uv C ad’ = 0(u”)8(v' )’ which implies
u" € 0(CPref(u)) which further implies that u ¢ Dg, (1), a contradiction.

Case 2: || < |v]. We also have v = ujusg - - - uy, for u; € PCSuff(u) where 1 < i < k.
Thus we have following two subcases:

Case 2.1 If |a|] < |ug|. Then wu, = upupr and (o) = upr for up, upr €
V*. Since u, € PCSuff(u), for u = wjug, us C up = upupr and thus
u C uyugugr which implies ugr € CSuff(u) where uy € V<>+. Also, uv C
aa’ = O(upr)o’ implies that ugs € (CPref(u)) and hence u ¢ Dy (1), a
contradiction.

Case 2.2 |a| > |ug|. Then 0(a) = uju;i;---ug such that u; = ujuj where
wj,ui € VT Since u; € PCSuff(u) and v} € CSuff(u;), we have uj €
CSuff(u). Also, uv C aa’ = 0(u})0(u;i1) - - - O(uy )’ implies uf € 0(CPref(u))

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

Since all the cases lead to contradiction, we have (PCSuff(u))* C aup, (u).

Now, let 6 be an antimorphic involution. Assume that uv ¢ Dy, (1). Then by
Lemma 5.17, uwv C ayf(a) for y € V* and a € V. Let y = 119 such that v C ay;
and v = yo0(a) for y;,y2 € V*. This implies a € CPref(u). Also, v = ujug -+ - ug, =
y20(a) implies that #(a) € CSuff(ug) which along with the fact that u, € CSuff(u)
further implies that a € §(CSuff(u)) and hence u ¢ Dy, (1), a contradiction. Thus
(PCSuff(u))™ C aup, (u). O

Next we define #-unbounded annihilator for a language of partial words in the
following definition.
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Definition 5.43. Let L C V<>+. The O-unbounded annihilator of the language L is
defined as;

OéubQ(L) = {u € V<>+ ’ Lu C Dgo(l)}

Proposition 5.44. Let L C V<>+ such that for every u € V<>+ contains at least one
non-hole position and V' C 0(CPref(L)), then oy, (L) = 0.

Proof. For any u € V7, let u C v'a for ' € V* and a € V. Since V C 6(CPref(L)),
there exists v € L such that v C 6(a)v’ for v' € V*. Thus vu C 0(a)v'v'a ¢ Dy, (1)
which implies Lu & Dy, (1) which further implies v, (L) = (. O

Next we prove that for a language of partial words L C V<>+, upy (L) is a post-plus
language.

Theorem 5.45. For any L C V<>+, Quby (L) is a post-plus language.

Proof. Let u,v € V be such that uv € au,(L). Then for all w € L, we get
wuv € Dy (1). Furthermore, by Proposition 5.26 wuv* C Dy, (1) which implies
Luv® C Dy, (1) which further implies uv™ C v, (L). Thus o, (L) is a post-plus
language. [l

5.7 0-Primitive Partial Words

In this section, we extend the concept of primitivity to accommodate partial words
under involution mappings. We first extend the notion of a period to #-strong and
O-weak period of a partial word where @ is (anti)morphic involution.

Definition 5.46. Let 0 be (anti) morphic involution and u be a partial word over V.

(a) A 0-(strong) period of a partial word u is a positive integer p such that u(i) = u(j)
or u(i) = 0(u(j)) wheneveri,j € D(u) and i = j modp. In such a case, we call
u to be O-p-periodic.

(b) A O-weak period of u is a positive integer p such that u(i) = u(i + p) or u(i) =
O(u(i + p)) whenever i,i +p € D(u). In such a case, we call u to be weakly
0-p-periodic.

If a partial word is #-p-periodic then it is weakly #-p-periodic as well, but converse
does not hold always. Let us illustrate the above definitions with the help of a
following example.

Example 5.47. Let V = {A,C, G, T} and let 6 be (anti)morphic involution such that
0(A) =T, 0(T) = A, 0(G)=C, 0(C) =G and 0(Q) = 0. Let u = AQOTCOTGA,
then u is #-3,5,6,8-periodic. Similarly, v = AQOTGOOCTG is weakly 6-2,3,5,8-

periodic. However v is not #-2-periodic. O
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Next we define the concept of #-power also known as pseudo-power for a partial
word which is required to define #-primitive partial word.

Definition 5.48. Let 0 be (anti)morphic involution. A partial word w = ujus - - - uy,
is said to be contained in O-power of a word u if uy C w and, either u; C uw or u; C 0(u)
foralli € {2,...,n}. More specifically, a partial word w € V<;r 15 said to be contained
in pseudo-power of a nonempty word u relative to 0, if w C u{u,O(u)}*.

Definition 5.49 (#-primitive partial word). A partial word w is said to be 0-primitive
if there exists no nonempty word u such that w C u{w,0(u)}*.

We use the symbol @), to denote the set of all §-primitive partial words. If
w C u{u, f(u)}* and w is a shortest such word, then w is said to be a @-primitive root
of w. Formally,

po.o(w) = {x : x is a f-primitive (total) word and w C x{z,(z)}", n > 0}.

It is known that every nonempty word has an unique primitive root, and also an
unique f-primitive root for a morphic as well as an antimorphic involution 6, [29].
However, in case of partial words, the primitive root of a partial word need not be
unique, [8]. Similarly, the #-primitive root of a partial word need not be unique as
shown in the following example.

Example 5.50. Let V = {A,T,C,G} and € be an antimorphic involution such that
0(A) =T,0(T) = A,0(C) = G,0(G) = C,0(0) = 0. Let w = AQCGOT. It can
be observed that w C ATCH(ATC), w C ACCH(ACC), w C AGCH(AGC) and
w C AACH(AAC). O

Proposition 5.51. If a partial word w € V<>+ is O-primitive then it is also primitive.

Proof. Let w be a @-primitive partial word. Suppose w is not primitive. Then there
exists a word u € V' such that w C u* with & > 2. Hence w is also contained in
f-power of u which is a contradiction. Thus, w is a primitive partial word. O]

The converse of the above proposition need not be true as illustrated by the
following example.

Example 5.52. Let V = {a,b} and € be an antimorphic involution such that
6(a) = b,0(b) = a and 6(0) = 0. Let w = abbd € Q, but w = abb C ab(a)f(a)a

and hence w is not a #-primitive partial word. O]

Since f-primitive partial word is primitive, the Lemma 3.7 applies to f-primitive
partial words as well. However, a f-primitive partial word x with one hole can be
compatible to a central factor of a word in {z,0(x)}*\x?, as demonstrated by the
following example.
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Example 5.53. Let V = {A,C,G,T} and 6 be an antimorphic involution such that
0(A) =T,0(T) = A,0(G) = C,0(C) = G and 0(O) = ¢. Then for x = AQCG, we
can see that 0(x)0(z) = CGOTCGOT T CGAOCGAT. Similarly, let V' = {a,b, c}
and € be an antimorphic involution such that #(a) = b and vice versa, and (c) = c.
Then for z = alc, 20(x) = aQccOb T aadcdb. O

The language of primitive partial words is closed under cyclic permutation. How-
ever, the class of f-primitive partial words not necessarily closed under cyclic permu-
tation which as shown in the following example.

Example 5.54. Consider the DNA alphabet V' = {A,T,C,G} and let 6 be a
morphic involution where 0(A) = T,0(T) = A,0(C) = G,0(G) = C and 6(0) = 0.
Let w = ACOGTC be a primitive partial word. Consider a cyclic permutation of w,
w' = CACOGT C (CA)?*9(C' A) which is not a f-primitive partial word. O

5.8 #-Conjugacy and /-Commutativity

In this section, we define the concept of f-conjugacy and #-commutativity for partial
words where 6 is (anti)morphic involution.

Definition 5.55. Let 0 be either a morphic or an antimorphic involution on V. A
partial word u is a 0-conjugate of another partial word w if there exists v € V,; such
that uwv 1 0(v)w.

It is known that f-conjugacy is a transitive relation for total words when 6 is
a morphic involution, [60]. However, this may not hold in case of partial words as
demonstrated by the following example.

Example 5.56. Let V = {a,b,c} and let 6 be a morphic involution such that
0(a) = b,0(b) = a,0(c) = c and 0(Q) = ¢. Let u = adbe, w = Qach and v = bdab.
It is easy to see that for x = achb and y = ¢, u C zy, w C O(y)r and hence u is a
O-conjugate of w. Similarly, for &« = b and 5 = ach, w C af and v C ()« and hence
w is a f-conjugate of v. Now, if we assume that there exist 2/,y € V, such that
u C 2’y and v C 6(y')2’, then it is easy to observe that ' must begin with a and
0(y') must begin with b, that is, ¥’ must begin with a. Hence 2’ = a and y = abe,
but then v = bQab ¢ 0(y')x’ = baca. Hence #-conjugacy relation is not transitive for
a morphic involution 6. n

The result from Theorem 2.34 provides a characterization of partial words such
that = is a conjugate of y. It has been illustrated in the Example 2.35 which is
required for a better understanding of Theorem 5.57.

In the following theorem, we provide a characterization of partial words = and y
such that x is a #-conjugate of y.

Theorem 5.57. Let x and y be nonempty partial words and 6 be a morphic involution
on V. If there exists a partial word z such that xz 1 0(2)y and vz V 0(2)y is |z|-0-
periodic, then there exist partial words w,v such that x C uv and one of the following

holds:
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(a) y Cvh(u) and z C (6(uw)0(v)uv)'(u) for some i > 0.
(b) y C O(v)u and z C (0(w)0(v)uv)'0(u)f(v)u for some i > 0.

Proof. Let m > 0 be such that m|z| > |z| > (m — 1)|x|. Let z = x1y; and y = yox9
where |21] = |z3] = |2| — (m — 1)|x| and |y | = |ya|. Let 2z = 2{yiahylh - 2], _ Y1 %0,
where |71| = |15 = -+ = |z],| = |21| = |22] and [y1| = |yo| = -+ = |y, 1| = [n1| =
ly2|. Note that such m always exist. Now, since zz 1 0(2)y,

! / ! / ! /
T 1 Iy Y1 Lo Y Tt Ymer Ty 1

O(h) 0(s) () O(ss) O(h) Owy) -~ O(sh) w o

By the length argument we get, x1 1 6(z1), y1 T 0(yy), @1 1 0(z5), i T 0(v5),
cox 10,y T ye, T @, Here, we have two different cases. If m is odd,
then

2y 1 0(ah) 1 ah 1 0(as) 1o 1 0(al,) 1 0(z2)
and

y1 T O(y1) s TO(s) T T Yy T 12

Similarly, if m is even then,

o1 1 0(a) 125 1 0() T+ 1l T 2

and
y1 T 0(yy) T b TOws) T 1 0(yn_y) T 0(y2)

Also, xz V 0(2)y is |z|-0-periodic. For 1 < i < |x;|, consider the partial word

(x)(@)  (@)@)  (@5)(@) e (g, )()  (2,)(@) Vv
(0(z1)) (@) (0(x3))(0)  (0(5))(@) -~ (0(2,))(0)  (22)(0)
It is clear that the above word is 1-0-periodic, say with letter a; € V;,. Similarly, for
1 <7 <w], the partial word

w)G) @) @)U - W))WV
Ow))G)  0w)G) O)G) - Ona))0)  (5)0)

is 1-0-periodic, say with letter b; € Vi,. Now, let v = ajas - - - aj,| and v = b1by - - - by,
Two cases arise depending on whether the value of m is even or odd.

Case 1. Let m be odd. Then z; C u, z3 C 6(u), y1 C v and yo C v. Then
T = zy C w, y = yry C vi(u) and z = 2yWiahy; - 2 1Y 1T, C
(0(w)0(v)uv) - - - (B(w)8(v)uv)d(u) = (B(w)0(v)uv) ™z (u).

Case 2. Let m be even. Then x; C u, 9 C u, y; C v and yo C O(v) and
z = TYRAGYy Ty YT, C (B(w)0(v)uv) - (0(uw)0(v)uv)f(u)f(v)u =

(0(w)(v)uv) " 0(u) O(v)u.
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5.8.1 6H-Commutativity

Definition 5.58. Let 0 be either a morphic or an antimorphic involution. A partial
word u € V<>+ is said to O-commute with a partial word v € V<>+ if wo 1 0(v)u.

We define the -commutativity order of a partial word v as u <% y if and only
if v C uz and v C 6(z)u for some z € V*. By L) = {u: u € V*,u < v}, we
denote the set of all partial words that §-commute with v and v2° (v) = |L2 (v)|. For
a positive integer ¢ > 1, we define Cy, (i) = {v: v € V], e (v) = i}.

We illustrate -commutative partial words in the following example.

Example 5.59. Consider the DNA alphabet V = {A,T,C,G} and # be an an-
timorphic involution such that 0(A) = T,0(T) = A,0(C) = G,0(G) = C and
0(0) = 0. Let v = AQOGO and © = CTAGAQOGO. Now 0(x) = OCOTCTAG and
ve = AQGO - CTAGAQOGO 1 0(x)v = QCOTCTAG - AOGO. Hence, v -commutes
with x. O

In [59], it is shown that for all a € V' such that a # 0(a), at C Cy(1) whenever 0
is either a morphic or an antimorphic involution. This result does not hold in case of
partial words which is illustrated in the following example.

Example 5.60. Let V' = {a,b} and 6 be an antimorphic involution such that
0(a) = b,0(b) = a and 6(O) = ¢. Consider the partial word u = a{ and observe that
u C a2 Forv=a,z =b, we have u C vz and u C 6(z)v. Hence, a € LI (u) and thus
u ¢ Cyo(1). O

In our next result, we provide a relation between #-bordered partial words and
f-commutativity. In particular, we prove that if x and y are two #-unbordered partial
words such that x ¥y then x and y do not #-commute each other where 6 is a morphic
involution.

Lemma 5.61. Let x,y € Dy (1) such that x ¥y and 6 be a morphic involution. Then
zy Y O(y)z.

Proof. Let x,y be two #-unbordered partial words and let zy 1 6(y)z. Then we have
the following cases to consider.

Case 1. |z| = |y|. Then = T y which is a contradiction.

Case 2. |z| > |y|. Then there exists a partial word z € VT such that x 1 0(y)z
and x 1 zy, that is, 1 20(6(y)). Assume that 6(y) C u for some word u € V.
Hence  C uz and z C 26(u) which implies that z is a #-bordered partial word,
a contradiction.

Case 3. |z| < |y|. Then there exists ¢t € V" such that 6(y) 1 «t and y T tz. Now we
have 6(y) 1 xt and hence y 1 6(zt) = 6(x)0(t). Suppose t C u for some u € V.
Then y 1 tx C uz and y 1 6(2)0(t) C 6(z)0(u). Hence y is H-bordered partial
word, a contradiction.
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Since all the cases lead to contradiction we have zy ¥ 6(y)z. O

The result from Theorem 2.36 provides a characterization of partial words u
and v that commutes with each other. On similar lines, in the following result, we
provide a characterization for partial words u and v such that u #-commutes with v
for (anti)morphic involution 6.

Theorem 5.62. Let u,v € V<>Jr such that u 0-commute with v, that is, uv 1T 6(v)u
and uv V O(v)u is |v|-periodic.

1. If 0 is a morphic involution then v C yx, u C (zy)'z as well as v C 0(x)0(y)
fori>0andx e VT yeV*.

2. If 0 is an antimorphic involution then v C yz,u C (zy)'z fori >0 as well as
v C O(y)0(x) where x € VT y e V*.

Proof. We prove the result only for a morphic involution as the proof for an antimor-
phic is similar. Let uv 1 6(v)u and uv V @(v)u is |v|-periodic. Then by Theorem 2.34,
there exist x € V™ and y € V* such that 6(v) C 2y, v C yz and u C (zy)'z for some
i > 0. Furthermore, 0(v) C zy implies that v C 0(zy) = 0(x)0(y) as 0 is a morphic
involution. L]

5.9 Conclusions

We introduced the notion of #-(un)bordered partial words which is a generalization
of (un)bordered partial words, and extended the results on #-bordered words to
partial words for the case when 6 is a morphic as well as an antimorphic involution.
In particular, we provided the characterization of #-unbordered partial words for
antimorphic involution #, and gave the necessary and sufficient condition for the
concatenation of two #-unbordered partial words to be #-unbordered for morphic
involution #. We initiated a study of disjunctivity properties of set of #-unbordered
partial words, and proved that the set of all #-unbordered partial words Dy, (1) is
a disjunctive language. We proved that, for an antimorphic involution @, the set
Dg, (1) is regular, and the set of all #-bordered partial words is not context-free for
a morphic involution 6. We introduced the notion of #-primitivity, #-conjugacy and
f-commutativity in partial words and provided a characterization for a partial word
to be #-conjugate of another partial word.
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Chapter 6

Palindromes and
Pseudo-Palindromes

In this chapter, we study the notion of palindromes and pseudo-palindromes in partial
words which are extension of palindromes in total words. We also explore some
combinatorial properties related to palindromes and pseudo-palindromes.

6.1 Introduction

Palindromicity is a well studied property in formal language theory and word combi-
natorics. Study of palindromes in the field of word combinatorics has been motivated
by the work of A. De Luca [32] and Lyndon and Schiitzenberger [72]. It is well-known
that the language of palindromes over a finite alphabet is a linear context-free lan-
guage [48]. A string is a palindrome if it reads forward the same as backward. Let
W = apay - . . a1 be a word of length n with a; € V for 0 <i < n — 1. The reverse
of w is the word w" = a,,_1 ...a1a9. Then the word w is said to be a palindrome if
w = w". For example, the string “madam” is a palindrome.

Several combinatorial and algorithmic problems on palindromes have been taken
into consideration such as unavoidability of primitive and palindromic words [40],
palindromic richness [83] and involutively palindromes [61]. There is a linear time
algorithm to count the number of distinct palindromes in a word [45]. The language
of palindromic words has been studied with respect to the class of regular as well
as context-free languages. In [51], Horvath, Karhuméki and Klejin have given the
characterization of palindromic languages in relation to regular as well as context-free
languages. Domosi, Horvath, Tto and Katsura, [35], have investigated the languages
which are primitive as well as palindromic, and proved that the language of primitive
palindromes is not a context-free language. Also the language of primitive palindromes
has been studied with respect to unavoidability class of languages. In [40], Fazekas,
Leupold and Shikishima-Tsuji proved that the language of primitive words which are
not palindromes are unavoidable for context-free languages.

A partial word w over an alphabet is said to be a palindrome if w T w". A
partial word x is said to be a #-palindrome if x 1 6(z) where 6 is either a morphic
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or an antimorphic involution. When 6 is an identity function, #-palindromes be-
come palindromes in partial words under the assumption of  being an antimorphic
involution.

Organization. This chapter is organized as follows. We begin with Section 6.2 by
defining the palindromes in partial words and study some properties in relation with
primitive partial words. We provide a necessary and sufficient condition for the
concatenation of a partial word w and its reverse w” to be a nonprimitive partial word.
The bound on the number of palindromes in the conjugacy class of a primitive partial
word which is also a palindrome is studied in Section 6.3. We define #-palindromes
for partial word and establish a connection between #-bordered and #-palindromic
partial words in Section 6.4. For a primitive partial word with one hole u, we count
the number of #-borders of u’ for some j when 6 is a morphic involution. We give a
lower bound on the number of #-borders of some power of a #-palindromic primitive
partial word with arbitrary number of holes. We end this chapter with a concluding
remark in Section 6.5.

6.2 Palindromes in Partial Words

In this section, we define palindromes in partial words and study the properties of
palindromes in connection with primitive partial words.

Definition 6.1. A partial word w is said to be a palindrome if w”™ 1 w where w" is
the reverse of w.

Example 6.2. Let w = ab0bOa. Then w" = adbdba and w 1 w”. Hence w is a
palindromic partial word. O

We know that for a partial word w, there is a set of total words in which w can be
contained. If at least one of the total words from that set is nonprimitive, then w is
considered as a nonprimitive partial word. Similarly, the idea for a partial word w to
be a palindrome is that among that set of words in which w is contained, if at least
one word is found to be a palindrome, then the partial word w is considered to be a
palindrome. Recall that a word is primitive if and only if it is not a nontrivial power
of any other word. We use the symbol Pal to denote the language of palindromic
words. The result in Proposition 3.1 shows that a word w is primitive if and only if
w" is primitive.

Next we observe that the concatenation of a partial word w with its reverse w"
generates a nonprimitive partial word.

Proposition 6.3. Let w be a palindromic partial word. Then ww” and w"w are
nonprimitive partial words.

Proof. Let w € Vi be a palindrome. We have w 1 w". By the definition of compati-
bility there exists a word v such that w C v and w” C v. Hence ww” C v - v = v? by
the law of multiplication. Thus ww" is nonprimitive.
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Similarly, it is easy to follow that w"w is a nonprimitive partial word. O]

We use the symbol Pal, to denote the set of partial words which are also palin-
dromes. We can observe that the language Pal, contains both primitive and nonprim-
itive partial words. For example, the palindromes a{bdaa and ab)<{Oba are primitive
and nonprimitive partial words, respectively.

Lemma 6.4 ([91]). Let u, v € V*. Ifuv € PalNQ then either u ¢ Pal or v ¢ Pal.
But the above result does not hold in case of partial words.

Example 6.5. Let u = a,v = b be two partial words. Observe that uv = ab) €
Paly but, both u € Paly and v € Paly,. O

The following proposition shows that if a word uv which is the catenation of a
nonempty palindrome v and a nonempty word v is a palindrome then vu is not a
palindrome.

Proposition 6.6 ([91]). Let u be a nonempty palindrome and v € V*. Ifuv € PalNQ
then vu ¢ Pal.

The above result need not be true for partial words as illustrated by the following
example.

Example 6.7. Consider the partial words u = a{) and v = ba over an alphabet V' =
{a,b}. Observe that u is a palindrome whereas v is not and, uv = aQba € Paly N Q.
But vu = baa¢ is also a palindrome. O

Next we characterize the structure of palindromes in partial words. Note that
the set of all palindromic partial words Pal, can contain even length as well as odd
length palindromes.

Proposition 6.8. (a) An even length palindromic partial word w can be expressed
as w = xy such that |z| = |y| and y T z".

(b) An odd length palindromic partial word w can be expressed as w = xay such that
[z =lyl, a € Vo and y T "
Observe that the language of palindromic partial words over an alphabet V' is
context-free. Next we give a context-free grammar for the language of palindromic
partial words over a two letter alphabet, which can be generalized to any finite size

alphabet.

Lemma 6.9. The language of palindromic partial words Paly is context-free over V
where V = {a, b}.
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Proof. Consider the context-free grammar G = (V, T, P, S) for Pal, where V =
{S, A, B}, T ={a, b, 0}, S is the starting symbol and the set of production rules
P are as follows:

S —s aSa | bSh | aSO | 0Sa | bSO | OSb | 0SO
S—alb|O]|e

For completeness, we prove that the context-free grammar given above generates
the palindromes in partial words over an alphabet {a, b}.

To prove our claim, we will show in both directions, that is, L(G) C Pal, and
Paly C L(G).
(=) Let w be a partial word generated by the grammar G. We prove by using
induction on the number of derivation steps from the set of production rules.

Base Case: If the number of derivation step is one then one of the four productions
S—=a,5—bS8— O, S — ¢ will be used. Since a, b, $ and e are palindromes, the
base case holds.

Induction: Assume that it is true for all the partial words = € V,; which are derived
by using n derivation steps, that is, x is a palindrome. Consider a partial word
w which is derived by (n + 1)-steps. Now w will be one of the form w = azf for
a,f € {a,b}y and a 1T . By induction hypothesis, = is derived by using n-steps
and x T 2". Thus, w = azf 1 (azf)" = fx"a = w" and w is a palindrome. Hence,

(<) Let w be a partial word which is also a palindrome. We prove by using induction
on the length of w.
Base Case: If |w| =0 or |[w| = 1. Then w is one of the form w = ¢, w =a or w = b,
and w can be generated by using the rules S — ¢, S — aor S — b.
Induction: Let us assume that |w| > 2. Since w 1 w", then the first and last symbols
of w must be compatible. Then w = azf for «, § € {a,b}, and = T 2" by induction
hypothesis. If w = ax for a1 3 then by using induction hypothesis G = z. We can
obtain w = axf for a 1T B by using one of production rule from G which is of the form
S — aSa,S — aSO,S — ¢Sa, S — OSSO for a € {a,b}. Thus, w is a palindromic
partial word and w € L(G). Hence Paly C L(G).

We conclude that L(G) = Pals. O

Next we define the perfect shuffle of two words of same length and give a necessary
and sufficient condition for a partial word to be an even length palindrome.

Definition 6.10. Let u = ujus---u, and v = vivy---v, be two words of length
n. The perfect shuffle of u and v is denoted as v W v and defined as u W v =
ULV UV + - U, Uy, For example, let u = plnrm and v = aidoe, and then u v =
palindrome.

Proposition 6.11. A partial word x is an even length palindrome if and only if there
exist partial words y and z such that x =y z and z T y".
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Proof. We prove the necessary and sufficient conditions as follows.

(<) Let y and z be two partial words such that x = y 1w z and z 1 y". Suppose
Yy = ajag---a, and z = biby---b,. Thus z = bybs---0, Ty = ana,_1---a; and
T =aiay- - a,Wbby---b, =aibiasby---a,b, C uu" for some u € V*. Hence x is an
even length palindrome.

(=) Let = be a partial word which is also an even length palindrome. Then = C uu”
for some word u € V*. Since x is an even length palindrome, we can write = x12
where |z1]| = |x2|. We can construct y and z by taking the alternating positions of .
Hence we can write x = y LU 2z where z 1 y". O]

In our next result, we identify a relation between palindromes and primitive roots
in total words.

Theorem 6.12. Let u and v be two total words. If u, uv and uv” are palindromes,
then v is also palindrome. Moreover, there exists a primitive word x € V* such that
s also a palindrome for which u, v € x*.

Proof. Let u = ujus - - - 4y, and v = V103 - - - v, Where u;,v; € V fori =1,...,m and
7 =1,...,n. We have three cases to consider.

Case 1. If m = n. Wehave uv = uqus - - - Uy, U109 * - Uy, a0d V™ = U Us * * * Uy Upn U1
-+ v1. Since uwv” is a palindrome, uy = vy, us = V9, . . ., Uy, = U, Which implies
that u = v. Thus, v is a palindrome.

Case 2. If m < n. We have uwv = ujusg -+ - UppV1Vs - - UpyUppaq - - - U, and uv” =
UTUg * * * Uy UpUp—1 * * * UpUm—1 - - - V1. Since uv” is a palindrome, u; = vy, us =
Vg, v vy Uy = Upy a0d V0,1 - - - e 18 @ palindrome. Since uw is a palindrome,

(51 = VUp = U1

U2 = Up—1 = V2

Um = Unt1—-m = Um

and v1vg - - - U,y IS & palindrome. Now, for v = v1vg - - - U, Uyt - - - U, We have
V1Vg * * + Up_py, 18 palindrome and v,,v,,_1 - - - Uy, 41 is palindrome which implies that
Uma1Um42 - -+ Uy 18 also a palindrome.

Now we see that, for 1 = 1 to m,
Vi = Unt1—i
and for ¢ > m,
Um+1 = Up = V1 = Un—m) Um+2 = Up—1 = V2 = Up—m—1
Similarly, we can show that v; = v, ;_; for all ¢ > m. Thus, v is a palindrome.

Case 3. If m > n, we can prove that v is a palindrome similar to Case 2.
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Since uv is a palindrome,
w = (uv)" =v"u" =v"u (6.1)

From the Equation (6.1) and Theorem 2.25, there exist words p and ¢ such that
v =pq, v¥ = qgp and u = (pq)°p for e > 0.

We have v = v" which implies that pg = (pq)® = ¢"p" = gp. Thus there exists
a word z such that p, ¢ € z*. Since v # &, v = pq # ¢, hence z # €. Let x be the
primitive root of z. Because p, ¢ € z*, u = (pq)p € ™ and v = pq € x. Therefore
uv = ™ for some m > 1. Since uv is a palindrome, it implies that 2™ is also a
palindrome. Hence 2 = (2™)" = (2")™ which proves that z = a”. O

It is known that the primitive root of a palindromic total word is again a palindrome,
that is, for w € V', w is a palindrome if and only if \/w is also a palindrome [32].
But this does not hold in case of partial words. For a palindromic partial word w, all
the roots in the set need not be palindromic. For example, consider a partial word
w = aQbl for which w C {aaba, aabb, abba, abbb}. The root abba is a palindrome
whereas the root abbb is not a palindrome.

The following result gives a necessary and sufficient condition for the concatenation
of a partial word and its reverse to be nonprimitive.

Theorem 6.13. Let w be a nonempty partial word with |a(w)| > 2. Then the word
ww"” is nonprimitive if and only if at least one of the following conditions hold:

(a) The partial word w is a palindrome.

(b) The partial word w has a strong period 2n and for some n, n | |w| such that
wl[l...2n] is a palindrome, if it exists, that is, 2n < |w|.

Proof. We prove the necessary and sufficient conditions as follows:
(<) Suppose w is a palindrome. Therefore, w 1 w". Thus there exists a word x such
that w C z and w" C x. So ww" C zz and ww" is nonprimitive.

Suppose there exists n such that n | |w| and w[l...2n] is a palindrome. Thus,
w[l...n] T w2n...n+ 1]. Hence there exists a word y[1..n] such that w[l...n] C
y[l...n] and win+1...2n] C y[1...n]". Hence ww" is contained in a nontrivial
power of y[1...nly[l...n]" and ww" is nonprimitive.

(=) Let us assume that ww” is a nonprimitive palindrome. There are two different
cases depending upon the degree of ww” is even or odd.

Case 1. If Ehe degree of kww’" is even, then ww” C z*, k > 2 and k is even. Thus,
w C x2 and w” C x2 which implies that w 1T w". Hence w is a palindrome.

Case 2. If the degree of ww" is odd. Since ww” is nonprimitive palindrome, then
ww” C z* where € VT and |a(z)| > 2. The odd value of k implies that
|z| must be even. Considering the length of w, it can be seen that w must
be bordered with overlap of length @ Also |z| is a strong period of w as
well as of w". Since ww" is a palindrome, by looking at the center of ww", we
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havew[l...%‘]Tw[%qtl...]x\]r. Sow[l...m]-w[%%—l...]x\] must be a

2
palindrome. So n = % and the conditions are satisfied.

]

6.3 Conjugates and Density of Palindromes

Recall that a language L C V* is said to be reflective if xy € L implies that yz € L
for all z, y € V*. In Proposition 2.41, it has been shown that the language of
primitive partial words is reflective. The cyclic permutation on a partial word can be
considered as an operation. The cyclic permutations of a partial word can be obtained
by cutting a prefix and pasting it at the end. An invariant property of primitive
partial words is that primitive partial words are closed under cyclic permutation.
The cyclic permutations of a primitive partial word forms the conjugacy class of
that primitive partial word. It has been shown that the number of conjugates in the
conjugacy class of a primitive partial word of length n is n in Lemma 3.19.

For a partial word w, if w is a palindrome, it is not necessary that all its cyclic
permutations are also palindromes. For example, let w = abb{) be a palindromic
partial word. Then Conj(w) = {abb®, Oabb, bdab, bbda}. Consider one of its
conjugate w’ = Qabb which is not a palindrome. Thus, for a partial word, palindrome
property is not closed under cyclic permutation.

Consider a partial word w = abba{bba which is a nonprimitive and palindromic
partial word. In its conjugacy class, there is a partial word baabba{b which is also
a palindrome. Thus, for a primitive partial word w with at most one hole which is
also a palindrome, the set of cyclic permutations of w does not contain arbitrary
number of palindromes. The following result gives a bound on the number of primitive
palindromes in the set of cyclic permutations of a partial word with at most one hole.
We consider two cases, viz., even and odd length primitive partial palindromes.

Theorem 6.14. Let w be an even length primitive palindromic partial word with
at most one hole. Then the conjugacy class of w contains exactly two primitive
palindromes.

Proof. Let w = xy be an even length primitive palindromic partial word with at
most one hole where |z| = |y| = @ and y T 2". So w = xy 1 zz" and yx 1 2"z are
palindromes in the given partial word. Suppose apart from these two partial words
there is one more palindrome in the conjugacy class of w. Let x'y/ be the palindrome
which is obtained by less than |2ﬂ cyclic permutation steps where 3’ T 2’". Let us
assume that ' = v and y' 1 u”. Thus, uu” is compatible to a factor of xz"z. This
gives a factorization of x = xyxox3 where 1 is the nonempty prefix of x until the
start of 2/, x3 is the nonempty factor of y that is compatible to a suffix of u until the
start of 4/, and x is possibly the empty string between z; and z3 in .

We know that v = (u")". So u 1 (zhajzy)” = xjzixe. Similarly, we have

u" 1 (roxsah)” = xaxhah. If x9 = e then we have u T u”. So w is a palindrome and
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'y’ 1 wu” implies that 2’y is nonprimitive. If x5 # € then it can be seen that z'y’ is
compatible to an internal factor of wu"uu”". As x'y’ 1T uu”, so uu” 1 uu"uu". Hence
by Proposition 2.42, x'y is nonprimitive which is a contradiction to the fact that
the conjugacy class of a primitive partial word contains only primitive partial words.
Therefore xy and yx are the only palindromes in the conjugacy class of w.

]

The above result does not hold for an even length primitive palindromic partial
words having two or more holes as illustrated in the following example.

Example 6.15. Let w = aQ)Obda be a primitive partial word of even length which
is also a palindrome with two holes. The conjugate class of w is

Conj(w) = {a®0bla, aadObd, Gaaddb, bOaad)d, Obdaad, OObdaa}

The partial words a)Obda, Q0aaddb, bOaadd and OObOaa in the set Conj(w) are

palindromes. O

In case of total words, it is known that every odd length palindrome which is also
primitive is unique in its conjugate class [36]. However, this is not true in case of
partial words, and there may be more than one palindromes in the conjugacy class
of an odd length primitive palindromic partial word. This is shown in the following
example.

Example 6.16. Let w = aQbba be a partial word over V' = {a,b}. Observe that w
is a primitive palindromic partial word and is of odd length. The conjugacy class of
w is {aQbba, aadbb, baadb, bbaal), Obbaa}, and the partial words aQbba and baadb

are two palindromes. O

In the following result, we prove that if the catenation of a partial word and its
reverse is contained in a nontrivial power of some word, then the word is a palindrome.

Lemma 6.17. Let u be a partial word such that ufu”. If uu" C 2%, k> 2 then x is
a palindrome and k is an odd number.

Proof. Suppose k is even. Then uu" C 2% = (xg)z which implies that v 1 u". This
is a contradiction. So k is odd. As |uu"| is even and k is odd, then |z| is even. Let
x = yy' where |y| = |¢/|. We can observe that a prefix of u of length |y| is contained
in y and a suffix of length |y/| of u” is contained in 3. Hence v/ = y" and = = yy".
Now x = yy" = 2" and thus x is a palindrome. O]

Next we show that if an integer power of a partial word is a palindrome then the
partial word is itself a palindrome.

Lemma 6.18. For a partial word w, if w"™ is a palindrome for n > 1 then w is a
palindrome.
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Proof. We prove it using strong induction on n. For n = 1, the statement is true. Let
us assume that it is true for all & < n that is if w* is a palindrome for all k < n — 1,
then w is a palindrome. Now we will prove it for n.

Suppose that w™ is a palindrome. We can write w" = w" 'w = w'w™!. Now,
w" = ww" P (w")" = ()" = (w")(w")" L As |w| = |w"| and w1 1 (W)t then
by simplification, we have w T w”. Hence w is a palindrome. O

The concatenation of two palindromic partial words need not be a palindrome.
For example, let u = ab{ and v = baab. Both u and v are palindromes but uv is not a
palindrome. In [39], Fazekas et al. presented a necessary and sufficient condition for
the concatenation of two words to be a palindrome. We have the following observation.

Corollary 6.19. Let u and v are two palindromic partial words. If u and v are
contained in powers of some palindromic word z then uv is a palindrome.

The converse of the above result is not true which is shown in the following
example.

Example 6.20. Consider the partial words © = a and v = b over the alphabet
V ={a,b}. It is easy to see that both u and v are palindromes. Now uv = ab) is a
palindrome and v C a and v C b?>. Thus, u and v are not contained in power of a
palindromic word. O

Next we see the relation between palindromic partial words and bordered partial
words. We know that a nonempty partial word w is called bordered if one of its proper
prefixes is compatible with its suffix of the same length. Otherwise, if no nonempty
words , y and z exist such that w C xy and w C zx then w is called unbordered. If
w is unbordered and w C w’, then w’ is unbordered as well. A bordered partial word
need not be a palindrome, whereas a palindrome is always bordered. For example,
for the partial word w = aba{), w is a bordered partial word but not a palindrome.

Proposition 6.21. Let w be a nonempty partial word. If w is a palindrome then it
15 bordered.

Proof. Let w = xyz be a palindromic partial word where z, z € V;, and y € V;J. Since
w is a palindrome, then x 1 z. Hence w is bordered. O

In our next result, we give a necessary and sufficient condition for a bordered
partial word to be a palindrome.

Theorem 6.22. A bordered partial word w is palindrome if and only if w = xy or
w = xay for some x and y where |x| = |y|, a € Vi, and y T a".

Proof. We prove the necessary and sufficient conditions as follows:

(<) Let w = zy or w = zay for some nonempty partial words z, y such that |z| = |y|
and y T x". In the first case, if w = zy and y 1 2", then we can write w = zy 1T xx”
and hence w is a palindrome and bordered. In the latter case, if w = zay such that
|z| = |y|, a € Vo and y T 2. So w T zax". Hence w is a palindrome and bordered.
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(=) Let w be a bordered and palindromic partial word. From Proposition 6.8, we
know that every palindromic partial word can be written as either w = xy or w = xay
where || = |y| and y T 2" and a € V. O

Next we prove that the language of palindromic partial words is dense over an
alphabet V. Recall that a language of partial words L C V{ is called dense if
ViwVy N L # 0, that is, for every partial word w € V;; there exist partial words z
and y such that zwy € L.

Lemma 6.23. The language Paly is dense over an alphabet V.

Proof. Let u € VJ. There are two possibilities depending on whether u is a palindrome
or not.

Case I Let u be a palindrome. So we can choose r = y = € and we will have
zuy € Paly.

Case II Let us assume that u is not a palindrome. Taking x = ¢ and y = 2z where 2
is a partial word and z 1T u", we have zuy € Pal,.
Hence the language of partial palindromes Pal,, is dense.

6.4 O-Palindromic Partial Words

In this section, we introduce the notion of #-palindromes for partial words under
the assumption of § to be (anti)morphic involution. The notation Paly denotes the
set of #-palindromes in total words over an alphabet. We prove some combinatorial
properties of #-palindromic partial words in connection with #-borders of a partial
word. We count the number of f-borders of a power of a palindromic primitive partial
word with one hole assuming 6 to be a morphic involution.

Definition 6.24. A partial word u € Vi is said to be a 0-palindrome if and only if
u 1 6(u) where 0 is either a morphic or an antimorphic involution.

Example 6.25. Let 6 be an antimorphic involution such that 6(a) = b,0(b) = a
and 0(0) = ¢. Consider a partial word u = a(QObb. Then 0(u) = 0(b)0(b)0(O
0(0)0(a) = aa®Ob and hence u T #(u). Thus, u is a #-palindromic partial word.  [J

We use the notation Paly, for the set of all f-palindromic partial words over an
alphabet. Let us recall the following result which gives the number of #-borders of a
f-palindromic word of length n.

Lemma 6.26 ( [58]). Let 0 be an antimorphic involution and x be a 0-palindromic
word of length n. Then x € Dy(n).

However, the above result does not necessarily hold for partial words.
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Example 6.27. Let 6 be an antimorphic involution such that 6(a) = b,60(b) = a and
0(0) = 0. Let u = adObb be a partial word of length 5. It is easy to see that u 1 6(u).
Now, Lgo (u) = {e,a, aa, aab, aaa, aaab, aabb} and v € Dy, (7). ]

Consider an example. Let 6 be an antimorphic involution such that 6(a) = b,
6(b) = a and 0(O) = O. For u = abQaadb , we have 0(u) = aQObbOab. Since u Y 0(u),
u ¢ Palg,. We have Lzo(u) = {e,a,ab,abb}. Let us consider another partial word
v = aub(a) = aabOaabb. For v, we have Lfﬁ(v) = {¢,a,aa, aab, aabb}. Observe that,
for u ¢ Palg,, u € Dy, (4) and v = auf(a) € Dy (5). We generalize the result as
follows.

Proposition 6.28. Let 0 be an antimorphic involution and x € V such that x ¢
Palg,. Then for alli € N, x € Dy (i) if and only if axf(a) € Dy, (i + 1).

Proof. (=) Let v = axzf(a) € Dy, (i + 1). Then LZQ (v) = {e,avy, avy,...,av;} for all
v; € CPref(x) which implies that 6(v;) € CSuff(z). It is not possible to have x C v;
because then 6(z) C v; and x C v; will imply that z 1 0(x), and hence x € Paly,

which is a contradiction. Hence for all 1 < j <i—1, av; € Lfl<> (v) implies that
v; <Z<> x. Thus Lgo(x) = {e,v1,v2,...,v;_1} and x € Dy, (7).

(=) Let z be a partial word with ¢ Palg, and x € Dg,(i). Then Lflo(:c) =
{e,v1,v2,...,v;_1} and for all u € LZQ (x), u <Z° x implies that there exist y,2 € VT
such that  C uy and = C 20(u). Let v = axf(a). We have v C auybd(a) = auy,
and v C azf(u)f(a) = z10(u)f(a) for some y; = yh(a), 21 = az. Observe that for
all u € LZO (x), au € Lfﬁ(v). Suppose there exists a word w such that w € CPref(z)
such that w ¢ LZO () and aw <Z<> v. Then there exist some p,q € VT such that
v C awp and v C ¢O(w)b(a). If |z| = |w| then 2 C w and  C §(w) which implies that
0(x) C 0(0(w)) = w. Hence x 1 0(x) which shows that x € Paly,, a contradiction. If
|lw| < |z| then w € CPref(x) which implies that © C wys and z C 290(w) for some
Y2, 22 € VT which is a contradiction to the assumption that w ¢ LSQ<ZL‘). Hence
LZQ (v) = {e,a,avy, avy, ..., av;_1 } which implies that v = azf(a) € Dy (i +1). O

Next we recall a result which talks about the number of #-borders of a #-primitive
word which is a #-palindrome as well.

Proposition 6.29 ([58]). Let u be a 0-palindromic primitive word and j > 1 be an
nteger.

(a) For a morphic involution 6, v9(uw') = vf(u) +j — 1.
(b) For an antimorphic involution 0, v§(u?) = |u/| = j X |u].
Both the above results are not true in case of partial words.

Example 6.30. Let V = {a,b} and 6 be (anti)morphic involution.
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(a) Let 6 be a morphic involution such that 6(a) = a,0(b) = b and 0() = O. Let
u = b0a be a partial word. We have u 1 6(u) an LZ (u) = {e,ba}. Let v = u?
and LY (v) = {e, ba, baa, bba}, and hence v4(u?) # v(u) +2 — 1.

(b) Let 6 be an antimorphic involution such that #(a) = b,0(b) = a and 6(0) = 0.
For w = a{b, v 1 6(u) and hence u € Palg,. Let v = u? = adba)b. Then we
have Lzo(u) = {¢,a,aa,ab} and Lff (v) = {e, a, aa, ab, aab, abb, aaba, abba, aabaa,
abbaa, aabab, abbab}. Observe that ugo (u?) # 2 X |ul.

]

To prove Proposition 6.31, we recall a result from Chapter 3 which states that a
nonempty partial word w is primitive if and only if u"~! is not compatible to a central
factor of u™ for all n > 2.

We have the following result to count the number of #-borders of some power of a
partial word with one hole when 6 is a morphic involution.

Proposition 6.31. Let 0 be a morphic involution and 7 > 2. Let u € V<>+ be a
O-palindromic primitive partial word with one hole, then

V() = V00 (u) + k + k2 4 K
where k is the size of the alphabet.

Proof. Let u = ajas---a, be a primitive partial word with one hole. Since u is
f-palindrome for a morphic involution 6, u 1 #(u). Thus ajas - - a, T 0(aaz---a,) =
0(a1)0(as) - - 0(a,) which implies that a; = 0(a;) for all i € {1,2,...,n}. Hence
v,°(u) = vq(u), where v4(u) is the number of borders of the partial word w.

For j = 2, u?> = uu will have exactly two holes and since u is primitive, by
Lemma 3.7, u will not be compatible to a central factor of u2. The borders of u? will
include the borders of u. Moreover, u will be a proper prefix and as well as proper
suffix of u2. Since u has one hole, that hole can be replaced by any of the k£ symbols
from the alphabet V. Thus 150 (u2) = vg(u?) = vg(u) + k.

For u?, by Lemma 3.7 observe that u/~! is not compatible to a proper factor of u/ .
Hence, all of u,u?,..., /! are proper prefixes as well as proper suffixes of u’. Also
uw/~! has exactly j — 1 holes. Thus,

Vzo(uj) = ugo(u) kR AT
0

Corollary 6.32. Let 6 be a morphic involution and let u be a primitive partial word
with one hole. If u € Dy, (i) N Palg, N Q, then for j > 2,

j—1
w € Dy, (i + > k)
p=1

where k is the size of the alphabet.
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In our next result, we give a necessary and sufficient condition for a partial word
to be a #-palindrome under an antimorphic involution 6.

Lemma 6.33. Let w € V<;r be a partial word and 6 be an antimorphic involution.
Then w € Palg, if and only if w = xyz with x € Vi\, y € Vi such that z 1 0(x) and
Yy < PCLZ@O .

Proof. We prove the necessary and sufficient condition as follows.

(<) Let w = xyz be a nonempty partial word such that z T 6(x) with y € Paly,.
Hence y 1 0(y). Now 0(w) = 0(zxyz) = 0(2)0(y)0(x) T xyb(z). Hence w 1 O(w) and
thus w € Paly, .

(=) Let w € V" be a partial word and w € Palg,. Then w 1 6(w). Since |w| > 2, we

can write w as xyz with =, z € Vif, y € V¢ and |z| = |z|. From w 1 6(w), we have
xyz 1 0(xyz) = 6(2)0(y)0(x). Comparing both sides, we get y T 6(y) and z 1 0(z)
and hence y € Paly, . n

In Proposition 6.31, we count the number of #-borders of some integer power of
a f-palindromic primitive partial word with one hole. Next, we count the number
of #-borders of some power of a #-palindromic primitive partial word with arbitrary
number of holes and provide a lower bound.

Lemma 6.34. Let u be a 0-palindrome and primitive partial word. Let w = v’ for
7 >1 and 0 be a morphic involution. Then

j—1
Ve (w) > v (w) + Y ko
=1

where k is the size of the alphabet.

Proof. We give a constructive proof of the lemma. Let 6 be a morphic involution.
Let u = a;...a, be a #-partial palindrome. Then u 1 0(u), that is, ajas...a, T
0(a1)0(as) . ..0(a,) which implies that a; = 6(a;), Vi € {1,...,n}. Let Lzo(u) =
{e, up, ug,...,up}. Let w=ul) =u...u(jtimes). If j =1 then V?Q(w) = i/go(u)
which satisfies the condition. For j > 2, observe that u!, u?, ..., 4/~! are proper
prefixes as well as proper suffixes of /.

Consider the case where u is a proper prefix and proper suffix of v/ for j = 2. The
number of contained prefixes as well as contained suffixes of u is same as the number
of words in the set in which u is contained. If u has ¢ number of holes then u will be
contained in the set of total words S = {uy, s, ..., ur} where k is the size of the
alphabet and |S| = k*. Each of the element in the set S is a f-border of uu. Also
there may be some other proper prefixes of uu of length more than |u| which are also
a f-border of uu. Hence

Vg () > v (u) + Ko,
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Similarly, u and wu are proper prefixes as well as proper suffixes of v/ for j = 3. We
have Vgo(uS) > VS<><U) + klulo 4 kluulo - Hence in general, we have

j—1
Voo (w) = 15 () > 150 (u) + Z klelo.
i=1

O

In the following lemma, we prove that for two nonempty total words u and v, if
uv is a primitive word as well as a #-palindrome then either u is not a #-palindrome
or v is not a f-palindrome under the assumption of # to be an antimorphic involution.

Lemma 6.35. Letu, v € V' and 0 is an antimorphic involution. Then uv € PalsNQ
implies that w ¢ Paly or v ¢ Paly.

Proof. We prove it by contradiction. Let us assume that both u € Paly and v € Paly.
Then u = 0(u) and v = 0(v). Also uv € Paly implies that uv = 0(uv) = 6(v)0(u) = vu.
Then by Theorem 2.26, we know that both u and v are the powers of same word,
that is, there exists a word x € @ such that u = 2' and v = 27 for i, j > 1. Now
w = ' - 27 = 2" = zF for kK > 2 which is a contradiction to the assumption that
wv € Q. Hence either u ¢ Paly or v ¢ Paly.

]

Lemma 6.36. Let u € Palg and 6 be either a morphic or an antimorphic involution.
If u=z(yx)’, i > 1 for some x, y then x, y € Paly.

Proof. Let u € V' be a #-palindrome. Then u = 6(u). Given that u = z(yz)" for
some ¢ > 1. If § is a morphic involution then v = 0(u) implies that v = z(yz)’ =
0(x)(0(y)0(x))". Since |z| = |f(z)| then z = O(x) and y = O(y). Hence z, y € Paly.
If § is an antimorphic involution then u = z(yx)’ = 0(z(yz)") = 0(x)(0(x) 6(y))".
Similarly, |z| = |#(z)| implies that z = 6(x) and y = 6(y). Hence z, y € Paly.
[l

Corollary 6.37. Let u € Palg and 0 is either a morphic or an antimorphic involution.
If u = (xy)'z for some x, y then x, y € Paly.

Proof. It follows from Lemma 6.36. [

In the next result, we prove that for a given #-palindromic primitive word u, if uv
is a #-palindromic primitive for some v € V* then vu is not a #-palindrome.

Proposition 6.38. Let u € VT be a O-palindrome where 6 is an antimorphic involu-
tion and v € V*.

(a) If uv € Paly N Q implies that vu ¢ Paly.

(b) If vu € Palyg N Q then uv ¢ Paly.
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Proof. Consider the first statement. Given that u € Paly, uv € Paly which implies
that u = 0(u) and uv = 6(uv) = 6(v)6(u) = 0(v)u. Then by Theorem 2.25, there exist
x1,y1 € V* such that v = (z1y1)" 21, v = y121 and O(v) = xyy; for some i; > 0. As
u = (u), by Lemma 6.36 x1,y; € Paly. If y; = £, we have uv = 2% *% ¢ @ which is a
contradiction. Similarly, if z; = ¢, we have uv = y!' " ¢ @ which is a contradiction.

Assume the contrary, that is, vu € Paly. Hence vu = 0(vu) = 0(u)f(v) = ub(v).
Now vu = uf(v) implies that there exist x5, yo € V* such that v = zays, 0(v) = Yoo
and u = (zays)®2xs for iy > 0. As u € Paly, by Lemma 6.36, z2,y> € Palg. We have
the following two cases to consider.

Case 1. v = yr; = @Y. We have u = (my1)"x; = (22y2)2xs. Since
|z1y1| = |yaz1], we conclude that z1y; = y;x1. By Theorem 2.26, there exists
a word p such that z; = p’,y; = p/ which implies that uv = (x1y;)"x1y171 =
pl+Nth+i ¢ O a contradiction.

Case 2. 0(v) = z1y1 = yowa. Also we have u = (12y2)229 = (z1y1)" ;. By length
argument |zoys| = |yas, we conclude that xoys = yoxs. By Theorem 2.26,
there exists a word ¢ such that zo = ¢',y» = ¢ which implies that uv =
(29y2)2Tom9ys = qUHI 2247 ¢ () a contradiction.

Therefore uv € Paly N Q implies that vu & Paly. Similarly, second statement holds
true. 0

6.5 Conclusions

In this chapter, we extended the notion of palindromes and #-palindromes in partial
words and identified several combinatorial properties that relate primitive partial
words and palindromes. We provided a necessary and sufficient condition for the
concatenation of a partial word and its reverse to be a nonprimitive partial word.
For an even length primitive partial word w with at most one hole which is also a
palindrome, we proved that there are exactly two palindromes in its conjugacy class.
We counted the number of #-borders of a partial word v/, j > 1 where u is a primitive
partial word with one hole as well as palindromic. Also the number of 6-borders of a
f-palindromic partial word raised to some integer power is given.
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Chapter 7

Conclusions and Future Works

In this chapter, we summarize the thesis and its contributions. We also state some of
the problems related to the thesis work which are open and are of interest for further
research.

We have studied the language of primitive partial words with respect to Chomsky
hierarchy. We have characterized several robust subclasses of language of primitive
partial words under various point mutation operations. We have also considered
a variation of bordered partial words known as pseudo-bordered partial words and
identified some combinatorial properties related to pseudo-palindromes.

We began with Chapter 1 by giving the motivation for the Combinatorics on
words and partial words, and stated the overview of the thesis. In Chapter 2, we
presented the necessary fundamentals and existing results which were required for
understanding this thesis work.

In Chapter 3, we studied the position of the language of primitive partial words @,
over an alphabet V in conventional Chomsky hierarchy. We proved that the language
of primitive partial words ), is not regular, not linear and not a deterministic context-
free language. We also proved that the language of nonprimitive partial words @p is
not a context-free language. But whether the language of primitive partial words is
context-free or not is still open. We presented a 2DPDA automaton to recognize the
language of primitive partial words with one hole. An indexed grammar to generate
the set of nonprimitive words has been given.

In Chapter 4, we investigated the robustness of primitive partial words. Primitivity
of partial words is an important property in combinatorics on partial words. We
explored several point mutation operations such as deletion of a symbol, insertion of
a symbol, exchanging two distinct consecutive symbols and substituting a symbol by
another symbol. We characterized non-del-robust, non-exchange-robust and non-subst-
robust primitive partial words with one hole. We also proved certain combinatorial
properties related to each of the aforementioned classes. We provided a lower bound
on the number of primitive partial words with one hole of length n over an alphabet
of size k that are robust under deletion operation.

In Chapter 5, we extended the notion of bordered partial words to pseudo-bordered
partial words under the assumption of an arbitrary involution function. We also
investigated the properties of #-bordered and #-unbordered partial words for morphic as
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well as antimorphic involutions 6. We proved some basic properties of 6-(un)bordered
partial words that includes closure properties as well as characterization of the set
of #-unbordered partial words for an antimorphic involution 6. It has been shown
that the set of all funbordered partial words Dy, (1) is a disjunctive language. The
language of #-unbordered partial words has been proved to be regular under the
assumption of # being an antimorphic involution. Also we proved that the language of
f-bordered partial words is not a context-free language when € is a morphic involution.
The concepts such as f-primitivity, 6-conjugacy and #-commutativity are studied with
respect to (anti)morphic involution #. The characterization for two partial words x
and y such that x is 6-conjugate of y has been provided.

In Chapter 6, we considered the notion of palindromes in partial words which is
an extension of palindromes in total words. A necessary and sufficient condition has
been given to show under what conditions the concatenation of a partial word and its
reverse is nonprimitive. We provided a bound on the number of palindromes in the
conjugacy class of an even length primitive palindromic partial word. We proved that
the language of palindromes in partial words is context-free as well as dense language.
We also introduced the notion of #-palindromes where ¢ can be either a morphic or
an antimorphic involution. We counted the number of §-borders of a partial word u’
when 6 is a morphic involution.

Some unsolved questions related to the problems addressed in the thesis are given
below, which might be of interest for research in future.

e Whether the language of primitive partial words @), is context-free or not is one
of the central problem to investigate.

e We conjecture that the set of primitive partial words with at least two holes is
recognized by a 2NPDA.

e Construction of an Indexed grammar for the set of primitive words would be
interesting.

e The complete characterization of several classes of primitive partial words with
arbitrary number of holes which are del-robust, exchange-robust, subst-robust
have to be investigated. Also one can explore primitive partial words under the
operation of taking prefixes.

e We have simple O(n?) algorithm to test whether a given primitive partial word
is either del-robust, exchange-robust or subst-robust. It would be interesting to
find linear time algorithms for above robustness property on primitive partial
words.

e Effect of homomorphisms on primitive partial words to preserve primitivity can
be investigated.

e Further research on 6-(un)bordered partial words including disjunctivity prop-
erties of languages related to Dy, (7).
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e It will be interesting to study the extended Fine and Wilf’s theorem, criti-
cal factorization theorem, Lyndon-Schutzenberger equations with respect to
(anti)morphic involutions 6.

Summary of Our Work

Languages | Context-free Approach
QP 7 -
@p No Pumping Lemma
QLP 2 :
Q;ﬁ No Pumping Lemma
pr No Ogden’s Lemma and Closure properties of gsm
Dy, (1) Yes Grammar
Dy, (i), 1> 2 No Pumping Lemma
Paly Yes Grammar

Table 7.1: Summary of different languages and their position with respect to context-
free class

Languages | Reflective

Qp Yes

@p Yes

b Yes

Q" Yes
Q;ﬁ Yes
Ql})Y No
Qlljs Yes

D@ o (Z) No

Table 7.2: Reflectivity of different languages
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Appendix A

Pumping Lemmata

We recall the pumping lemmata for regular, linear and context-free languages which
are used to show that the language of primitive partial words is not regular, not
linear and the language of nonprimitive partial words is not context-free in Chapter 3.
We also prove that the language of non-del-robust primitive partial words with one
hole Q;D and the language of #-bordered partial words under the assumption 6 to
be morphic are not context-free languages by using pumping lemma. We also recall
Ogden’s lemma to show that the language of non-exchange-robust primitive partial
words over an alphabet is not context-free in Chapter 4.

Lemma A.1 (Pumping Lemma for Regular Languages [48]). For a reqular language
L, there exists an integer n > 0 such that for every word w € L with |w| > n, there
exist a decomposition of w as w = xyz such that the following conditions holds.

(i) ly| >0,
(i) |zy| < n, and
(iii) xy'z € L for all i > 0.

Lemma A.2 (Pumping Lemma for Linear Languages [49]). Let L be a linear language.
There exists an integer n such that any word p € L with |p| > n, admits a factorization
p = wvwzy satisfying the following conditions.

(i) lwozy| <n,
(i1) |vz| >0, and
(111) wo™wz™y € L Vm € N.

Lemma A.3 (Pumping Lemma for Context-free Languages [48]). Let L be a CFL.
Then there exists an integer n > 0 such that for every u € L with |u| > n, u can be
decomposed into vwxyz such that the following conditions hold:

(a) |lwzy|] < n.
(b) |wy| > 0.
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(¢) vw'zy'z € L for all i > 0.

Lemma A.4 (Ogden’s Lemma [77]). For every context-free language L, there exists
a positive integer N such that every string z € L in which at least N symbols are
distinguished, that is, marked can be written in the form z = uvwzy for u,v,w,x,y €
V* such that the following conditions hold:

(1) vwz contains at most N marked symbols
(11) v and x together have at least one marked symbols

(iii) for alli >0, uwv'wz'y € L.
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