International Journal of Foundations of Computer Science
© World Scientific Publishing Company

INVOLUTIVELY BORDERED WORDS

LILA KARI

Department of Computer Science,
University of Western Ontario,
London, Ontario, Canada N6A 5B7

and

KALPANA MAHALINGAM

Department of Computer Science,
University of Western Ontario,
London, Ontario, Canada, N6A 5B7

ABSTRACT

In this paper we study a generalization of the classical notions of bordered and unbor-
dered words, motivated by DNA computing. DNA strands can be viewed as finite strings
over the alphabet {A, G,C, T}, and are used in DNA computing to encode information.
Due to the fact that A is Watson-Crick complementary to T' and G to C, DNA single
strands that are Watson-Crick complementary can bind to each other or to themselves
in either intended or unintended ways. One of the structures that is usually undesirable
for biocomputation, since it makes the affected DNA string unavailable for future inter-
actions, is the hairpin: If some subsequences of a DNA single string are complementary
to each other, the string will bind to itself forming a hairpin-like structure. This paper
studies a mathematical formalization of a particular case of hairpins, the Watson-Crick
bordered words. A Watson-Crick bordered word is a word with the property that it has a
prefix that is Watson-Crick complementary to its suffix. More generally, we investigate
the notion of #-bordered words, where € is a morphic or antimorphic involution. We
show that the set of all §-bordered words is regular, when 6 is an antimorphic involution
and the set of all f-bordered words is context-sensitive when 6 is a morphic involution.
We study the properties of #-bordered and #-unbordered words and also the relation
between 6-bordered and #-unbordered words and certain type of involution codes.

Keywords: Combinatorics of words, DNA computing, molecular computing, bordered
words, unbordered words, DNA encodings

1. Introduction

In this paper we study a generalization of the classical notions of bordered and
unbordered words motivated by DNA Computing. Recall that a DNA single-strand
consists of four different types of units called nucleotides or bases strung together
by an oriented backbone like beads on a wire. The bases are Adenine (A), Guanine
(G), Cytosine (C) and Thymine (T), and A can chemically bind to an opposing T
on another single strand, while C can similarly bind to G. Bases that can thus bind
are called Watson-Crick (WK) complementary, and two DNA single strands with
opposite orientation and with WK complementary bases at each position can bind
to each other to form a DNA double strand in a process called base-pairing. These
and other biochemical properties of DNA are all harnessed in biocomputing, [1]:
To encode information using DNA, one can choose an encoding scheme mapping
the original alphabet onto strings over {A, C, G, T}, and proceed to synthesize the



obtained information-encoding strings as DNA single strands. A computation will
consists of a succession of bio-operations, [5], such as cutting and pasting DNA
strands, separating DN A sequences by length, extracting DNA sequences containing
a given pattern or making copies of DNA strands. The DNA strands representing
the output of the computation can then be read out and decoded.

Herein lies a wealth of problems to be explored, stemming from the fundamental
differences between bioinformation and biocomputation and their electronic coun-
terparts. For example, DNA encoded information is not associated to a memory
location but consist of infinitesimal DNA strands free-floating in solution that can
interact with each other in desired but, due to WK complementarity, also in un-
programmed ways. In addition, each data-encoding DNA strand is usually present
in millions of identical copies and the bio-operations are governed by the laws of
chemistry, thermodynamics, and statistics. Differences like these point to the fact
that a new approach has to be employed when analyzing bioinformation and bio-
computation. The long term objective of this research is to pursue theoretical
properties of bioinformation by investigating formal language theoretic and com-
binatorics of words models of DNA-encoded information and DNA computations.
This paper represents a preliminary step in that it investigates a DNA computing
motivated generalization of a classical concept in combinatorics of words, namely
that of a bordered word.

A nonempty word over an alphabet X is called bordered if it has a proper prefix
which is also a suffix of that word. A nonempty word is called unbordered if it is
not bordered, and unbordered words have been extensively studied, [12, 23, 24, 25].
For example, in [9], the authors defined the border correlation function, and used
it to study the relationship between unbordered conjugates and critical points. In
[10], the authors studied the number of primitive and unbordered words with a
fixed weight and estimated the number of words that have a unique border. In [4]
the authors characterized the biinfinite words in terms of their unbordered factors.
A proof of the extended version of the Duval-Conjecture* was given in [11]. The
study of unbordered partial words was discussed in [3], while the relation between
monogenic expansion closed languages and unbordered words was discussed in [22].

Herein we extend the notion of bordered and unbordered words by replacing
the identity function with an arbitrary morphic or antimorphic involution. An
involution is a function € such that 2 equals the identity, and an antimorphism f
over an alphabet ¥ is a function such that f(uv) = f(v)f(u) for all words u,v € ¥*.
Thus, while a morphic involution function generalizes the identity function on ¥*,
an antimorphic involution models the DNA Watson-Crick complementarity. Indeed,
the WK complement of a DNA single strand is the reverse (antimorphic property)
complement (involution property) of the original strand.

Using an arbitrary morphic or antimorphic involution 6, we can therefore define
the notions of #-bordered and #-unbordered words as follows. A word wu is called
0-bordered if there exists v € ¥ T that is a proper prefix of u, while 6(v) is a proper
suffix of u. A word wu is called #-unbordered if u is not #-bordered. With this def-
inition, in the particular case where 6 is the Watson-Crick antimorphic involution
over the DNA alphabet {A,C, G, T}, the notions of 8-bordered and d-unbordered
words become meaningful in the context of DNA computing. Indeed, if a word is
Watson-Crick bordered, then it may interact with itself, Figure 1, or with another
copy of itself, Figure 2. Both these cases are usually undesirable in a DNA comput-

*The Duval conjecture states, [7], “Let u and v be words such that u # v, |u| = [v| =n and u
is unbordered. Then uv contains an unbordered word of length at least n + 1.”
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Figure 1: A Watson-Crick bordered word over the DNA alphabet, with non-
overlapping WK borders. This word may form a so-called hairpin structure. Such a
secondary structure is usually undesirable in DNA computing experiments, since it
renders the involved DNA strand unavailable for subsequent computational steps.

u

Figure 2: A Watson-Crick bordered word over the DNA alphabet, with overlapping
WK borders. As seen in the figure, such a word u can potentially bind to an-
other copy of itself, rendering both copies unavailable for subsequent computations.
(Usually, in a DNA computing experiment, each strand is present in hundreds or
millions of copies in the solution.)

ing experiment, since the formation of such structures imply that the Watson-Crick
bordered word will become unavailable for subsequent computations. In this sense,
this paper furthers the study of optimal DNA encodings for DNA computing, which
has been the subject of extensive research, see [6, 8, 20] and [13, 14, 15, 16, 17].

The paper is organized as follows. Section 2 reviews basic concepts and intro-
duces the definition of #-bordered and #-unbordered words. We define a relation
<9 such that v <9 u iff v is a f-border of u and also show that for an antimorphic
involution the relation <9 is transitive. In Section 3, we give a characterization of
the set of all #-bordered words when 6 is an antimorphic involution and show that
the set of all #-unbordered words is a dense set. We also provide necessary and
sufficient conditions for a word w to be #-unbordered. In Section 4, we study the
closure property of the set of all §-unbordered words with respect to the catenation
operation. In Section 5, we show that the set of all §-bordered words is regular for
an antimorphic involution 6 and the set of all #-bordered words is context-sensitive
for a morphic involution 6. We discuss the relation between involution codes and
the sets of all 8-bordered and #-unbordered words for a morphic or an antimorphic
involution 6 in Section 6.

2. Basic concepts and properties

An alphabet ¥ is a finite nonempty set of symbols. A word u over X is a finite
sequence of symbols in X. We denote by X* the set of all words over X, including
the empty word A\ and by ¥ the set of all nonempty words over ¥. We note that
with the concatenation operation on words, ¥* is the free monoid and ¥T is the



free semigroup generated by ¥. For a word w € ¥*, the length of w is the number
of nonempty symbols in w and is denoted by |w|. Throughout this paper we assume
that the alphabet X has at least two letters. In the following we review some known
concepts. For a word w, the set of its proper prefixes, proper suffixes and proper
subwords are defined as follows.

PPref(w) ={ue Xt |Ive Xt uw =w}.

PSuff(w) ={ue Xt|3ve Xt vu=w}

PSub(w) ={ue€ Xt |Jv;,v2 € X* vjv2 # N\, vyuve = w}.
Note that Pref(w) = {u € ¥*|3w € ¥*,w = wv} and Suff(w) = {uv € TF|Fv €
% w = vu}.

An involution 6 : ¥ — X of a set ¥ is a mapping such that 62 equals the identity
mapping, 6(6(z)) =z, for all x € 3.

The so-called complement mapping v : A — A defined by v(A) =T, v(T) = A,
v(C) = G, v(G) = C is an involution on the DNA alphabet set A and can be
extended to a morphic involution v of A*. If we extend the identity mapping on
A to an antimorphic involution on A*, we obtain the well-known reversal function
p: A* — A*. The Watson-Crick complementarity can then be modelled, [13], as
the antimorphic involution obtained by composing the complement and the reversal
functions, vp = pr. Hence the Watson-Crick complement of a DNA strand u € A*,
usually denoted by u, can be modelled as pv(u) = vp(u) =u.

Throughout this paper we will focus on morphic and antimorphic involutions of
>* that we will denote by 6.

Definition 1 Let 0 be either a morphic or antimorphic involution on X*.
1. Forv,w € ¥*, w <Y v iff v € O(w)E*.
2. Forv,w € ¥*, w <% v iff v € Z*0(w).
3. < =<,n<’.
4. Foru € X%, v € ¥* is said to be a 0-border of u ifv <8 u, i.e., u = va = yh(v).
5. Forw,v e ¥*, w<fviff ved(w)st.
6. For w,v € ¥*, w <% v iff v € TT0(w).
7. <9 =<,n<l.
8. Foru e X*, v € ¥* is said to be a proper 0-border of u if v <fl u.
9. Foru € X%, define LI(u) = {v:v e T*, v <fu}.
10. vo(u) = |LG(u)|.
11. Dg(i) = {ulu € TF,vp(u) = i}.

12. A wordu € X7 is said to be 0-bordered if there exists v € X1 such that v <Z u,
i.e., u = vz = yO(v) for some z,y € LT,

18. A nonempty word which is not 6-bordered is called 0-unbordered.

Note that we call a word u 6-bordered if it has a nonempty #-border, i.e., if it
has a proper 6-border. Also note that the empty word A is a #-border of any word
in ¥+,



If, in Definition 1, 6 is the identity function e, then the relations w <7 v, w < v,
w <p v, w <g v, become the well-known preffix, suffix respectively proper preffix
and proper suffix relations, the e-border becomes the well-known border of a word,
and the notion of a e-bordered respectively e-unbordered word become the well-
known notions of bordered, respectively unbordered word, [23]. In the same way,
D.(1) becomes D(1), the set of all unbordered words over ¥. For properties of
bordered and unbordered words we refer the reader to [10, 11, 23, 24, 25].

If, in Definition 1, the alphabet ¥ equals A, the DNA alphabet, and 8 repre-

sents the Watson-Crick complementarity function pv, a pv-bordered (respectively
pv-unbordered) word is called Watson-Crick bordered (respectively Watson-Crick
unbordered). A Watson-Crick bordered word represents thus a DNA single strand
that may bind to itself or to another copy of itself as shown in Figure 1 and Figure
2. Consequently, constructing the set Dpl,(l) of all the Watson-Crick unbordered
words over the DNA alphabet is meaningful for DNA computing experiments, since
it represents a set that contains only structure-free DNA strands, i.e., DNA strands
that do not form the undesirable structures of Figure 1 and Figure 2.
Example 2.1 Let w = abababa be a word over the alphabet set {a,b} and let
0 be a morphic involution such that 0(a) = b and 6(b) = a. Then LY(u) =
{\, ab, abab, ababab} and vy(u) = 4, hence u € Dy(4).

Based on Definition 1 we have the following observations.

Lemma 1 Let 6 be either a morphic or an antimorphic involution.

1. Dy(1) is the set of all O-unbordered words.

2. A 0-bordered word x € ¥ has length greater than or equal to 2.
3. For all a € X2, a is O-unbordered.

4. For allu € F such that u # 0(u), LY(u) = {v|v € ¥*,v <f u}.
5. For all a € ¥ such that a # 6(a), a* C Dy(1).

Recall that an involution is a map € on ¥* such that 62 is the identity map.
Lemma 2 Letu € ©*. Then for a morphic involution 0, 0(L%(u)) = L%(0(u)) and
when 0 is an antimorphic involution we have, LY(u) = LY(6(u)).

Proof. Let 6 be a morphic involution and let v € LY(u) which implies u = vz =
yB(v) for some z,y € XT and hence 0(u) = 0(v)f(x) = 6(y)#(0(v)) which implies
0(v) € LE(O(u)). Thus O(LY(u)) C LY(O(u)). Similarly let v € L(6(u)) which
implies O(u) = vx = yO(v) for some z,y € L1 and u = (v)f(z) = 6(y)v which
implies 0(v) € L4(u) and hence v € §(LY(u)). Thus O(LY(u)) = L (0(u)).

Let 6 be an antimorphic involution and let v € LY (u), then u = va = yf(v) for some
z,y € T which imply that 6(u) = 6(2)0(v) = v0(y). Thus v € LI(A(u)). Similarly
we can show that L9(0(u)) C LY(u). Hence LY(u) = LY (6(u)). O

Using the following lemma we show that the relation <fi is transitive for an
antimorphic involution 6.

Lemma 3 Let u € ¥* and v,w € X7 such that u <Z w and w <Z v. Then for a
morphic involution 0, we have u <g v and for an antimorphic involution 8, we have
u<fo.

Proof. When 6 is a morphic involution, u <% w and w <Y v imply that w =
ur = yf(u) and v = wa = BO(w) for some z,y, o, B € LT which implies v = ura =
86(y0(u)) and hence v = uza = S0(y)u which implies u <4 v.

When 6 is an antimorphic involution, u <% w and w <% v imply that w = uz =



yO(u) and v = wa = B30(w) for some z,y,a, f € X1 and hence v = uzxa = 30(ux)
which implies v = uza = 860(x)f(u) implying that u <§ v. O
Corollary 1 If 6 is an antimorphic involution, the relation <Z 18 transitive.

Lemma 4 Let u,v,w be such that u,v € X7, u# v and u <fl w, v <§ w. If 0 is a
morphic involution, then either v <g u oru <gq v. If 0 is an antimorphic involution,
then either v <, u or u <, v.

Proof. Let 6 be a morphic involution and u <% w, v <% w which imply that
w=uzr =yl(u), w=va = B60(v) for some z,y, o, 8 € T+. If |u| > |v|, then u = vp
and 0(u) = ¢f(v) for some p,q € XF. Thus u = 6(q)v implying that u = vp = §(q)v
which implies v <4 u. If Ju| < |v| then v = up and 8(v) = gf(u) for some p,q € LT
which imply that v = 6(q)u. Therefore v = up = 8(q)u and hence u <g v.

Let 6 be an antimorphic involution and u <% w, v <4 w which imply that w =
ur = yO(u) and w = va = BO(v) for some z,y,a, 3 € L. If |u| > |v| then u = vp
and 6(u) = ¢f(v) for some p,q € T and hence u = v6(q) which implies v <, u.
Similarly if |v| > |u|, we can show that u <, v. O
Corollary 2 Let u,v,w be such that u,v € ¥, u # v and u <Z w, v <§ w. Then
for an antimorphic involution 0, either 6(v) <s 0(u) or 6(u) <s 6(v).

Corollary 3 Let u € ©1. Then

1. For a morphic involution 6, Lg(u) s a totally ordered set with <q4.

2. For an antimorphic involution 0, Lg(u) is a totally ordered set with <, and
O(L%(w)) is a totally ordered set with <.

Lemma 5 Let 6 be a morphic involution. Then for all 0-unbordered words x,y

such that x # vy, xy # 0(y)x.

Proof. Let z,y be two f-unbordered words, i.e., z,y € Dy(1). Note that both
x and y are nonempty as Dg(i) € ¥T. Suppose zy = 0(y)x then we have the
following cases to consider. If |x| = |y| then = = 6(y) and y = x, a contradiction to
our assumption that z # y. If |z| > |y| then there exist p € X1 such that x = 6(y)p
and x = py which imply that z = 6(y)p = pf(6(y)) since @ is an involution, which
is a contradiction since z is §-unbordered. If |z| < |y| then there exist ¢ € ¥ such
that 6(y) = xq and y = gz which imply that y = gz = 6(x)0(q) since 0 is a morphic
involution, which is a contradiction since y is #-unbordered. Thus xy # 0(y)x. O

3. Involutively bordered words

In this section we give a characterization of the set of all 6-bordered words
when 6 is an antimorphic involution. We use this characterization to show several
properties of the set of all #-bordered and f-unbordered words for an antimorphic
involution 6.

Lemma 6 Let 0 be an antimorphic involution. Then x € XV is O-bordered iff
x = ayb(a) for some a € ¥ and y € ¥*.
Proof. If x is f-bordered then = = pa = 30(p) for some p,a, 3 € XT. Let p = ar
for some a € ¥ and r € X*. Then 6(p) = 0(r)f(a) and since « € XF, we have
a = s6(a) for some s € X*. Thus there exist y € ¥* such that = ayf(a). The
converse is obvious. O
We recall that a language X C ¥* is said to be dense if for all v € ¥*, X N
Y*uX* # (. We use the above lemma to show that Dy(1) is a dense set.
Corollary 4 Let 0 be an antimorphic involution on X*. Then



1. uw € Dy(1) 4ff O(u) € Dy(1).
2. If ¥ is such that there exist a,b € ¥ with 0(a) # b then Dg(1) is a dense set.

3. Let a,b € X such that 0(a) = b then for all u € ¥T either ua is -unbordered
or ub is 8-unbordered.

4. If uwv € Dy(1) for some u,v € ¥ and w € X* then uv € Dy(1).
5. For all a,b € ¥ such that a # 6(b), a¥*b C Dy(1).

6. Let u € X be O-bordered and x be the shortest 0-border of u, then x is 0-
unbordered.

Proof. We only prove the first two statements. The rest of them follow from
Lemma 6. Let # be an antimorphic involution on X*.

1. Let u € Dy(1) and suppose 0(u) ¢ Dy(1) then we have 6(u) = aab(a) for some
a € ¥ which imply that v = af(a)f(a) and hence u ¢ Dy(1), a contradiction.
The converse is similar.

2. Choose a,b € ¥ such that a # 6(b) then for all w € X* there exist a,b € ¥*
such that awb € Dg(1) which implies that Dy(1) is a dense set.

O

Statement 6 in the above corollary does not hold true when 6 is a morphism.
For example let ¥ = {a, b} and 6 be a morphism such that 6(a) = b and 6(b) = a.
Take u = ababa. The shortest f-border of u is x = ab. But z = ab = a.b = a.0(a)
which is #-bordered.

It was shown in [24] that when @ is identity and if z is the shortest border of u,
then for all other borders y # x of u, y is bordered. But this is not true when @ is
an antimorphism, as shown by the following example.

Example 3.1 Let & = {a,b,c} and 0 be antimorphism that maps a — b, b — a
and ¢ — c. Then for u = acach, we have x = a to be the shortest 8-border of u.
Also y = ac is a 0-border of u as 0(ac) = cb, but y is 6-unbordered.

The following lemma relates the set of all prefixes and suffixes of a word with
the set of all prefixes and suffixes of the set of all words obtained by concatenating
the word with itself. We use the lemma to show some closure properties of the set
of all #-bordered and #-unbordered words.

Lemma 7 Let 0 be a morphism or an antimorphism of ¥* and let u,v € ¥*. Then
O(Pref(u)) NSuff(v) =0 iff 6(Pref(u™)) N Suff(vt) = 0.
Proof. “=” Assume that 0(Pref(u)) N Suff(v) = 0 and we need to show that
O(Pref(u™)) N Suff(vT) = 0. Suppose there exist x € (Pref(u™)) N Suff(v™)
then x = 0(u*u;) = vov! where uy € Pref(u) and vy € Suff(v). When 6 is a
morphism, we have x = 8(u*)0(u;) = vov' which implies that either (u;) is a suffix
of v or O(uy) = v'v" for some v’ € Suf f(v) which imply that 6(u}) = v’ for some
u) € Pref(uy). Both cases lead to a contradiction since 8(Pref(u))NSuf f(v) = 0.
The converse is obvious.
The case when 6 is an antimorphism can be proved similarly. O
In the next lemma we give a necessary and sufficient condition for a word to be
f-unbordered. Note that it is clear from Lemma 6 that a word w« is §-unbordered for
an antimorphic involution 6 iff u = ayb such that a # 0(b). The following lemma
provides a much weaker characterization of 8-unbordered words. However this char-
acterization can be used in proving certain closure properties of §-unbordered words.



Lemma 8 Let 6 be an antimorphic involution on X*. Then for all u € ¥ such
that |u| > 2, w is 0-unbordered iff O(Pref(u)) N Suf f(u) = 0.

Proof. Let u be #-unbordered. Suppose there exist x € O(Pref(u))NSuf f(u) then
z = 6(uy) = v’ for some u = uyug = v'u” which imply that v = ujus = w'6(uy).
Then we have the following cases. If ug,u’ € X1 then u ¢ Dy(1) which is a
contradiction since w is §-unbordered. If ug = v’ = X then u = 6(u) and u = av for
some a € ¥ and v € X7 since |u| > 2 which imply that © = av = 8(v)f(a) = 6(u)
which is a contradiction since u is §-unbordered. Hence §(Pref(u))NSuf f(u) = 0.
Conversely assume that 8(Pref(u)) N Suff(u) = 0 and suppose u is 6-bordered
then there exist y € ¥* and a € 3 such that u = ayf(a) which is a contradiction
since 6(a) € O(Pref(u)) N Suf f(u). O
Corollary 5 Let 6 be an antimorphic involution on ¥* and let u € X% such that
|u| > 2. Then u is O-unbordered iff u™ C Dgy(1).

Proof. Follows from Lemma 8 and Lemma 7. O

Lemma 9 Let 6 be a morphic involution on X*. Then for all w € ¥ such that
[ul > 2 and u # 0(u), u is O-unbordered iff O(Pref(u)) N Suf f(u) = 0.
Proof. Let u € Dy(1) such that |u| > 2 and u # O(u). Suppose there exist
an x € O(Pref(u)) N Suff(u) then we have the following cases. If x = 6(u) then
x =wu € Suf f(u) which implies that u = 6(u) which is a contradiction. If x = 0(u;)
for some w1, up € X such that v = uyug and u = uyug = u'0(uy) since z € Suf f(u)
which is a contradiction since u is §-unbordered. g
Corollary 6 Let 6 be a morphic involution on ¥* and let u € ¥ such that |u| > 2
and u # 0(u). Then u is O-unbordered iff ut C Dy(1).
Proof. Follows from Lemma 9 and 7. O
In view of Lemma 8 and Lemma 9 we have the following observation. The proof
of the following lemma is similar to that of the above two lemmas and hence we
omit the proof.

Lemma 10 Let 6 be either a morphic or an antimorphic involution. Then for
u € X1 such that |u] > 2, u is O-unbordered iff (PPref(u)) N PSuf f(u) = 0.

4. Closure properties of the set of all involutively unbordered words

This section investigates certain closure properties of the set of all #-unbordered
words, where 6 is a morphic or antimorphic involution. We mainly concentrate
on the conditions under which the concatenation of two #-unbordered words is
also f-unbordered. The operation of catenation is important since often in DNA
computing experiments information-encoding DNA strands are ligated together.
The need exists thus for finding sets of DNA strands with the property that the
catenation of any DNA strands in the set has the same desirable structure-free
properties that the individual DNA strands possess.

Proposition 1 Let 6 be either a morphic or an antimorphic involution and let

u,v € Bt be O-unbordered. Then uv is -unbordered iff O(Pref(u)) N Suf f(v) = 0.

Proof. Assume that for u,v € X7 such that |uv| > 2, O(Pref(u)) N Suff(v) =0
and suppose uv is not #-unbordered.

Then for an antimorphic involution 8, we have by Lemma 6, uv = ayf(a) for some
a €Y and y € ¥*. Then a € Pref(u) and 6(a) € Suff(v) which implies that
6(a) € O(Pref(u)) N Suf f(v) which is a contradiction. Hence uv is #-unbordered.
When 6 is a morphism, then there exist x € X% such that uv = za = 30(x) for
some a, 3 € X+, We have the following cases:



(i) Jz] < Ju] and [6(2)| < [o]
(i) Je| < |u] and [0(z)| > |o]
(it} o] > u] and [8(z)] < [o]
(iv) [2] > ul and [8(x)] > [o]

Note that case(i) implies that = € Pref(u) and (z) € Suff(v) which immediately
leads to a contradiction since x € Pref(u) and 6(z) € (Pref(u)) N Suf f(v).

Case(ii) implies that = € Pref(u), 6(z) € Suff(uv) and 0(z) ¢ Suff(u) and hence
x = uy for some u; € ¥ and uy € I* such that u = ujus and 0(z) € Suff(v)
implies that 6(z) = u”v for some v’ € £1 and u” € ¥* such that v = v'u”. Thus
x = 0(u")8(v) = uy which imply that 6(u”) € Pref(u) and u = §(u")y = v'v” with
y,u' € XF since v € ¥, which is a contradiction since u is #-unbordered.

Case(iil) implies that = € Pref(uv), 6(z) € Suff(v) and = ¢ Pref(u) and hence
x = uwvy for some vy € ¥ and v = vyvy with va € ¥ and 0(x) € Suf f(v) implies
that 8(x) = v” for some v € ¥, v/ € ¥* with v = v’v”. Thus for z = vy,
0(z) = 0(u)f(v1) = v" which implies that v = vivs = yf(v1) with vg,y € X7 since
u € X7 which is a contradiction since v is §-unbordered.

Case(iv) implies that x € Pref(uv) and 6(z) € Suff(uv) but none of the above
hold. z € Pref(uv) implies that z = wuwv; for some vi,v, € X7 with v = vyvg
and 0(z) € Suff(uv) implies that 0(z) = ugv for some uj,us € LT with u =
ujug. Thus for x = wvy, 0(x) = 0(w)0(vy) = ugv. If u = w'u” then 6(u)f(v,) =
O(uw)0(u")0(v1) = ugv such that (u’) = up which imply that u = w'u” = uy6(u’)
with «’,u”,u; € X% which is a contradiction since u is §-unbordered. Hence uv is
f-unbordered.

Conversely for u,v both f-unbordered and |uv| > 2, assume that wv is also 6-
unbordered. Suppose there exist x € §(Pref(u)) N Suff(v) such that x = 0(uy) =
vy for u = wjus and v = vivy with uy,v2 € 31 and ug,v; € ¥*. Then wv =
U ugv1v2 = uruzv16(u1) which is a contradiction since uv is f-unbordered. Hence
O(Pref(u)) N Suff(v) =0. 0
Lemma 11 Let 6 be either a morphic or an antimorphic involution on ¥* and let
u,v € LT with both u and v O-unbordered and non 6(u) # u, 0(v) # v. Then the
following are equivalent.

1. uv is O-unbordered.

2. The set of all words in uTv™ is @-unbordered.
3. O(Pref(u)) N Suff(v) =0.

4. For all x € (wv)t, x is O-unbordered.

Proof. Note that from Proposition 1 it is clear that 1 < 3. From Lemma 7
and Proposition 1 it is clear that 1 < 2. Note that from Lemma 8 uv € Dy(1) iff
O(Pref(uv)) N Suff(uv) = . Also from Lemma 7 8(Pref(uv)) N Suf f(uv) = 0 iff
O(Pref((uv)™)) N Suf f((uv)™) = 0. Hence from Proposition 1 (Pref((uv)™)) N
Suff((uv)T) =0 iff (uv)™ C Dy(1). Hence 1 < 4. O

We use the following result from [17] to prove the next result.

Lemma 12 (/17]) Let w and w be such that uv = 6(v)w for some v € ¥*. Then
for a morphic involution 6 there exist x,y € X* such that u = xy and one of the
following holds

1. If |lu| > |v| then w = yO(z) and v = (0(z)0(y)xy)'0(x) for i > 0.



2. If |u| < |v| then w = 0(y)x and v = (0(z)0(y)xy)'0(x)0(y)z fori > 0.

Proposition 2 Let 21,20 € X7 and 0 be either a morphic or an antimorphic
involution. If 1wy is O-unbordered, then for any k > 1, 125 is 0-unbordered.
Proof. We first consider the case when 6 is an antimorphism. Suppose that, for
some k > 1, z,25 is f-bordered, then from Lemma 6, there exist @ € ¥ and y € ©*,
125 = ayf(a). Since both x1,z5 € ¥ we have z129 = axf(a) for some r € ¥*
which is a contradiction since x1xs is f-unbordered. Hence xla:’g is #-unbordered.
We shall prove by induction on k the case when 6 is morphism.

Base Case: Let k = 2. Suppose x1x3 is f-bordered. Then there exist z,y,u € L+
such that 2123 = uz = yf(u). We have several cases:

Case 1 Let |u| < |z1| then we have x; = u« for some « € X*.

o If |0(u)| < |z2| then 22 = B0(u) for some B € ¥* and x129 = uaB0(u) with
u € ¥F, which is a contradiction since ;x5 is §-unbordered.

o If |25 < |0(u)| < |23 then O(u) = Bixy for some zo = BB with B € LT,
Thus u = 6(51)0(z2) and 2129 = uazs = uaBp = 0(81)0(xz2)aB By, which is
a contradiction since xjxo is 8-unbordered.

o If |0(u)| > |23| then O(u) = B123 with 21 = 36 and B, € XF. Thus u =
0(531)0(x3) and x; = ua = (BB which implies that z29 = 0(51)0(23)aws =
BB1ze which imply that z1xo = 0(0122)0(z2)axe = B(B122) which is a con-
tradiction since zjx, is 8-unbordered.

Case 2 Let |z1| < |u| < |z122| then we have ua = 124 for some o € 3*.

o If |#(u)| < |zo| then B10(u) = xo which implies 122 = ua = z16:0(u), a
contradiction.

o If |z5] <|60(u)| < |xoxa| then 2129 = ua and O(u) = Bras for xo = 5F;. As 6
is a morphism, z1z5 = ua = 6(81)0(z2)a which imply that zyze = 21806 =
0(B1)0(x2)a, a contradiction.

o If |zoxs| < [0(u)| < |z12222], then z129 = ua and 6(u) = s1xaxwe for x1 = ss7.
Then we have z122 = ua = 6(s1)0(z2)0(x2)a and hence zi1x9 = ss1x9 =
0(s1)0(x2)0(z2)a, a contradiction.

Case 3 Let |z122| < |u| < |z1@222|. If |22] < |0(0)] < |w222| then we have u = z1x23
with o = 881 and 0(u) = s125 for 29 = ss1. Then we have u = z1220 = 0(s1)0(x2).
Note that |z18] = |s1] hence 6(s1) = z1r, z2 = rp and 0(x3) = pB which im-
plies x12908 = 0(s1)pf which imply that z1zs = x1881 = 6(s1)p, a contradic-
tion. If |zexs| < |0(u)| < |zix022| then O(u) = sjxowe and u = zjaof for
x1 = 881 and x9 = BB with s,51,0,61 € ¥T. Then u = x1220 = 0(s1)0(22)0(x2)
which implies that u = 180618 = 0(s1)0(2z2)0(z2) and by the length argument we
have 0(z2) = (18 and hence zo = 801 = 6(61)0(8) or 515 = 6(8)0(51). Thus
218 = 6(s1)0(x2) which implies that z1ze = s510(81)0(8) = 0(s1)61601 which is a
contradiction since xix9 is -unbordered. Hence we have xlxg € Dp(1).

Induction Step Assume z;25 € Dy(1). Suppose z1z57' ¢ Dy(1), then we have
128 = ux = yf(u) for some z,y € T+,

Case 1: Let u be such that |z,25| < [0(u)| < |z1257| then O(u) = ar25™ for some
a1 € X7F such that x; = aay. If |z125| < |u| < |x1x§+1|, then u = x1253 for some
B € ¥ such that x5 = 33;. Hence u = 0(a)0(25)0(x2) = 0(ar)0(z5)0(B)0(B1) =
z129B616. Thus z125718 = 6(a1)0(2%) and hence z125 = 0(a)0(x5)81 = aoyzk
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which is a contradiction since z124 is 6-unbordered. If |u| < |z;2%| then u = z1 233
for some i < k and zo = B0 for some 3,8, € L*. Thus u = 0(a1)f(z5™)
which implies that 1258 = 0(a1)0(25)0(3)0(81) and hence z125 8 = 6(a)0(xk).
Therefore x5 = 0(ay)0(zh)B125~" = aai2k, a contradiction since x,a% is 6-
unbordered.
Case 2: Let u be such that |f(u)| < |¢5T!. Then 0(u) = fixh with 2o = (6
and i < k and B,6; € *. If |zy2h| < |u| < |z125Y| then v = 1250 with
o = aog and ag € 1. Hence u = 9(51)9(36371)9(362) = xlxlgflaala which implies
that z;25 1o = 0(31)0(zi!). Therefore z125 = 6(61)0(xS Nay = z1257168,,
a contradiction. If |u| < |zi2%| then v = zala with z, = ao, a; € U
and j < k. Thus zi729 = xlx%aalx’;_j_l = 9(61)9(x§)a1x§_j_1 which implies
that zj25 = xla?g_lﬁ& = 9(51)9(x§)a1x§_j_1, a contradiction since x5 is 6-
unbordered. Hence z;x5 € Dy(1) for all k& > 1. O
The proof of the next proposition is similar to that of the previous one and hence
we omit the proof.
Proposition 3 Let z1,22 € ¥ and 0 be either morphic or an antimorphic invo-
lution. If x1x is O-unbordered, then for any k > 1, x¥xy is O-unbordered.
Proposition 4 Let 8 be an antimorphic involution and let v be @-unbordered. Then
for all v, € PPref(v) and vs € PSuf f(v), vyuvs is O-unbordered for all u € X*.

Proof. Let x € v,X"vs such that x is §-bordered. Then there exist a € ¥ and

y € ¥* such that « = ayf(a) which implies that a € Pref(v,) and 8(a) € Suf f(vs).

Thus there exist z € ¥* such that v = az0(a) which is a contradiction since v is

f-unbordered. Hence z is also f-unbordered. O
Note that the above lemma does not hold when 6 is a morphic involution. For

example, let ¥ = {a,b} such that #(a) = b and @ is a morphism. Note that

aa,b € Dy(1) but aba = (ab)a = af(ab) and hence aba ¢ Dy(1).

Proposition 5 Let 0 be a morphic or an antimorphic involution and v be 8-unbordered.

1. If u = vou1...vn—1 for some v; € PPref(v), then uv € Dy(1).

2. If u=vgvy...vp—1 for some v; € PSuff(v), then vu € Dy(1).

Proof. We prove the first case (the second one is similar to the first case). The
case when 6 is an antimorphic involution follows directly from Proposition 4. We
only consider the case when 6 is a morphism. Let v € Dy(1) such that |v| > 2 and
let u = vovy...v,—1 for some v; € PPref(v). Suppose wv is 6-bordered, then there
exist z,, 8 € ¥T such that uwv = za = 30(x).

1. If |z| > |u| then there exist v/, v" € T such that v = v/v” and z = uv’ then we
have uv = wv'v” = BO(wv’) = BO(w)0(v") which implies that v = v'v"” = rf(v’)
for some r € ¥F, a contradiction since v is §-unbordered.

2. If |z| < |u| then there exist aj,as such that a3 € ¥* and ay € X1 and
u = xai, v = as. If |z| < |vo| then there exist p € ¥+ such that vg = xp
which implies that 2 € PPref(v) and hence v = zr = sf(x) for some r,s € T
which is a contradiction. If |z| > |ug| then there exist py,p € ¥* such that
x = voppr and p = vy..v for some k and p; € PPref(vy,1) with [p1]| < |v].
Hence wv = za = (0(x) = voppra = B0(v)0(p)0(p1) which implies that
v =p1r = s6(p1), a contradiction.
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5. Classification of the set of all involutively bordered words

In this section we show that the set of all #-bordered words is regular when 6
is an antimorphic involution and properly context-sensitive when 6 is a morphic
involution. In the next proposition we use Lemma 6 and show that the set of all 6-
unbordered words is indeed a regular language when 6 is an antimorphic involution.

Proposition 6 When 6 is an antimorphic involution on ¥*, Dg(1) is a regular
language.

Proof. Note that for all a € ¥, a is #-unbordered and from Lemma 6, we have
Dy(1) = 2 UY where Y = |J, 5 aX*b such that 6(a) # b. Since ¥ is finite, Y is
regular and hence Dy(1) is regular. O

In the next proposition we find an example of 6, which is a morphic involution
but not the identity function and an alphabet ¥ such that the set of all §-bordered
words over X is not context free and hence not regular.

Proposition 7 If 0 is a morphic involution over an alphabet 32, such that 6 is not
identity, the set of all 8-bordered words over ¥ is not context free.

Proof. Let a,b € ¥ such that a # b and 6(a) = b. Then 0(b) = a holds because 0
is an involution map. Denote by L the set of all 8-bordered words over ¥. We will
prove, by contradiction, that L is not context-free.

Indeed, assume L were context-free. Let n be the constant defined by the Pump-
ing Lemma for context-free languages. Choose the word z; = a"*1p" g™+ which
is clearly 6-bordered. By the pumping lemma, there is a decomposition z; = azvy(
such that |zvy| < n, |ry| > 1, and for all i > 0, z; = az'vy’3 € L. Note that any
f-border w; of z; has the property w; = au for some u € ¥* because z; begins with
a for any ¢ > 0.

We will consider first the case where zvy is a subword of a” 16" %! of z;. In this
case, 0(w;) = bX*a"*! for any i > 0 because z; has the suffix a”*!. Consequently,
w; € aX*b" 1. If neither = nor y contains any bs, that is, zvy is in the prefix a"*!
of z1, z; = a™b"a"*t! for i > 2, where m > n + 1. Considering the form of w;
mentioned above, w; = a™b"*1. This further implies 6(w;) = b™a"*!, which is a
contradiction since z; does not contain m consecutive bs. Consequently, z or y must
include at least one letter b. However, in this case zy has at most n letters b which
contradicts the fact that zo has wg = aub™t! for u € £* as its -border.

By virtue of the symmetric form of z1, it is clear that the second case, where
zvy occurs as a subword of b"a™ of z1, leads to the same contradiction.

These two cases cover all possible decompositions, and they all lead to contra-
dictions. Consequently, our assumption was false and L is not context-free. O

Note that in [18], it was shown that for a morphic involution 6, for all #-bordered
words v, either v = urf(u) for some r,u € 3* or v = (xyf(x)0(y))*zyd(z)0(y)x for
some z,y € ¥*. In the next proposition we construct a grammar that generates
all such f-bordered words. We use the workspace theorem [21] to show that the
language generated is indeed a context-sensitive language. We recall the following
from [21].

Definition 2 Let G = (N,T,S,P) be a grammar and consider a derivation D
according to G, D : S = wy = w; = ... = w, = w.
The workspace of the w by the derivation D is:

WSa(w, D) = maz{|w;| : 0 <i<n}.

The workspace of w is : WS (w, D) = min{WSg(w, D) : D is a derivation of w}.
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Theorem 1 [21] If G is a type 0 grammar and if there is a nonnegative integer
k such that WSq(w) < klw| for all nonempty words w € L(G), then L(G) is a
context-sensitive language.

Proposition 8 Let 0 be a morphic involution on X*. Then the set of all 6-bordered
words is context-sensitive i.e., X* \ Dg(1) is context-sensitive.

Proof. Let ¥ = {a1,as,...,a,} be the alphabet set and take G = (Vy,X, X, R)
where Viy = {X, Xo, X1, X2, X3,Y;, Z,7Z1,P,Q} where 1 <14 <n and Xj is the start
symbol. Define the productions R of G for all a; € ¥ to be

Xo — ZX1 X0 X3X 7, (1)

X1X2 — ainYi 2

YiX3 — X50(a;)X3,Yia; — a;Y;,a; X2 — Xoay
YiX3 — PX20(a;)X3Q,a; PXy — PXsa;,Yia; — a;Y;

(2)

(3)

(4)

X1 PXy — a; X1 PX, (5)
(6)

(7)

(8)

)

4

a; X — Xa;,Y;XZ, — a; X2, ZXa; — 0; 2Y; X, Y; Xa; — a;V; X 6
X1 Xo = A X35 — A 7

QXZ - M\ X1PXo— N Z — A 8

X7y — A 9

Consider derivations D from ZRX; X20(R)X3X Z; leading to a terminal word (after
an application of the initial rule 1 and R = A). If the rule in 2 is used then we
can either use rules 3 or rules 4. If rule 2 is used then we eventually end up
with ZuX; X20(u)XZ;. Then we can either use rules in 6 and 7 which results in
the word (uvf(u)f(v))*uvf(u)f(v)u for u,v € ¥* or use rules in 2 and 4 which
results in word of the type urf(u) for r,u € ¥*. If D begins with an applica-
tion of rule 2 and the first rule in 3 then the only possibility is to continue the
derivation to the word Zra; X1Y;0(r)XsXZ1 — Zra; X10(r)Y; X3 X Z; which leads
to Zra; X1X20(r)0(a;)X3XZ;. Here we have two choices, either we continue to
apply rules in 2 or apply rules in 7 and get Zra;0(r)0(a;)XZ; and we can apply
rules in 6 which will lead to ZXra;0(r)6(a;)Z; and the only possibility to con-
tinue the derivation is to apply the rule ZXa;, — a;ZY;X in 6 and we get the
word a;ZY;Xraa;60(r)f(a;)Z1 which leads to a;Zrea;0(r)0(a;)Y;XZ; and hence
a; Zraa;0(r)f(a;)a; X Z;. Continuing to apply the rules in 6 we end up with the
word of type (uvf(u)f(v))*uvd(u)f(v)u. If D begins with an application of rule 2
and the first rule in 4, then it will lead to the word Zra; X1 PX20(r)0(a;)X3QX Z;.
Then we can either apply rules in 8 to get words of type uf(u) or apply the rule in 5
to get words of the type usf(u) for s € ¥*. Hence L(G) = {xsf(x), (uvd(u)f(v))u
for i > 1 and w,v, s,z € ¥*}. Note that L(G) = ¥* \ Dg(1).

The workspace of w, for all w € L(G), is less than or equal to k|w|, for k = 8.
Indeed, the only deletions that can occur during a terminal derivation of a word w
are the ones in the rules 7, 8 and 9. Moreover, these rules can only be applied in
a terminal derivation as follows: We can either apply rules 8 and X3 — A in rule
7, or apply rules 7 alone, or apply rules 7 and rule 9. Hence the maximum number
of letters we can delete is by using rules 8 and X3 — A in rule 7, which gives us a
maximum of 8 deleted letters per terminal derivation. Thus all the sentential forms
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of any terminal derivation of a word w have length less than or equal to 8w|. By
Theorem 1, L(G) is indeed a context-sensitive language and hence the set of all
f-bordered words is context-sensitive. O
Proposition 9 Given v € X1 it is decidable whether or not v € Dy(1).
Proof. Follows immediately from the decidability of membership for context-
sensitive and regular languages. O
Note that for an antimorphic involution 6 and for v € Dy (i) for some ¢ > 2 with
LI(w) = {\ <p ur <p ug <p ... <pui—1} we have ug € Dy(1).
Proposition 10 Let u € Dy(1). If v <4 u’ then either v = X or u = 0(u) and
v=1 forl<j<i.
Proof. Let v <% u® for some u € Dy(1). If v # A, v’ = va = B0(v), for
a,B,v € ¥F, then v = w/r; and 0(v) = sou? for u = r179 = 5182 and 0 < j < i.
We only prove the statement when 6 is a morphic involution. The case when 0 is
an antimorphic involution is similar. If v = u/ry, then 0(v) = 0(u?)0(ry) = sou’.
If r1.s0 € X7, then u = ryry = pf(ry). If ro # X then v ¢ Dy(1) which is a
contradiction. If 7o = A then p = XA and v = vy = 6(r1) which implies that u = 0(u)
and v = w1 = 0(v). If r; = X then v = w/ = 0(v) and u = 0(u). O
The following lemma provides for a given v € ¥*, the number of 6-borders of .
We recall that u € ¥* is said to be primitive if u = v* for some v € T, i > 1, then
i =1 and the set of all primitive words over % is denoted by Q. A word u € ¥* is
called a 6-palindrome iff u = 6(u). Define Py(X) to be the set of all #-palindromes
over an alphabet X. If the alphabet is clear from the context, we will denote this
set shortly by Pp.
Lemma 13 Let 0 be an antimorphic involution and let x € ¥ such that x € Py
and |x| =n. Then x € Dy(n).
Proof. The fact that x € Py implies that, for all v € Pref(x), we have 6(v) €

Suff(x). Also note that since PPref(x) = {z1, z122, ...., 2122...xp—1 } for © = z129... 20,
r; € ¥ we have |PPref(z)] = n — 1 and for all v € Pref(z), v <% z. Thus
L%(z) = {\} UPPref(z) and |L%(z)| = n which imply that x € Dg(n). O

Proposition 11 Let 8 be an antimorphic involution.

1. Let x ¢ Py. Then for all a € ¥ and for all i > 1, u = azf(a) € Do(i + 1) iff
x € De(l)

2. Let © € Py. Then for all a € ¥ and for all i > 1, axf(a) € Dy(i + 2) iff
x € Dg(l)

Proof. We only prove 1.

“ <" Let ¢ € Dy(i), i.e., |[LY(z)| = i. Take u = azf(a) for a € ¥. Since
x € Dy(i), we have LY(z) = {\,v1,...,v;-1} and, for all v € LY(z), v <% z which
means there exist y,2 € X1 such that x = vy = 20(v). Thus u = axf(a) =
avyf(a) = az0(v)f(a) = avy; = 20(v)f(a) which implies that for all v € LY(x),
av € L9(u). Suppose there exists w € Pref(x) such that w ¢ LY(z) and aw < u.
Then u = awy = z0(w)f(a). If w = z, then y = O(a) and w = H(w), z = 6(z), a
contradiction with our assumption that x ¢ Py. If w € PPref(z) then z = wy; =
z10(w), a contradiction since w ¢ LY(x). Hence LY(u) = {\, a,avy,avy, ...,av;_1}
which implies u € Dy(i + 1).
“=7 Let u = azf(a) € Dy(i+1). Then LY(u) = {\, a,avy, av, ...,av;_1 } for some
v; € Pref(x) which implies that 6(v;) € Suff(z). If for some i, v; = x then z € Py,
a contradiction. Thus for all av; € LY(u), v; <4 z and LY(x) = {\,v1,v2,...,v;_1}
which imply that x € Dy(3). O
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Proposition 12 Letu be a 0-palindromic primitive word and j be an integer, j > 1.
Then,

1. For a morphic involution 0, v§(w') = v8(u) +j — 1.
2. For an antimorphic involution 0, V6 (u?) = |u/| = j x |u].

Proof. Let 6 be a morphic involution and u € Py, i.e., u = 8(u). For u = ajas...ay,
O(u) = 6(a1)...0(an), a; € ¥ which implies a; = 6(a;) for all i. Hence 6 is identity
on ¥ and thus v4(u) = v§(u). It was shown in [12] that vg(w/) = va(u) +j — 1.
Hence v4(u’) = vi(u?) = v§(u) + 5 — 1.

Let 6 be an antimorphic involution and uv = 8(u). If v = a;...a,, then 6(u) =
O(an)...0(a1) and since u = 0(u) we have a; = 0(an+1-;). Hence, by Lemma 13,

Vg(u) = |u| since Lg(u) = {)\?al,alag,...,a1a2...an_1}. Note that for all 7 > 1,
u? = 0(u’). Hence v(u?) = |[u/]| = j x |ul. O

6. Relations to involution codes

Involution codes were introduced in [13] in the process of designing information
encoding DNA strand sets whose properties guarantee that their members will not
form undesirable secondary structures. The name “involution code” has been used
to refer to any of several types of codes used in DNA computing that are defined
using an involution function, and that avoid some unwanted bindings between their
elements. Examples of involution codes are sticky-free codes, overhang-free codes,
hairpin-free codes, etc. Several properties of involution codes have been discussed
in [13, 14, 15, 6, 16]. Besides being of interest for DNA computing, it turns out that
these involution codes generalize several well-known notions such as prefix codes,
suffix codes, infix codes, comma-free codes, etc., [2], [19]. In this section we discuss
the relations between certain involution codes and the set of all words that are
f-unbordered with respect to the involution map 6. We begin the section with the
review of definitions of some involution codes defined in [14, 15].

Definition 3 Let 0 : X* — X* be a morphic or antimorphic involution and X C
>+,

1. The set X is called f-infix if T*0(X)XTNX =0 and ETO(X)E* N X = 0.
2. The set X is called §-comma-free if X?> N LTO(X)ST = 0.

3. The set X is called f-intercode if X™T N YTO(X™)EST =0, m > 1. The
integer m is called the index of X.

4. The set X is called n-0-comma-free if every n-element subset of X is 0-comma-
free.

5. The set X is called n-6-intercode of index m if every n-element subset of X
is a B-intercode of indexr m.

6. The set X is called B-overlap-free if PPref(X)NPSuff(6(X)) = 0 and PPref(6(X))N

PSuff(X) = 0.
7. The set X is called 0-sticky-free if the conditions wz, y8(w) € X imply xy = .

8. The set X is called f-strict if X NO(X) =10 .
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We recall the following definition. Let R be a binary relation on ¥*. A language
L is R-independent if for any w,v € L, uRv implies © = v. In the following
propositions we show that some of the involution sets are independent with respect
to the binary relation <§, where 6 is either a morphic or an antimorphic involution.
Proposition 13 If X C X* is 0-infix (0-comma-free) then the set X is independent
with respect to <Z.
Proof. Suppose there exist u,v € X such that v = ux = yf(u) for some z,y € X+
which implies X is not #-infix and hence not #-comma-free since 0(u) is a suffix of
v. Hence X is independent with respect to <fl. O

Proposition 14 If X C X% is 0-sticky-free then X is independent with respect to
<b.

Proof. Let u,v € X such that v = uz = y0(u) for some z,y € X*. Then
uz,yf(u) € X but x # y # A which is a contradiction since X is 6 sticky-free. O

Proposition 15 Let 8 be a morphic involution. If X C ¥* is strictly 0-overlap-free
then X 1is independent with respect to <Z.

Proof. Since X is f-overlap-free we have PPref(X) N PSuff(8(X)) =  and
PSuff(X)N PPref(6(X)) = 0. Suppose for u,v € X we have v = uz = yb(u),
for some x,y € X1 then 6(v) = O(u)f(x) and 0(v) = 6(y)u = u € PPref(X) N
PSuff(0(X)) and 0(u) € PSuff(X)N PPref(6(X)), a contradiction. O

We recall from Proposition 16 in [16] that every #-comma-free code is also a
f-intercode of index m for all m > 1.

Proposition 16 Let 6 be morphic involution and let L, be a set of all §-unbordered
words such that for all v,y € Ly, |2| = |y| = n and xy € Dy(1). Then L) is
0-comma-free.

Proof. Note that from Proposition 1 for all x,y € Dy(1), zy € Dy(1) iff
O(Pref(z)) N Suff(y) = 0. Suppose L) is not §-comma-free then there exist
x,y,z € Ly such that zy = af(z)3 for some a, § € XF. Then we have 0(z) = 2y,
where x = 129 and y = y1yo with both zo,y; € ¥*. The case when 6(z) = x or
0(z) = y implies that zax = 26(z) or zy = 20(z) which is a contradiction since zx
and zy are f-unbordered. The case when 0(z) = xay; with zo,y; € YT implies
that o € 0(Pref(z)) and thus zx = 0(x2)z22122 which is a contradiction since
zx € Dy(1). A similar contradiction arises when y; € 0(Suff(z)). Hence L) is
f-comma-free. O

Corollary 7 Let 6 be a morphic involution. Let L,y be as defined in Proposition
16. Then Ly, is a O-intercode of index m for all m > 1.
Proof. Obvious, since every #-comma-free is also a f-intercode of index m for all
m > 1, [16]. O
Note that the set L(,) defined in Proposition 16 is not unique. For example,
let ¥ = {a,b,c,d} and 6 be a morphic involution such that 6(a) = b and 0(c) = d.
Then Ly) = {aa, cc,ac,ca} or {bc,bb, cc,cb} or {ad,da,dd,aa} or {bd,bb, db, dd}.
The above proposition does not hold when # is an antimorphic involution. Let
¥ ={a,b,c,d} and 6 be an antimorphic involution such that @ — b, ¢ — d and
vice versa. Note that aaba,cbbe,adba € L4y, but aa(bacb)bc = aab(adba)bc which
implies that L) is not f-comma-free.
Proposition 17 Let 0 be a morphic or an antimorphic involution such that 0 is
not the identity. Then L C X% is O-strict and 0-sticky-free if and only if L C Dgy(1)
and L? C Dp(1).
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Proof. Assume that L is -strict and #-sticky-free. We need to show that both
L,L? C Dy(1). Note that since L is f-sticky-free for all wz,yf(w) € L we have
xy = A and since L is O-strict we have L NO(L) = (. Thus for all u,v € L we have
O(Pref(u)) N Suff(v) = 0. Hence from Lemmas 8, 9 and Proposition 1 we have
L,L2 C Dy(1).
Conversely, assume that L, L? C Dg(1). We need to show that L is f-strict and
L is #-sticky-free. Suppose L is not #-strict. Then there exist u,v € L such that
u = O(v). This implies that vu = 6(u)u ¢ Dg(1), a contradiction since L? C Dy(1).
Suppose L is not f-sticky-free. Then there exist wz, yf(w) € L with zy # A, which
implies that wzyf(w) € L? but wryf(w) ¢ Dy(1), a contradiction. Hence L is both
f-strict and #-sticky-free. O
The following results follow from Lemma 11.
Corollary 8 Let L be 0-strict and 0-sticky-free. Then L™ C Dy(1).
Corollary 9 Let Ly, Ly C YT be 0-strict and 0-sticky-free. Then Ly Ly C Dg(1) iff
LT L} C Dy(1).
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