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Abstract

Pattern languages are generalisations of the copy language, which is a standard
textbook example of a context-sensitive and non-context-free language. In this
work, we investigate a counter-intuitive phenomenon: with respect to alphabets
of size 2 and 3, pattern languages can be regular or context-free in an unexpected
way. For this regularity and context-freeness of pattern languages, we give
several sufficient and necessary conditions and improve known results.
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1. Introduction

Within the scope of this paper, a pattern is a finite sequence of terminal
symbols and variables, taken from two disjoint alphabets 3 and X. We say
that such a pattern « generates a word w if w can be obtained from « by
substituting arbitrary words of terminal symbols for all variables in «, where,
for any variable, the substitution word must be identical for all of its occurrences
in a. More formally, a substitution is therefore a terminal-preserving morphism,
i.e., a morphism o : (XUX)* — £* that satisfies 0(a) = a for every a € . The
pattern language L(«) is then simply the set of all words that can be obtained
from « by arbitrary substitutions. For example, the language generated by
oy = x1x1abaxs (where ¥ := {a,b} and X D {x1,x2}) is the set of all words
over {a,b} that have any square as a prefix, an arbitrary suffix and the factor
aba in between. Hence, e. g., w; := abbabbabaaa and wy := bbaba are included
in L(ay), whereas ws := abbababb and w, := bbbabaaa are not.

Pattern languages were introduced by Angluin [1] in 1980 in order to for-
malise the process of computing commonalities of words in some given set. Her
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original definition disallows the substitution of the empty word for the vari-
ables, and therefore these languages are also referred to as nonerasing pattern
languages (or NE-pattern languages for short). This notion of pattern languages
was soon afterwards extended by Shinohara [20], who included the empty word
as an admissible substitution word, leading to the definition of extended or eras-
ing pattern languages (or E-pattern languages for short). Thus, in the above
example, ws is contained in the E-pattern language, but not in the NE-pattern
language of 1. As revealed by numerous studies, the small difference between
the definitions of NE- and E-pattern languages entails substantial differences
between some of the properties of the resulting (classes of) formal languages
(see, e. g., Mateescu and Salomaa [14] for a survey).

Pattern languages have not only been intensively studied within the scope
of inductive inference (see, e.g., Lange and Wiehagen [12], Rossmanith and
Zeugmann [19], Reidenbach [17] and, for a survey, Ng and Shinohara [15]), but
their properties are closely connected to a variety of fundamental problems in
computer science and discrete mathematics, such as for (un-)avoidable patterns
(cf. Jiang et al. [10]), word equations (cf. Mateescu and Salomaa [13]), the
ambiguity of morphisms (cf. Freydenberger et al. [7]), equality sets (cf. Harju
and Karhumaki [8]) and extended regular expressions (cf. Campeanu et al. [4]).
Therefore, quite a number of basic questions for pattern languages are still open
or have been resolved just recently (see, e. g., Freydenberger and Reidenbach [6],
Bremer and Freydenberger [3]).

If a pattern contains each of its variables once, then this pattern can be
interpreted as a regular expression, and therefore its language is regular. In
contrast to this, if a pattern has at least one variable with multiple occurrences,
then its languages is a variant of the well known copy language {zz | x € ¥*},
which for |X| > 2 is a standard textbook example of a context-sensitive and
non-context-free language. Nevertheless, there are some well-known example
patterns of the latter type that generate regular languages. For instance, the
NE-pattern language of ag := x129w2x3 is regular for |X| = 2, since squares are
unavoidable for binary alphabets, which means that the language is co-finite.
Surprisingly, for terminal alphabets of size 2 and 3, there are even certain E-
and NE-pattern languages that are context-free but not regular. This recent
insight is due to Jain et al. [9] and solves a longstanding open problem.

It is the purpose of our paper to further investigate this counter-intuitive
existence of languages that appear to be variants of the copy language, but
are nevertheless regular or context-free. Thus, we wish to establish criteria
where the seemingly high complexity of a pattern does not translate into a
high complexity of its language. Since, as demonstrated by Jain et al., this
phenomenon does not occur for E-pattern languages if the pattern does not
contain any terminal symbols or if the size of the terminal alphabet is at least
4, our investigations focus on patterns with terminal symbols and on small
alphabets of sizes 2 or 3.



2. Definitions and Known Results

Let N :={1,2,3,...} and let Ny := NU {0}. For an arbitrary alphabet A,
a string (over A) is a finite sequence of symbols from A, and ¢ stands for the
empty string. The notation AT denotes the set of all nonempty strings over A,
and A* := ATU{e}. For the concatenation of two strings wy, wy we write wy -ws
or simply wiws. We say that a string v € A* is a factor of a string w € A* if
there are uy,us € A* such that w = uy - v - us. If uy or us is the empty string,
then v is a prefiz (or a suffiz, respectively) of w. The notation |K| stands for
the size of a set K or the length of a string K.

If we wish to refer to the symbol at a certain position j, 1 < j < n, in a

string w =aj -ag- --- - ay, a; € A, 1 <i <n, then we use w[j] := a; and if the
length of a string is unknown, then we denote its last symbol by w[—] := w[|w]].
Furthermore, for each j,j’, 1 < j < j' < |w|, let w[j,j'] :=a; -aj41- -+ - ay
and w[j, —] := w4, |w]].

For any alphabets A, B, a morphism is a function h : A* — B* that satisfies
h(vw) = h(v)h(w) for all v,w € A*; h is said to be nonerasing if and only if, for
every a € A, h(a) # e. Let X be a finite alphabet of so-called terminal symbols
and X a countably infinite set of wvariables with X N X = (). We normally
assume X := {z1,22,x3,...}. A pattern is a nonempty string over X U X, a
terminal-free pattern is a nonempty string over X and a word is a string over
Y. For any pattern «, we refer to the set of variables in « as var(a) and for
any = € var(a), |al; denotes the number of occurrences of z in a. A morphism
h:(XUX)" — ¥* is called a substitution if h(a) = a for every a € 3.

Definition 1. Let a € (¥ U X)* be a pattern. The E-pattern language of o
is defined by Lgx(a) := {h(a) | h : (U X)" — X* is a substitution}. The
NE-pattern language of « is defined by Lygpx(a) = {h(a) | h : (BUX)" —
¥* is a nonerasing substitution}.

We denote the class of regular languages, contezt-free languages, E-pattern
languages over ¥ and NE-pattern languages over ¥ by REG, CF, E-PATy, and
NE-PATYy, respectively. We use regular expressions as they are commonly de-
fined (see, e.g., Yu [22]) and for any regular expression r, L(r) denotes the
language described by r.

We recapitulate regular and block-regular patterns as defined by Shino-
hara [21] and Jain et al. [9]. A pattern « is a regular pattern if, for every
z € var(a), |a|, = 1. Every factor of variables of a that is delimited by terminal
symbols is called a variable block. More precisely, for every 4,7, 1 <i < j < |a],
ali, 7] is a variable block if and only if a[k] € X, i <k <j,afi—1]€Xori=1
and afj + 1] € ¥ or j = |a|. A pattern « is block-regular if in every variable
block of « there occurs at least one variable x with |a|, = 1. Let Z € {E,NE}.
The class of Z-pattern languages defined by regular patterns and block-regular
patterns are denoted by Z-PATsy ;e and Z-PATy y g, respectively. To avoid
any confusion, we explicitly mention that the term regular pattern always refers



to a pattern with the syntactical property of being a regular pattern and a reg-
ular E- or NE-pattern language is a pattern language that is regular, but that
is not necessarily given by a regular pattern.

In order to prove some of the technical claims in this paper, the following
two versions of the pumping lemma for regular languages as stated by Yu [22]
shall be used.

Pumping Lemma 1. Let L C X* be a regular language. Then there is a
constant n, depending on L, such that for every w € L with |w| > n there exist
x,y,z € X* such that w = xyz and

1. Jzy| < mn,
2. Jyl =1,
3. xy*z € L for every k € Ny.

Pumping Lemma 2. Let L C ¥* be a regular language. Then there is a
constant n, depending on L, such that for all u,v,w € ¥*, if |lw| > n, then there
exist x,y,z € ©*, y # ¢, such that w = xyz and, for every k € Ny, uxy®zv € L
if and only if vwv € L.

We also need the following generalisation of Ogden’s Lemma:

Lemma 3 (Bader and Moura [2]). Let L C X* be a contexl-free language.
Then there is a constant n, such that for every z € L, if d positions in z are
“distinguished” and e positions are “excluded”, with d > n(¢t1) | then there exist
u, v, w, T,y € X* such that z = wvwry and

1. vx contains at least one distinguished position and no excluded positions,

2. if r is the number of distinguished positions in vwx and s is the number
of excluded positions in vwz, then r < n(s+t1),

3. wiwax'y € L for every i € Ny.

Next, we give a summary of subclasses of patterns for which characterisations
of the corresponding regular and context-free pattern languages are known.

It can be easily shown that every E- or NE-pattern language over a unary
alphabet is a regular language (cf. Reidenbach [16] for further details). Hence,
the classes of regular and context-free pattern languages over a unary alphabet
are trivially characterised. Jain et al. [9] show that for any alphabet of cardinal-
ity at least 4, the regular and context-free E-pattern languages are characterised
by the class of regular patterns.

Theorem 4 (Jain et al. [9]). Let X be an arbitrary alphabet. If |X| > 4, then
(E-PATs NREG) = (E-PATy N CF) = E-PATs, 1.

Unfortunately, the above mentioned cases are the only complete characteri-
sations of regular or context-free pattern languages that are known to date. In
particular, characterisations of the regular and context-free E-pattern languages
with respect to alphabets with cardinality 2 and 3, and characterisations of the



regular and context-free NE-pattern languages with respect to alphabets with
cardinality at least 2 are still missing. In the following, we shall briefly sum-
marise the known results in this regard and the reader is referred to Jain et
al. [9] and Reidenbach [16] for further details.

Jain et al. [9] show that there exist regular E-pattern languages with respect
to alphabet sizes 2 and 3 that cannot be described by regular patterns. More-
over, there exist non-regular context-free E-pattern languages with respect to
alphabet sizes 2 and 3. Regarding NE-pattern languages, it is shown that, for
every alphabet ¥ with cardinality at least 2, the class (NE-PATs NREG) is not
characterised by regular patterns and with respect to alphabet sizes 2 and 3 it
is not characterised by block-regular patterns either. Furthermore, for alphabet
sizes 2 and 3, there exist non-regular context-free NE-pattern languages and for
alphabets with cardinality of at least 4 this question is still open.

3. Regularity and Context-Freeness of Pattern Languages: Sufficient
Conditions and Necessary Conditions

Since their introduction by Shinohara [21], it has been known that, for both
the E and NE case and for any terminal alphabet, regular patterns can only
describe regular languages. This is an immediate consequence of the fact that
regular patterns do not use the essential mechanism of patterns, i.e., repeating
variables in order to define sets of words that contain repeated occurrences of
variable factors. Jain et al. [9] extend the concept of regular patterns to block-
regular patterns, defined in Section 2. By definition, every regular pattern is a
block-regular pattern. Furthermore, in the E case, every block-regular pattern
« is equivalent to the regular pattern obtained from « by substituting every
variable block by a single occurrence of a variable.

Proposition 5. Let ¥ be some terminal alphabet and let o € (XU X)* be a
pattern. If « is regular, then Lygyx(a) € REG. If o is block-reqular, then
Ly »(a) € REG.

As mentioned in Section 2, for alphabets of size at least 4, both the class
of regular patterns and the class of block-regular patterns characterise the set
of regular and context-free E-pattern languages. However, in the NE case as
well as in the E case with respect to alphabets of size 2 or 3, Jain et al. [9]
demonstrate that block-regular patterns do not characterise the set of regular
or context-free pattern languages.

Obviously, the regularity of languages given by regular patterns or block-
regular patterns follows from the fact that there are variables that occur only
once in the pattern. Hence, it is the next logical step to ask whether or not the
existence of variables with only one occurrence is also necessary for the regularity
or the context-freeness of a pattern language. With respect to terminal-free
patterns, a positive answer to this question can be easily derived from existing
results by Jain et al. [9].



Theorem 6 (Jain et al. [9]). Let ¥ be a terminal alphabet with |X| > 2 and
let « be a terminal-free pattern with |al, > 2, for every x € var(a). Then
Lg s (a) ¢ CF and Lyg x(a) ¢ REG.

PROOF. Let ¥’ be an alphabet with |[¥'| =2 and £’ C ¥. By Lemma 11 of [9],
it follows that Lg sy (a) ¢ CF. Since Lg x(a) N X equals Ly s/ (a) and since
the class of context-free languages is closed under intersection with regular sets,
we can conclude that Ly x(«) ¢ CF.

In order to show Lyg x(a) ¢ REG, we can apply the proof of Theorem 6.a
of [9], which states that for any terminal alphabet ¥’ with |¥'| > 4 and for
any pattern § that is not block-regular, Lxg,x/(8) is not a regular language.
However, for terminal-free patterns in which every variable occurs at least twice
this proof also works for an alphabet of size 2 and 3, since we do not need the
two terminal symbols to both sides of the variable block (see [9] for details). O

We can note that Proposition 5 and Theorem 6 characterise the regular and
context-free E-pattern languages given by terminal-free patterns with respect
to alphabets of size at least 2. More precisely, for every alphabet ¥ with |X| > 2
and for every terminal-free pattern «, if « is block-regular, then Lg s () is
regular (and, thus, also context-free) and if « is not block-regular, then every
variable of a occurs at least twice, which implies that Lg 5 () is neither regular
nor context-free.

However, for the NE case, we cannot hope for such a simple characterisation.
This is due to the close relationship between the regularity of NE-pattern lan-
guages and the combinatorial phenomenon of unavoidable patterns, as already
mentioned in Section 1.

In the following, we concentrate on E-pattern languages over alphabets of
size 2 and 3 (since for all other alphabet sizes complete characterisations are
known) that are given by patterns that are not terminal-free (since, as described
above, the characterisation of regular and context-free E-pattern languages given
by terminal-free patterns has been settled). Nevertheless, some of our results
also hold for the NE case and we shall always explicitly mention if this is the
case.

The next two results present a sufficient condition for the non-regularity
and a sufficient condition for the non-context-freeness of pattern languages over
small alphabets. More precisely, we generalise Theorem 6 to patterns that are
not necessarily terminal-free. The first result states that for a pattern a (that
may contain terminal symbols), if every variable in « occurs at least twice, then
both the E- and NE-pattern language of «, with respect to alphabets of size at
least 2, is not regular.

Theorem 7. Let ¥ be a terminal alphabet with |E| > 2, let « € (E U X)*, and
let Z € {E,NE}. If, for every x € var(a), |a|, > 2, then Ly (o) ¢ REG.

PrOOF. We only prove that Lygxn(a) ¢ REG since Ly x(a) ¢ REG can be
shown in exactly the same way. To this end, we assume to the contrary that
Lyg,x(a) € REG and we let n be the constant from Pumping Lemma 2 with



respect to Lyg,sn(a). Furthermore, we assume that o := ug - y1 - u1 - Y2 - ug -
cee s Ug_1 - Yk - Uk, Where y; € X, 1 < i<k, and u; € ¥*, 0 < i < k. Now, we
let w be the word obtained from « by substituting every variable by the word
ba"b"a, i.e.,

w=ug-ba"b"a-u;-ba"b"a-ugy-----up_1-ba"b"a-uy.

By first applying Pumping Lemma 2 to the factor bab™a that results from ¥,
then to the factor ba™b"a that results from y, and so on, we can obtain the
word

w' =g -ba™b™a-u; -ba™b™auy - U1 - ba™?*—1p"2ka .y

where n x |a| < n1, and, for every 4, 1 < i < 2k —1, n; X |a| < n;41. We
shall now show that w’ ¢ Lngx(«). To this end, we assume to the contrary
that there exists a substitution h with h(a) = w’. Let p, 1 < p < |af, be
such that «[p, —] is the shortest suffix of « such that b™2*a - uy is a suffix of
h(alp, —]). If h(alp,—]) = v b a - ug, v # €, then afp] must be a variable,
since otherwise b™2*a - uy is also a suffix of h(a[p 4+ 1,—]) which implies that
alp, —] is not the shortest suffix of « such that b"2+a-uy is a suffix of h(ap, —]).
Moreover, for similar reasons, we can conclude that h(a[p]) = v - v’, where v’
is a non-empty prefix of b2+, If h(a[p]) contains the whole factor a™2+-1, then,
since «[p] is a repeated variable in «, there are two non-overlapping occurrences
of factor a™*-1 in h(«), which is a contradiction, since there are no two non-
overlapping occurrences of factor a®2*-t in w’. So we can conclude that either
h(alp,—]) = b"2ka-uy or h(alp, —]) = a™ -b"™*a-u; and afp| is a variable with
h(alp]) =a™ b, 1 <m < ng_1, [ #0.

There must exist at least one variable z € var(a) with |h(z)| > nog—1,
since otherwise |h(a)| < |a| X ngg—1 < ngi < |w’|, which is a contradiction.
Now let z € var(a) be such a variable, i.e., |h(2)| > nai—1. We recollect that
h(a[l,p—1]) == ug-ba™b™a-uy----- Up—1 -ba"2k-17m If z € var(a[l,p — 1]),
then there are two cases to consider. If, for some i, 1 < i < k — 1, h(2)
contains a factor ab™?a or a factor ba™?~'b, then we obtain a contradiction,
since in w’ there is exactly one occurrence of such a factor, but there are at
least two occurrences of variable z in «. If, on the other hand, h(z) contains
no such factor, then h(z) is a factor of the suffix b™2¢-2a - ug_; - ba"2k=1=™ of
h(a[l,p —1]). Since |h(z)| > nak—_1, this implies that h(z) must have a suffix
a?, where ¢ > nog_1 — (nog—2 + |uk—1| + 2). We observe that

Nog—1 — (Nok—2 + [up—1| +2) > nop—1 — (3 X ngp_2) >
|a| X Nok—2 — (3 X ngk,Q) = (|a| — 3) X Nok—2 .

We can therefore conclude that, since (|| —3) X ngg—2 > (|a| —3) X |a| X ngp_3 >
Nok—3, ¢ > Maog—3. This directly implies that in h(a[l,p — 1]) there does not
exist another occurrence of factor a? and, thus, there is exactly one occurrence
of variable z in «[1, p — 1], which implies that there must be another occurrence
of variable z in «[p, —]. This particularly means that there is an occurrence of



h(z) in h(afp,—]) = a™ - b™2*a - up. We recall that h(z) contains a? as a suffix,
which implies that in h(a[p, —]), k() cannot end in b"2*a - uy, since this means
that the whole suffix a? is contained in b™2*a - ug. So h(z) must entirely be
contained in a™, which is a contradiction, since |h(z)| > nok_1 and m < nog_1.

This proves that the word w’ is not in Lyg »:(«), which, by Pumping Lemma
2, implies Lyg »(«) ¢ REG. a

For alphabets of size at least 3 we can strengthen Theorem 7, i.e., if ev-
ery variable in a pattern « occurs at least twice, then the E- and NE-pattern
language of « is not context-free.

Theorem 8. Let Y be a terminal alphabet with |X| > 3, let « € (XU X)), and
let Z € {E,NE}. If, for every x € var(a), |aly > 2, then Lz x(a) ¢ CF.

PROOF. Let {a,b,c} C X. We prove the theorem solely for the case that there
exists a unique factorisation of o that reads as follows:

a=upfad,

withu € ¥*, 3 € XT, f € ¥ and o € (XU X)*. If this factorisation does not
exist, then, for some v’ € ¥* and o’ € X*, a = v/ o”’. For such a structure of
a, our reasoning can be adapted easily (and the statement of the theorem also
follows from Lemma 11 in [9]). Furthermore, we assume that f = ¢; if f =a or
f =D, then it is again straightforward to adapt the proof below.

We wish to prove the theorem by applying the contraposition of the gen-
eralisation of Ogden’s Lemma stated in Lemma 3. Hence, we shall consider
a word z € Lz x(a) and label some of its letters as distinguished or excluded
such that the conditions of Lemma 3 are satisfied. We then consider all possible
factoristions z = vyvovzvavs that fit with the requirements of that lemma, and
we shall demonstrate for each of them that 2’ := v1vJv3vivs ¢ Lz s («). This
then directly implies Lz x»(«) ¢ CF.

In order to produce an appropriate word z, let 7 : (X U X)* — ¥* be any
substitution satisfying the following conditions:

1. For every y ¢ var(f), 7(y) := a. Note that, in order to avoid a more
involved proof, f must not be contained in 7(y). Hence, if f # c, then the
definition of 7 for the variables y ¢ var(8) must be modified accordingly.

2. For every y € var(8), 7(y) := ab'vaabaab’va --- ab%va, 1,,2,,...,9, €
N, where

(a) g:=|B|+2or,if |5 € {1,2}, g := 5 (note that this separate consid-
eration of |8| € {1,2} is merely for the sake of a uniform reasoning

below),
(b) for all y,y" € var(8) and for all 4,4" € {1,2,...,g}, iy =1y, iff y =y
and i = 7/,

(c) for every y € var(f) and for every ¢ € {1,2,...,g}, iy, > |res(a)|,
where res(«) is the word that results from a by deleting all variables
from it.



Note that if f # ¢, then we simply choose any two distinct letters that
differ from f in order to define 7 for the variables that occur in 8. These
two letters must exist since we assume |X| > 3. Furthermore, from now
onwards, we call any word abiva, i € {1,2,...,g}, a segment of 7(y),
y € var(a).

3. Let x be the leftmost variable in 8 that satisfies, for every y € var(8),
laly < |aly. Let mq be the number of terminal symbols in a between
the leftmost occurrence and the second occurrence of x in « (this second
occurrence must exist since we assume, for every y € var(a), |of, > 2),
and let mo be number of segments between the leftmost and the second
occurrence of ab®sa in 7(a). Let then 3, (i.e., the number of occurrences
of the letter b in the third segment of 7(x)) be any number that satisfies

3, > nm1+2m2+1m+gm+1’

where n is the constant provided by Lemma 3.
4. Let 2, (i. e., the number of occurrences of the letter b in the second segment
of 7(x)) be any number that satisfies

2, > nl Fes(@+29 37 cvar(s) |a‘y+1z+3m+gm+1’

where n again is the constant provided by Lemma 3.

Informally, we can summarise the properties of 7 as follows: Every variable in
(3 is mapped to a word that consists of |3| + 2 unique segments ab™a, and all
variables that have no occurrence in 3 are mapped to the letter c. There are
specific constraints regarding the minimum length of the second and the third
segment of 7(x), where z is the leftmost variable in 8 that, among all variables
in 8, has the smallest number of occurrences in a. More precisely, the length
of these segments depends on the constant n from Lemma 3, and the second
segment is substantially longer than the third one.

Before we can apply Lemma 3 in the way summarised above, we need to
label a number of positions in z := 7(a):

5. The following positions are excluded:
(a) all positions that result from the substitution of terminal symbols in
a,
(b) all occurrences of the letter a in z that are the first or the last letter
of any segment of any 7(y), y € var(a),
(c) all occurrences of the letter b in the first occurrence of the factors
ablra and ab%a in z, and
(d) all occurrences of the letter b in the second occurrence of the factor
ab3ra in z.
6. The following positions are distinguished:
(a) all occurrences of the letter b in the first occurrence of the factor
ab%sa and in the first occurrence of the factor ab3<a in z.
7. All other positions in z stay unlabeled.



Since z € Lz »(«) is obviously true, we merely need to test whether the above
conditions on the number of excluded and distinguished positions in z satisfy
the conditions of Lemma 3 before we apply this lemma: The number d of
distinguished positions in z equals 2, + 3., whereas the number e of excluded
positions equals

|res(a)| + 2¢ Z laly + 1z + 34 + ga-
y€Evar(B)

Hence,
> ’/l' res(a)|+29 32 cvar(p) [@ly+le+3a+go+1 +3,
> plres(@I420 30 sy lalytlot30 g0 +1

— ne-&-l’

which implies that Lemma 3 is applicable.

We now consider any factorisation z = vjvouzvavs that satisfies conditions
1 and 2 of Lemma 3. We define 2’ := v1vJvzvivs, and we demonstrate that
z" ¢ Lz x(a): Since all positions in z that result from a substitution of a terminal
symbol in « are excluded (see Point 5a) and since vovy must not contain any
ezcluded positions, 2z’ contains at most two segments that are shorter than their
counterparts in z. Furthermore, as vov4 must include at least one distinguished
position, there must be at least one such segment, namely the first occurrence of
ab?ra or the first occurrence of ab3+a in z (due to Point 6). The second original
segment in z that is affected by pumping (if any) is not the second occurrence
of ab3+a, as its positions are excluded (see Point 5d). Furthermore, if the first
occurrence of ab?*a in z is shortened by pumping, then the second segment that
is shortened (if any) is not the second occurrence of this segment — otherwise,
there would be at least

390 41> nm1+2m2+1z+gm+1 +1

distinguished positions in vovzvy, whereas the number of excluded positions in
vovgvy would be my + 2my + 1, + g, (see Points 3 and 5), which conflicts
with condition 2 of Lemma 3, stating that, for the number r of distinguished
positions and the number s of excluded positions in vovsvg, 7 < n*t! needs to
be satisfied. Incorporating the basic properties of 7 stated in Points 2a to 2c,
we can summarise these observations as follows:

Claim. The number of occurrences of the factor w, in the word 2z’ is strictly
smaller than |«/|,, where

’ ’ ’ r_
Wg 1= ab%raab’raab’za ... ab’= 1a,

with 2/ < 2, or 3! < 3,, and i, < i, for at most two of the exponents i/,
2<i<g—1.

We now assume to the contrary that there exists a substitution 7 satisfying
7/(ar) = 2/, and we shall demonstrate that this assumption contradicts the

Claim.
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Let 1, (gy be the factor of 2’ that results from the application of the pumping
operation to 7(8). Since a # f # b, since 7(8) € {a,b}* (see Point 2) and since
7(y) = a for all y € var(a) \ var(B) (see Point 1), 7/(3) = .5 needs to be
satisfied. Therefore there exists a shortest factor v of 8 such that

e the word w, is a factor of 7/() and
e there exists an «’ € var(y) such that 7/(z’) contains a segment of 7(z’).

Note that such a factor v must exist. Furthermore, x = z’ is possible, but not
necessary. More precisely, v can (but does not need to) contain = and at most
two variables other than x satisfying the property of 2’ — one to the right, and
one to the left of x. For the sake of a less involved presentation, we assume that
x € var(y),  # 2’ and v = xy'2’, ¥ € X*, and we note that our reasoning can
be easily adapted to the other cases.

We now make use of the number of segments every variable is mapped to
by 7, as specified in Point 2 (note that this part of our proof is related to the
the reasoning on the inclusion problem for terminal-free E-pattern languages
provided by File [5] and Jiang et al. [11]): Since every variable is mapped by
T to |var(f)| + 2 unique segments, since at most two of these segments have
been shortened by pumping, and since 7/() = w,(g), we can select, for every
y € B, one full segment s, of 7(y) that is contained in 7’(z,) for an x,, € var(3).
Furthermore, we can postulate, that s, is contained in 7/(z’). Note that this
is not possible for any variables other than z and z’, since otherwise v would
not be the shortest factor of 8 satisfying the conditions of the definition. We
now delete from 7/() all segments but the said s, for all y € v, and we call the
resulting word w”. Since all s, are unique, we can define a morphism from w”
to -, and this implies that we can define a morphism ¢ : X* — X* mapping
to v that, due to our choice of segments s,, has the following properties:

e [¢p(z')| > 2 and 2’ € var(¢p(z')),

e for every y € var(y) \ {z,2'}, y ¢ var(¢(y)) and
o p(x) ==z or ¢(x) =e¢.

Since ¢ is defined using unique segments that occur in both 7(«) and 7/'(e),
this implies that, for every occurrence of =’ in «, =’ must occur in the factor
~'z'. We cannot necessarily conclude, solely from the definition of ¢, that every
occurrence of &' must even occur in the factor v = zv'a’, as ¢(x) = x is possible.
However, since

e 7/(7'2’) must contain at least the complete rightmost segment of 7(z)
(otherwise 7/ and 2’ would not have been included in 7),

e 7/(7'2') must contain all segments of the leftmost variable in 7/(7’) (again
due to the definition of v), and
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e the rightmost segment of 7(z), which is immediately to the right of the
factor w, in 7(v), cannot be affected by the pumping operation as its
positions are ezcluded (see Point 5¢), which means that it is longer than
any factor over ¥ in «,

we can indeed conclude that every occurrence of 2’ is in a factor v = z~'2’. Since
x has been chosen as a variable in 8 with a minimum number of occurrences
in « (see Point 3), we also know that the same holds for every occurrence of x.
This implies |«|, = |a|, and, hence, |v|, = 1.

Thus, the number of occurrences of 7/(y) in 2’ = 7/(a) equals the number of
occurrences of z in . Due to the definition of 7, we therefore have exactly |/,
occurrences of the factor w, in z’. This is a contradiction to the Claim.

Hence, there is no substitution 7’ satisfying 7/(a) = z’. According to
Lemma 3, this means that Lz xn(a) ¢ CF. O

At this point, we recall that patterns, provided that they contain repeated
variables, describe languages that are generalisations of the copy language,
which strongly suggests that these languages are context-sensitive, but not
context-free or regular. However, as stated in Section 1, for small alphabets
this is not necessarily the case and the above results provide a strong indication
of where to find this phenomenon of regular and context-free copy languages.
More precisely, by Theorems 7 and 8, the existence of variables with only one
occurrence is crucial. Furthermore, since, in the terminal-free case, regular
and context-free E-pattern languages are characterised in a compact and simple
manner, we should also focus on patterns containing terminal symbols.

Consequently, we concentrate on the question of how the occurrences of ter-
minal symbols in conjunction with non-repeated variables can cause E-pattern
languages to become regular. To this end, we shall now consider some simply
structured examples of such patterns for which we can formally prove whether
or not they describe a regular language with respect to terminal alphabets
Yo := {a,b} and Y>3, where {a,b,c} C X>3. Most parts of the following
propositions require individual proofs, some of which, in contrast to the sim-
plicity of the example patterns, are surprisingly involved. If, for some pattern
a and Z € {E,NE}, Lz »,(a) ¢ REG, then Lz 5., () ¢ REG. This follows di-
rectly from the fact that regular languages are closed under intersection. Hence,
in the following examples, we consider Lz s, ,(c) only if Ly 5, (c) is regular.

Firstly, we consider the pattern z; - d - Toxo - d' - x3, which, for all choices of
d,d’ € {a,b}, describes a regular E-pattern language with respect to Xo, but a
non-regular E-pattern language with respect to ¥X>3.

Proposition 9.
1 axy T3 a x3) € REG,
Legys.,(r1 a 22 ¥3 a z3 ¢ REG,
1

( )
( )

Lgys, (1 a o 2 b z3) € REG,
(1 a 22 22 b 23) ¢ REG .

LE722 X

LE,223 i
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PROOF. Let a7 := x1axsx2ax3 and let ag := x1axswobrs. It follows from Lem-
mas 16 and 14, respectively, that Lg 5, (1) and Lg », (2) are regular languages.
Hence, it only remains to prove that Ly .. ,(0q) ¢ REG and Lg 5., (o2) ¢ REG.

We assume that Lg 5., (1) € REG and we shall show that this assumption
leads to a contradiction. Let w := a-c"b-c"b-a € Lrx.,(a1), where n is

the constant of Pumping Lemma 2 with respect to Lg x. (o). By Pumping
Lemma 2, there exists a word w’ := a-c"b-c" b-a, n < n/, with w’ € Lgs.,(a1),
which is obviously not the case. -
Similarly, we can show that the assumption Lg x.,(a2) € REG leads to a
contradiction. Let v :=a-c"b-c"b-b € Lgx., (az), where n is odd and n
is greater than the constant of Pumping Lemma 2 with respect to Ly s, ,(a2).
By Pumping Lemma 2, there exists a word v/ :=a-c"b - c"b-b, n < n/, with
v € Ly . ,(a2), which is not the case, since for every factor a-u - b in v/, u is
not a square. O

Next, we insert another occurrence of a terminal symbol in between the
two occurrences of xg, i.e., we consider 8 := x1 -d-x9 -d' - x5 -d" - x3, Where
d,d,d" € {a,b}. Here, we find that Lz »(8) € REG if and only if Z = E,
S=S,andd=d",d+d #d".

Proposition 10. For every Z € {E,NE},

Lzs,(z1 a z2 a x2 a z3) ¢ REG,
a T3 a T2 b x3) ¢ REG,
axs b xy a x3) € REG,

Lyg,s,(r1 a z2 b 22 a 23) ¢ REG,
axo b ry aaxs) ¢ REG.

PROOF. Let oy := xiarsarsars, ao := ri1arsarsbrs and asz := rijarsbrsars.
It follows from Proposition 13 that Lzx,(cn) ¢ REG, Lzy,(az) ¢ REG
and Lzyx.,(a3) ¢ REG. It remains to prove that Lgy,(as3) € REG and
Lyes,(a3) ¢ REG. We shall first prove Lgy,(a3) € REG. To this end,
we claim that Lgx,(as) = L(r), where r := X5 -a- (bb)*b-a-35. It can be
easily verified that L(r) C Lg x,(as). In order to prove the converse, we let h
be an arbitrary substitution for ag. If h(xs) € L(b*), then h(as) € L(r). Thus,
we assume that h(zs) = b" - @ - b, where n,n’ € Ny, @ € £} and U starts and
ends with an occurrence of a (note that this includes the case u = a). We note
that h(as) =u-a-b"-a- b +1.5.b" . a- v, where u := h(z1) and v := h(zs).
In order to prove that h(az) € L(r) it is sufficient to identify a factor of the
form ab¥a in h(az), where k is odd. If n is odd, then a-b™ - @[1] is such a factor
and if n’ is odd, then @[—]-b"™ - a is such a factor. If both n and n’ are even,
then a[—] - b™t7'+1 . 4[1] is a factor of the form ab*a, k odd, since n +n’ + 1
is odd. Hence, h(ag) € L(r) and Lg 5, (ag) C L(r) is implied, which concludes
the proof.

Next, in order to prove Lyg,x,(a3) ¢ REG, we assume to the contrary that
Lng, s, (@3) € REG and we define w :=b-a-ab”a-b-ab”a-a-b € Lyg y, (as),
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where n is greater than the constant of Pumping Lemma 2 with respect to
Lng,s, (a3) and n is even. By applying Pumping Lemma 2, we can obtain
the word w’ :=b-a-ab"a-b-ab”a-a-b, where n < n’ and n’ is even. It
can be verified that for every factor of the form a-u-b-v-a, u,v € 7, in
a-ab”a-b-ab"a-a, u # v, which implies that w’ ¢ Lyg.x, (cs). Consequently,
with Pumping Lemma 2, we can conclude that Lyg, s, (as3) € REG. O

The next type of pattern that we investigate is similar to the first one, but it
contains two factors of the form zz instead of only one, i.e., 8’ := x1 -d - x975 -
d - zgxs-d’ - x4, where d,d',d” € {a,b}. Surprisingly, Lg 5, (8’) is not regular
if d =d = d”, but regular in all other cases. However, if we consider the NE
case or alphabet X3, then 8’ describes a non-regular language with respect to
all choices of d,d’',d"” € {a,b}.

Proposition 11. For every Z € {E,NE},

LZ,Zg r1 a T T2 T3 I3

LE,EQ r1 a T T2 T3 I3

a
b

Lngs, (1 a 22 2 b z3 3

b 3 x3

LE,Zg X

a X9 X2 & T3 I3

(71
(71
(z1
Lgs.,(z1 a 2 o2
(71
Ly s, (21

(z1

a
a
a
a

axo X2 a x3 3 b x4) € REG,
b
b

Legys.,(v1 a 2 2 a 23 X3

PROOF. We define vy := x1axsr0ar3r3ary, an := r1arsxobrsrzary and az :=
r1axrsxsarsrsbry. We shall now prove the lemma by proving each of the 7
statements as individual claims.

Claim. Lz.s, (1) ¢ REG, Z € {E,NE}.

Proof (Claim). We first prove that Lyg s, (1) ¢ REG. To this end, we assume
to the contrary that Lngx,(c1) is a regular language and let k¥ € N be the
constant from Pumping Lemma 2 with respect to Lng, s, (e1). Furthermore,
let h be the substitution defined by h(z1) = h(x4) = b, h(zz) := b"ab and
h(zs) := b™ab, where, k < n, 6n < m < 12n and both n and m are odd. We
note that h(a;) =b-a-b™ab-b"ab-a-b™ab-b™ab-a-b. By applying Pumping
Lemma 2 first to the second occurrence of factor b™ and then to the second
occurrence of factor b, we can obtain the word

w:=b-a-b"ab-b"ab-a-b™ab-b™ ab-a-b,

such that 2n < n’ < 4n and 12n < m/. Since we assume that Lyg x,(o1) €
REG, we can conclude from Pumping Lemma 2 that w € Lygx,(a1). Let
P1,P2,.-.,Pp7 be exactly the positions in w where there is an occurrence of a. We
shall now show that, for all 7, s,¢t, 1 <r < s <t < 7, the factor wlp, + 1, ps — 1]
is not a non-empty square or the factor wlps + 1,p; — 1] is not a non-empty
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square. This directly implies that there does not exist a substitution g with
g(aq) = w and, thus, w ¢ Lng y,(a1), which is a contradiction.

We can note that, for all 7, s, with 1 <r < s < 7, if s—r is even, then w[p, +
1,ps — 1] has an odd number of a’s and, thus, it is not a square. Furthermore,
since n and m are odd numbers, w[p; + 1,p2 — 1] and w[ps + 1, ps — 1] cannot
be squares and since wlps + 1,p4 — 1] = w[ps + 1,p7 — 1] = b, these cannot
be squares either. The factor w[p; + 1,p4 — 1] = b"ab - b™ ab is not a square
since n # n' and, since m # m’, the same holds for w[ps + 1,py — 1]. The
factor wlp; + 1,ps — 1] = b™ab - b"ab-a-b™ab-b™ cannot be a square, since
2n < n' <4n, 6n < m < 12n and 12n < m/ implies that n+n'+2 < m-+m'+1,
and, with similar argumentations, we can conclude that factors w[ps + 1, p7 — 1],
wlp2+1,p5—1] and w[ps + 1, ps — 1] are no squares either. We conclude that the
only factors that can possibly be squares are w[pa+1, p3 —1] and w[ps+1, ps—1].
However, for all r;s,¢t, 1 <r < s <t <7, it is impossible that (r,s) = (2, 3) and
(s,t) = (5,6). Hence, we obtain a contradiction as described above and, thus,
we can conclude that Lyg x, (1) ¢ REG. Moreover, in exactly the same way,
we can also prove that Lgy,(aq) ¢ REG. This is due to the fact that in the
word w there are no two occurrences of symbol a without occurrences of symbol
b between them, i.e., we do not need to consider empty squares. So by exactly
the same argumentation, we can show that w is not in Lg 5, (a1) ¢ REG, which,
since h(aq) clearly is in Lg y,(aq), leads to a contradiction in the same way.

O(Claim)

Claim. Lg x,(a2) € REG.

Proof (Claim). We claim that Lg y, (a2) = L(r), where 7 := ¥3-a-(bb)*-b-a-X5.
First, we can note that L(r) C Lgy,(ag) trivially holds. Now let h be an
arbitrary substitution. In order to prove that h(a2) € L(r), it is sufficient to
show that in h(az) there occurs a factor of the form a-b?"~!.a n € N.

We first consider the case that h(ze) = b™ - - b, n,n’ € Ny, where u starts
and ends with the symbol a. We note that if n is odd, then in h(az) there
occurs the factor a-b™ - a. If, on the other hand, n is even and n’ is odd, then
n+n’ is odd and in h(az) there occurs the factor a - b"+" . a. Furthermore, if
n' and n are even, then we cannot directly conclude that there exists a factor
a-b? 1.a n €N, and we have to take a closer look at h(z3). If h(z3) € L(b*),
then we have the factor a-b™ -b-h(x3) - h(z3) - a that necessarily is of form an
a-b?"~!.a n € N. If, on the other hand, h(z3) = b™ «0-b™  m,m’ € Ny, where
v starts and ends with an a, then we have to consider several cases depending
on whether m and m’ is odd or even. If m is even, then the factor a-b" -b-b"-a
occurs in h(as), where n’ +m + 1 is odd. If, on the other hand, m is odd and
m/ is even, then the factor a-b™ ™™ . a occurs in h(as), where m’ 4+ m is odd.
Finally, if m’ and m are odd, then the factor a - b™ - a occurs in az. So we can
conclude that if h(zy) = b" - u- b, then there necessarily occurs a factor of the
form a-b*~1.a, n € Nin h(ag).

It remains to consider the case where h(x2) € L(b*). We first note that if
also h(z3) € L(b*), then the factor a- h(zz) - h(zz) - b - h(zs) - h(xs) - a occurs
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in h(az), which is of the form a-b?"~1.a n € N. So we need to consider the
case that h(zz) =b™ - v - ™', m,m’ € N, where v starts and ends with a. If
m is even, then the factor a- h(xs) - h(xz2) -b-b™ - a occurs in h(as), that is of
the form a-b2"~!.a, n € N. If m/ is odd, then the factor a-b™ -a occurs and,
finally, if m is odd and m’ is even, then factor a - b™ - b™ - a occurs in h(as).
Consequently, h(as) necessarily contains a factor of the form a-b**~1.a n € N.
Thus, h(asz) € L(r), which shows that L(r) C Lg x»,(az2) holds. O(Claim)

Claim. LNE,22 (Oég) ¢ REG.

Proof (Claim). We assume that Lng x,(o2) is a regular language and we define
w:=b-a-ab"a-ab”a-b-b-b-a-b € Lygx,(as), where n is greater than the
constant of Pumping Lemma 2 with respect to Lxg,x,(a2) and n is even. By
pumping, we can produce a word w’ :=b-a-ab"a- ab”a-b-b-b-a- b, where
n < n’ and n’ is even. Now we can note that in w’, for every factor of the form
a-u-b-v-a, u,v€XT, ina-ab"a-ab",a-b-b-b~a, u is not a square or v
is not a square. This implies that w’ ¢ Lng, s, (2), which is a contradiction to
Pumping Lemma 2. O(Claim)

Claim. LE,EZB(OQ) ¢ REG.

Proof (Claim). We assume that Lg s ,(a2) € REG and we define w := a-c"b-
c"b-ba€ Ly, (a2), where n is greater than the constant of Pumping Lemma
2 with respect to Lg x4 (a2) and n is odd. By pumping, we can produce a word

w :=a-c"b-c"b-b-a, where n < n’. Since in w’ there is no factor of the form
a-vv-b, v € X%, we can conclude that w’ ¢ Lgx.,(az), which contradicts
Pumping Lemma 2. O(Claim)

Claim. Lgy, (013) € REG.

Proof (Claim). We claim that Ly 5, (o) = L(r), where r := ¥35-a-(bb)*-a-b-X3.
First, we can note that L(r) C Lg x,(og) trivially holds. Let h be an arbitrary
substitution. We shall show that h(as) € L(r), which implies that Lg x, (ag) C
L(r). If h(xq) starts with the symbol a, h(z3) ends with the symbol a or h(zs)
starts with the symbol a, then the factor a-a-b occurs in h(as), which implies
that h(ag) € L(r). Hence, we only need to consider the following case: if h(zz)
is non-empty, then it starts and ends with the symbol b and if h(zs) is non-
empty, then it starts with the symbol b. Next, we can note that if h(zs) is
empty or h(zz) =b", n € N, then, since h(x3) is either empty or it starts with
b, the factor a-a-b occurs in h(az) or the factor a-b?" -a-b occurs in h(az),
respectively, which implies that h(as) € L(r). Therefore, we need to take a
closer look at the case that h(zs) = b"™ - u - b"l, n,n’ € N, where u starts and
ends with the symbol a. If u contains the factor a - a, then the factor a-a-b
is contained in h(ag), thus, h(as) € L(r). If, on the other hand, u does not
contain the factor a- a, i.e., every a in u is followed by a b, then we need to use
a different argumentation. We note that in h(as) the factors a - b™ - a- b and
a-b" -b"-a-b occur. Furthermore, since h(z3) is either empty or it starts with
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b, we can also conclude that the factor a-b™ -a-b occurs in h(asz). We can now
observe that if n is even or n’ is even, then h(as) € L(r). Furthermore, if n is
odd and n’ is odd, then n + n' is even and, thus, h(az) € L(r). Consequently,
for all possible cases, h(as) € L(r), which implies that Lg s, (ag3) € L(r).
O(Claim)

Claim. LNE,ZQ (043) ¢ REG.

Proof (Claim). We assume that Lng x,(o3) is a regular language and we define
w:=Db-a-b"a-b"a-a-b-b-b-a € Lygyx,(as), where n is greater than the
constant of Pumping Lemma 2 with respect to Lng,s,(a3) and n is odd. By
pumping, we can produce a word w’ :=b-a-b"a - b"a-a-b-b-b- a, where
n < n’ and n’ is odd. Now we can note that in w’ there is no factor of the form
a-vv-a, v €. Thus, w ¢ Lxg s, (as), which contradicts Pumping Lemma
2. 4d(Claim)

Claim. Lg . ,(a3) ¢ REG.

Proof (Claim). This claim can be proved analogously to the claim Lg s, (az2) ¢
REG. O(Claim)

This concludes the proof of the proposition. o

We call two patterns a, 8 € (82UX)* almost identical if and only if |a| = |8
and, for every i, 1 < i < |a|, afi] # B[i] implies ali], B[i] € L2. The above
examples show that even for almost identical patterns o and 3, we can have the
situation that a describes a regular and S a non-regular language. Even if «
and /8 are almost identical and further satisfy |a|a = |f]a and |afy = |B]b, then
it is still possible that « describes a regular and 8 a non-regular language (cf.
Proposition 10 above). This implies that the regular E-pattern languages over
an alphabet with size 2 require a characterisation that caters for the exact order
of terminal symbols in the patterns.

The examples considered in Propositions 9 and 11 mainly consist of factors
of the form d - zx - d', d,d’ € X5, where x does not have any other occurrence
in the pattern. Hence, it might be worthwhile to investigate the question of
whether or not patterns can also describe regular languages if we allow them
to contain factors of the form d - 2* - d’, where k > 3 and there is no other
occurrence of x in the pattern. In the next result, we state that if a pattern
a contains a factor d - 2* - d’ with d = d’, k > 3 and |a|, = k, then, for every
Z € {E,NE}, its Z-pattern language with respect to any alphabet of size at least
2 is not regular and, furthermore, for alphabets of size at least 3, we can show
that this also holds for d # d'.

Theorem 12. LetY and X' be terminal alphabets with {a,b} C ¥ and {a,b,c} C
Y. Let o '=a;-a-2'-a-ag, let f:= P1-a-2"-c- P, where z € X,

ar, a0 € (BUX)\{2})*, 1,82 € (BUX)\{z})* andl > 3. Then, for every

Z € {E,NE}, LZ,E(Q) ¢ REG and LZ,Z’ (ﬁ) §é REG.
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PrOOF. We first prove that Lyg x(a) ¢ REG. Let k be the constant of Pump-
ing Lemma 1 with respect to Lng, x (o) and let h be the substitution defined by
h(z) :=Db* -a-b, where k' > k, k¥ mod [ =1, and h(z) := b, z € var(c) \ {z}.
We can note that w := h(a) = u-a- (b -a-b)!-a- v, where u and v equal h(ay)
and h(az), respectively. Obviously, |w| > k and w € Lyg x(a). We shall now
show that for every factorisation w = vy -vy-v3 with |v1ve| < k and ve # €, there
exists a t € Ny such that v1 - v} - v3 ¢ Lxg x(«), which, by Pumping Lemma 1,
proves that Lyg x(a) is not regular. We first note that |vive| < k and vy # €
implies that

e vy = u/, where v’ is a factor of u with 1 < |u/| < k or
e vy =u'-a-b’, where v is a suffix of uw and 0 <i < k — (Ju/| + 1) or
e vy = bl where 1 <i <k — (jul +1).

We first consider the case that vy = b?, 1 <i <k — (|u| + 1), and, furthermore,
we assume that ¢ is a multiple of I, which implies that ¥’ — 7 is not a multiple
of [, since k' is not a multiple of I. Next, we consider the word vy - vJ - v3 =
u-a-b* ~i.a-b-(b* -a-b)'~'-a-v. We want to show that v;-v-v3 ¢ Lygx(a). To
this end, we first note that if there exists a substitution g with g(a) = v1 -0 -vs,
then, since u and v are obtained by substituting all variables of «;; and as by a
word of length 1, u must be a prefix of g(a;) and v must be a suffix of g(az).
This implies that, in order to conclude vy - v - v3 ¢ Lng,x(c), it is sufficient to
show that every factor of the form a-w-a, w € ¥*, of a- b ~i.a-b- (bk/ -a-
b)!~!. a is not of the form a - (w') - a, w’ € X*. We first note that the factor
a-b" . a-b-(b" -a-b)!"!-ais obviously not of this form. For all other factors
a-w-aofa-b¥".a-b-(bF -a-b)"1.a, where |w|y > 1, we have |w|, <1—1,
thus, they cannot be of the form a - (w’)! - a, w’ € ¥*, either. Consequently, it
remains to take a closer look at the factors a - w - a, where |w|, = 0. We can
observe that for these factors the length of w is either ¥’ + 1, k¥’ — 4 or 1, and,
since | > 3, neither ¥ + 1, ¥/ — i nor 1 is a multiple of . This implies that
these factors are also not of the form a - (w')! - a, w’ € ¥*, which proves that
V1 -vg - Vs ¢ LNE’Z(CV). )

Next, we consider the case that vy = b*, where i is not a multiple of [. Now
if ¥/ — 4 is not a multiple of [, then we can show in exactly the same way as
before that vy - v - v3 & Lxg, s (). If, on the other hand, k' — i is a multiple of
[, then, since ¥/ mod [ = 1, we can conclude that ¢ mod [ = 1 and, thus, ¥’ + ¢
mod [ = 2. We now consider the word v; -v3-v3 = u-a-b" *%.a-b-(b* -a-b)! " '-a-v.
As demonstrated above, k' + 4 is not a multiple of [ and, thus, we can apply the
same argumentation as before in order to show that vq - v3 - v3 ¢ Lngx(a).

In order to conclude the proof, we have to consider the case that v, = u/,
where u’ is a factor of u with 1 < |u’| < k and the case that vy = v/ - a - b,
where ' is a suffix of v and 0 < ¢ < k — (Ju/| + 1). We first assume that
vg = v/ with u = q; -u' - g2, 1 < |u'| <k, and consider the word v; - v§ - v3 1=
q1-q2-a-(bF -a-b)l-a-v. If there exists a substitution g with g(a) = vy -1 - vs,
then, since |g; - ¢g2| < |u|, we can conclude that ¢ - g2 - a is a prefix of g(a1),
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which implies that, in order to conclude vy - US -v3 ¢ Lngx(a), it is sufficient
to show that every factor a-w -a, w € X* of (b¥ -a-b)! - a is not of the form
a-(w')!-a, v e¥* This can be easily seen, since |(b" -a-b)!-al, <1+ 1 and,
for every factor of the form a - w - a, where |w|, = 0, we can observe that |w|
equals either k' + 1 or 1, and, since [ > 3, neither of these is a multiple of [. If
v = ' - a- b’ where u’ is a suffix of u and 0 <i < k — (|Ju/| + 1), then we can
argue analogously. This proves that for every factorisation w = vy - vo - v3 with
|viva| < k and ve # &, there exists a ¢t € Ny such that vy - vh - v ¢ Lygxn(a),
which, by Pumping Lemma 1, implies that Lyg,» (o) is not regular.

It can be shown analogously that Ly »(a) ¢ REG. The only difference of
the prove is that the substitution h erases all variables of «; and as instead
of substituting them by b. This is necessary to be able to assume that for any
other substitution g, h(a1) must be a prefix of g(a;) and h(as) must be a suffix
of g(az).

It remains to show that Lyg s/ (8) ¢ REG and Lg s/ (8) ¢ REG. We shall
first show that Lyg sy (8) ¢ REG. Let k be the constant of Pumping Lemma 2
with respect to Lng,sv () and let h be the substitution defined by h(z) := b¥-a
and h(z) := b, z € var(3)\ {z}. We can note that w := h(8) = u-a-(b*-a)l-c-v,
where u and v equal h(S3;) and h(fB2), respectively. Obviously, |w| > k and
w € Lyg,x(B). By applying Pumping Lemma 2, we can obtain a word w’ :=
u-a-b¥ -a-(b¥-a)!"!.c.v with k < k’. We shall now show that w’ ¢ Lyg, s (8).
To this end, we first note that if there exists a substitution g with g(8) = v/,
then, since u and v are obtained by substituting all variables of 3; and 32 by a
word of length 1, v must be a prefix of g(/1) and v must be a suffix of g(82).
This implies that, in order to conclude w’ ¢ Lyg x(8), it is sufficient to show
that every factor of the form a-w-c, w € ¥'*, ina-b* -a- (bF -a)!=1. ¢ is not
of the form a- (w')! - ¢, w’ € ¥'*. Tt is easy to see that a-b* -a- (b¥-a)! "1 cis
not of this form and for all other factors of the form a-w - c, w € X', we have
|w|, <1 — 1, which implies that w cannot be of the form (w’)!, w’ € ¥'*. This
implies that w' ¢ LNE,E/(ﬁ) and, thus, LNE,g/(,B) ¢ REG.

It can be shown analogously that Lg s/ (5) ¢ REG. The only difference of
the prove is that the substitution A erases all variables of 5, and (35 instead of
substituting them by b. O

In the examples of Propositions 9, 10 and 11 as well as in the above theorem,
we did not consider the situation that two occurrences of the same variable are
separated by a terminal symbol. In the next result, we state that, in certain
cases, this situation implies non-regularity of pattern languages.

Proposition 13. Let ¥ and X' be terminal alphabets with |X| > 2 and |X'| > 3
and let Z € {E,NE}. Furthermore, let a1 € (83U X)* and as € (X' U X)* be
patterns.

L. If there exists ay € (BUX)* with |var(y)| > 1 such that, for some d € X,
e a; =7v-d-¢ and var(y) C var(d),
o (x] =y d-6 and Var(a) g Var(’Y) or
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e oy =0-d-v-d-6 and var(y) C (var(8) U var(d)),
then Ly x:(a1) ¢ REG.
2. If in ag there exists a non-empty variable block, all the variables of which
also occur outside this block, then Ly sy (as) ¢ REG.

ProOF. We first prove point 1 of the proposition. To this end, we assume
that Lyg x(a) is a regular language. Furthermore, we assume that for o one
of the three cases described in point 1 is satisfied with d = b. Let w be the
word obtained from « by substituting all variables in var(y) by a”, where n
is the constant of Pumping Lemma 2 with respect to Lyg,s(a), and all other
variables by a. By applying Pumping Lemma 2, we can obtain a word w’ from
w by pumping the part that results from + without pumping the other parts of
the word. Since every variable of v occurs in the other parts as well, and since
we only substituted the variables that do not occur in v by a, we can conclude
that w’ is not in Lyg x(«), which proves that Lyg n(a) ¢ REG. Furthermore,
the above proof can be applied in exactly the same way in order to show that
LE72<041) ¢ REG.

Point 2 of the proposition can be proved analogously. If in ay there exists
a variable block, all the variables of which also occur outside this block, then
we can substitute all variables in this block by a™, where n is the constant of
Pumping Lemma 2 with respect to Lxg s () and, since |X'| > 3, we can assume
that the variable block is not delimited by a to either side. Furthermore, we
substitute all variables that do not occur in the variable block by a. Now we can
show in exactly the same way as before that the thus obtained word is not in
Lng,sv (o), which proves Lyg sy (o) ¢ REG and Lg sy (o) ¢ REG can be shown
in exactly the same way. O

We conclude this section by referring to the examples presented in Proposi-
tions 9, 10 and 11, which, as described above, suggest that complete character-
isations of the regular E-pattern languages over small alphabets might be ex-
tremely complex. In the next section, we wish to find out about the fundamental
mechanisms of the above example patterns that are responsible for the regular-
ity of their pattern languages. Intuitively speaking, some of the above example
patterns describe regular languages, because they contain a factor that is less
complex than it seems to be, e. g., for the pattern 5 := x1-a-x2x2-a-x373-b x4 it
can be shown that the factor a-rows-a-r3w3-b could be replaced by a-x ()« -a-b
(where 2y~ is a special variable that can only be substituted by a unary string
over b of even length) without changing its E-pattern language with respect to
Y9. This directly implies that Lg x,(8) = L(Z5 - a(bb)*ab - £3), which shows
that Ly x,(8) € REG. In the next section, we generalise this observation.

4. Regularity of E-Pattern Languages: A Sufficient Condition Taking
Terminal Symbols into Account

In this section we investigate the phenomenon that a whole factor in a pat-
tern can be substituted by a less complex one, without changing the corre-
sponding pattern language. This technique can be used in order to show that
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a complicated pattern is equivalent to one that can be easily seen to describe a
regular language.

For the sake of a better presentation of our results, we slightly redefine
the concept of patterns. A pattern with regular expressions is a pattern that
may contain regular expressions. Such a regular expressions is then inter-
preted as a variable with only one occurrence that can only be substituted
by words described by the corresponding regular expression. For example
Ly s, (z1b*z12*) = {h(x1222123) | h is a substitution with h(zs) € L(b*), h(z3) €
L(a*)}. Obviously, patterns with regular expressions exceed the expressive
power of classical patterns. However, we shall use this concept exclusively in the
case where a classical pattern is equivalent to a pattern with regular expressions.
For example, the pattern xy - a - xoxsx3xs - a- x4 is equivalent to the pattern
x1 - a(bb)*a -z (see Lemma 16).

Next, we present a lemma that states that in special cases whole factors of a
pattern can be removed without changing the corresponding pattern language.

Lemma 14. Let o := f-y-5-a-y-b-8 26, where 8,5 € (XUX)*, f/,7,0" € X*,
y,z € X and |o|, = |a], = 1. Then Lgys,(a) € Les,(B-y-ab-z-9). If,
furthermore, var(3'-y-0")Nvar(3-0) = 0, then also Lg x,(8-y-ab-z-d) C Lg 5, ().

PROOF. Let h be an arbitrary substitution. We obtain a substitution g from h in
the following way. For every = € var(8-0)\ {y, 2z}, we define g(z) := h(x). If the
last symbol in h(7) is a, then we define g(y) := h(y-8’)-a-h(y)[1, |h(y)|—1] and
9(z) := h(d - z). If the first symbol in h(7) is b, then we define g(y) := h(y - 5’)
and g(z) := h(y)[2,|h(7)]] - b - h(&" - ). If the last symbol in A(7) is b and the
first symbol in h(7) is a, then h(y) = u-a-b-v, u,v € 3. In this case, we define
g(y) :=h(y-B')-a-uand g(z) :=v-b-h(d'-2). We observe that in all these cases
we have g(8-y-a-b-z-J) = h(a) and, thus, Ly s,() C Ly 5, (B-y-a-b-z-9).

Next, we assume further that var(’ -~ -¢)Nvar(8-6) = 0. Let g be a
substitution. Obviously, g(8-y-a-b-z-4d) = h(a), where h(z) = g(x) if
z € (var(8-9) U{y, z}) and h(z) := ¢ otherwise. This implies L >, (5 -y-a-b-
z - 5) - LE,EQ (Oé) O

The fact that Ly y, (21 - a - 2222 - b - 23) € REG, which has already been
stated in Proposition 9, is a simple application of Lemma 14, which implies
Ly y,(z1-a 2222 -b-23) = Lg 5, (1 -ab-x3). It is straightforward to construct
more complex applications of Lemma 14 and it is also possible to apply it in an
iterative way. For example, by applying Lemma 14 twice, we can show that

LE,EQ (,’El.’L‘Ql‘g ATy b- I3X4T5X¢6 - b Ty -a- -T7rg b- Tg-a- .’L‘lo) =

Lgy,(r1-ab- 2526 -b-2er7-a- 2708 -b-2g-a-x19) =

Lgs,(x1-ab- x5 -ba-zg-b-29-a-x19) € REG .

In the previous lemma, it is required that the factor - is delimited by different
terminal symbols and, in the following, we shall see that an extension of the

statement of Lemma 14 for the case that ~ is delimited by the same terminal
symbols, is much more difficult to prove.
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Roughly speaking, Lemma 14 holds due to the following reasons. Let o :=
y-f' -a-y-b-d -z be a pattern that satisfies the conditions of Lemma 14, then,
for any substitution h (with respect to ¥3), h(«a) necessarily contains the factor
ab. Conversely, since y and z are variables with only one occurrence and there
are no terminals in 3’ - -4’, o can be mapped to every word that contains the
factor ab. On the other hand, for o/ :=y -3 -a-v-a-d -z, h(a') does not
necessarily contain the factor aa and it is not obvious if the factor 5’ -a-v-a- ¢’
collapses to some simpler structure, as it is the case for a. In fact, Theorem 12
states that if &/ = ¢’ = ¢ and v = 23, then Lg x,(a’) ¢ REG.

However, by imposing a further restriction with respect to the factor v, we
can extend Lemma 14 to the case where « is delimited by the same terminal
symbol. In order to prove this result, the next lemma is crucial, which states that
for any terminal-free pattern that is delimited by two occurrences of symbols a
and that has an even number of occurrences for every variable, if we apply any
substitution to this pattern, we will necessarily obtain a word that contains a
unary factor over b of even length that is delimited by two occurrences of a.

Lemma 15. Let « € X* such that, for every x € var(a), |al, is even. Then
every w € Ly s, (a -« -a) contains a factor ab®"a, n € Ny.

PROOF. First, we introduce the following definition that is convenient for this
proof. A factor of the form ab™a, n € Ny, is called a b-segment. If n is even,
then ab™a is an even b-segment and if n is odd, then ab™a is an odd b-segment.
In a word w € {a,b}*, b-segments that share exactly one occurrence of symbol
a are considered to be distinct b-segments, e. g., in aab%ab*abab’a, there are 5
b-segments, 3 of which are even b-segments.

Before we can prove the statement of the lemma, we first prove the following
claim:

Claim. Let wy € (a-X3), ws € (X5 - a), wa,v € 35 and v does not contain any
even b-segment. If w; - wy - w3 has an odd number of even b-segments, then
wi - V- ws - v - wsz has an odd number of even b-segments as well.

Proof (Claim). We assume that for wy, wy, ws and v the conditions of the lemma
are satisfied and, for the sake of convenience, we define w := wy - wo - w3 and
w’ := wi-v-wy-v-ws. Intuitively, the statement of the lemma can be rephrased
as follows. No matter where the two occurrences of v are inserted into w, the
total number of even b-segments increases or decreases only by an even number.
Since v does not contain any even b-segment, only the (possibly empty) prefix
or suffix over b of v can turn odd b-segments of w in even ones or vice versa.
We shall first consider the case that |ws|s > 1, i.e., wy contains at least one
occurrence of symbol a, and we recall that, since wy € (a-X%) and ws € (X5 - a),
w1 has a suffix of the form ab* and w3 has a prefix of the form b*a. Furthermore,
since |wa|a > 1, wo has a prefix of the form b*a and a suffix of the form ab*. In
summary, this implies that we can write w’ as

/

I n’ / m m /
“Wy-bT-v-bT -a-wsy,

w =w]-a-b"-v-b
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’
where n,n’,m,m’ € Ny, wh[1] = wh[—] = a, w1 = wj-a-b", wg =b" -whH-b™
’
and ws =b™ - a-w}, and, furthermore,

’ ’
w=wj-a- """ wh b aw) .

Obviously, all the even b-segments in the factors w} - a, w) and a-w} also occur
in w’. Therefore, it is sufficient to compare the number of even b-segments in
the factors a-b"*" - a and a-b™ ™™ . a with the number of even b-segments in
the factors a-b" - v-b" -aand a-b™-v-b™ - a.

If v = b*, k € Ny, then the b-segment a - bt . a s changed into the
b-segment a - b" T+ . a and the b-segment a - b+ . a is changed into the
b-segment a - pmtktm’ g If k is even, then in w’ we have the same number of
even b-segments as in w, since n + k + n’ is even if and only if n + n’ is even,
and m + k + m’ is even if and only if m + m’ is even. If, on the other hand,
k is odd, then n + k + n’ is even if and only if n + n’ is odd, and m + k + m’
is even if and only if m + m’ is odd. Thus, if n +n' and m + m’ are both
even or both odd, then the number of even b-segments in w’ has decreased (or
increased, respectively) by 2 compared to the number of even b-segments in w.
If, on the other hand, n+n' is even and m +m’ is odd or the other way around,
then in w’ there are as many even b-segments as in w. So we can conclude that
if v = b*, k € Ny, then the number of even b-segments in w’ is odd.

We shall now assume that there is at least one occurrence of a in v, i.e.,
v=1bFu-b", k k" € Ny, where u[1] = u[—] = a. This implies

w’ :w’1~a'bn+k~u'bkl+n/ wh SpER Ly R ca-wh.

In the following we shall show that, for all possible choices of n,n’,m,m’, k, k' €
No, the number of even b-segments among the b-segments a-b"**.a, a-b¥ +7'.a,
a-b™t .a and a-b¥ ™ . a is even if and only if the number of even b-segments
among the b-segments a - b"t" . a and a- b ™ . a is even. To this end, it is
sufficient to note that if (n+n’) and (m +m’) are both even or both odd, then,
for all possible choices of n,n',m,m’, k, k' € Ny, either exactly 0, 2 or all 4 of
the numbers (n + k), (' +n’), (m + k) and (k' +m') are even. If, on the other
hand, one number of (n + n') and (m + m’) is even and the other one is odd,
then, for all possible choices of n,n’,m,m’, k, k' € Ny, either exactly 1 or 3 of
the numbers (n + k), (' +n'), (m + k) and (k' + m’) are even. This directly
implies that the number of even b-segments in w’ is odd, since, by assumption,
the number of even b-segments in w is odd.

It remains to consider the case that ws = b!, I € Ng. We note that this
implies the following.

w =wj-a-d"-v-bv-p™awh,

where n,l,m,€ No, w; = w} -a-b", wy = bl and w3 = b™ - a - w}, and,
furthermore,
w=w)-a-p"TM gl
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If v =b* k € Ny, then w’ = w-a-b"TFHH+EIm.5.90L and, since (n+k+I+k+m)
is even if and only if (n 4+ + m) is even, we can directly conclude that w’ has
as many even b-segments as w.

If, on the other hand, v = b*-u-b*, k, k' € Ny, where u[l] = u[—] = a, then
w' = w) -a bR pF TR R gl

Similarly as before, we can show that, for all possible choices of n,l,m, k, k' €
No, the number of even b-segments among the b-segments a-b"**.a, a-bF 1k .5
and a - b+ . a is even if and only if a-b"+™ . a is an odd b-segment. To
this end, it is sufficient to note that if (n + 1+ m) is even, then, for all possible
choices of n,l,m,k, k' € Ny, either exactly 1 or all 3 of the numbers (n + k),
(K" +1+ k) and (k' + m) are even. If, on the other hand, (n 4+ 4+ m) is odd,
then, for all possible choices of n,l,m, k, k' € Ny, either exactly 0 or 2 of the
numbers (n + k), (k' +14 k) and (k' + m) are even. This directly implies that
the number of even b-segments in w’ is odd, since, by assumption, the number
of even b-segments in w is odd.

Hence, for all possible choices of w1, ws, w3 and v, w’ has an odd number of
even b-segments, which concludes the proof. O(Claim)

We are now ready to prove the statement of the lemma, i.e., for every
w € Lpy,(a-a-a), w contains an even b-segment. Let h be a substitution
with h(a-a-a) = w. Obviously, if, for some x € var(a), h(z) contains an even
b-segment, then h(a -« -a) contains an even b-segment. Consequently, we only
have to consider the case that, for every = € var(a), h(z) does not contain an
even b-segment.

We can note that there are words w1, ug, ..., ug, such that uy = a-a, up =
h(a-«-a) and, for every i, 2 <i < k, the word u; can be obtained by inserting
two occurrences of a word v into the word u;_;. More precisely, we start with
u; = a-a and insert two occurrences of h(x1) into uy in order to obtain us,

then we repeat this step in order to construct uz and after % such steps we

stop. Next, we do the same for % steps with respect to h(z2) and so on.

Clearly, since, for every x € var(«), ||, is even, this can be done in such a way
that up = h(a- « - a) is satisfied. Furthermore, since u; has an odd number
of even b-segments, we can conclude with the above claim that, for every 1,
1 < ¢ < k, the word u; has an odd number of even b-segments, which implies
that ug, = h(a -« -a) = w has at least one even b-segments. This concludes the
proof. O

By applying Lemma 15, we can show that if a pattern o := 3-y-8"-a-y-a-§’-2+8
satisfies the conditions of Lemma 14, all variables in v have an even number of
occurrences and there is at least one variable in « that occurs only twice, then
the factor y- 5’ -a-~v-a-d -z can be substituted by a regular expression.

Lemma 16. Let o := f-y-5-a-y-a-8' 26, where 8,5 € (XUX)*, f/,7,0" € X*,
v,z € X, laly = |lal, = 1 and, for every x € var(y), |y|s is even. Then
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Lg s, (o) C Lg 5, (8-y-a(bb)*a-z-0). If, furthermore, var(f’-y-6")Nvar(B-6) = 0
and there ezists a z' € var(y) with |a|, = 2, then also Lg s, (8-y-a(bb)*a-z-d) C
LE722 (a)

PROOF. Let h be an arbitrary substitution. We first note that we can prove
h(a) € Lgy,(B-y-a- (bb)*-a-z-§) by showing that h(y -3 -a-vy-a-4d" - 2)
contains a factor of the form a-b" - a, where n is even. We note that Lemma 15
directly implies that h(a - -y - a) contains such a factor. Thus, Lgy,(a) C
Lgys,(B-y-a-(bb)*-a-z-J) follows.

In order to prove the second statement of the lemma, we assume that var(5’-
v+ &) Nvar(B - ) = 0 and there exists a 2z’ € (var(y) \ var(8- 5" - ¢’ - §)) with
|v]zr = 2. Now let h be an arbitrary substitution and let h(5-y-a-(bb)*-a-z-d) =
h(B-y)-a-b*-a-h(z2-6), n € Ny. Obviously, h(3-y-a-(bb)*-a-2-0) = g(a), where,
for every « € (var(B-0)U{y, z}), g(x) := h(z), for every z € var(p’-v-0")\ {z'},
g(x) := ¢ and g(2’) :==b™. This implies Lg 5, (8-y-a-(bb)*-a-z-0) C Lg 5, (a),
which concludes the proof. O

Obviously, Lemmas 14 and 16 can also be applied in any order in the iterative
way pointed out above with respect to Lemma 14. We shall illustrate this now
in a more general way. Let o be an arbitrary pattern such that

a:=F-y-Bi-a-y-a-8 27wy fyb-ypa-dy-z-d,

with 8, 7,0 € (32 U X)*, 81,85, 71,72,07,05 € X* and y1,y2,21,20 € X. If
the factors y; - B -a-71-a-90] -2 and yo - B4 - b y2 - a- 0y - zo satisfy the
conditions of Lemma 16 and Lemma 14, respectively, then we can conclude that
« is equivalent to o := -y -a(bb)*a -z - 7 yo - ba - 29 - §. This particularly
means that the rather strong conditions

1. var(B) -1 -0y Nvar(B -7 B -y - 84 -8) =10,

2. var(B) 72 - 84) Nvar(3- B 71 -0, - 7w 8) =
must be satisfied. However, we can state that Lg s, (o) = Lg 5, (o) still holds if
instead of conditions 1 and 2 from above the weaker condition var(f] -y, -7 - 55
o -84 )Nvar(B-m-8) = () is satisfied. This claim can be easily proved by applying
the same argumentations as in the proofs of Lemmas 14 and 16, and we can
extend this result to arbitrarily many factors of the form y; - 8} -c1-v;-co- 8} 2,
c1,co € Yo. Next, by the following definition, we formalise this observation in
terms of a relation on patterns with regular expressions.

Definition 2. A pattern with regular expressions « is o -reducible to a pattern
with regular expressions o’ (denoted by a > ') if and only if the following
conditions are satisfied.

e « contains factors ai; € (X2UX)*, 1 < i <k, where, for every i, 1 <1i <k,
@i = yiBi-diyi-di-0;- 2, with B, 7,0 € X, ys, 2 € X, |aly, = |al., =1,
d;,d; € o and, if d; = d}, then, for every « € var(y;), |vils is even and
there exists an z’ € var(y;) with |a|,, = 2. Furthermore, the factors
a1, Qo, ..., q can overlap by at most one symbol and the variables in the
factors aq, s, ..., af occur exclusively in these factors.
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e o' is obtained from « by substituting every a;, 1 <i <k, by y; - d;d} - z;,
if dz 7’5 d; and by Yi dl(dgldél)*d; * Ziy dé/ S 22, d;/ 75 di, if dl = d;

By generalising Lemmas 14 and 16, we can prove that if o is ¥s-reducible
to o/, then o and o’ describe the same E-pattern language with respect to Xo.

Theorem 17. Let a and o' be patterns with reqular expressions. If o > o/,
then LE7§;2 (Oé) = LE722 (a’),

PrOOF. We assume that « is Xa-reducible to o, which implies that « contains
factors a; € (22U X)*, 1 <14 <k, where, forevery i, 1 <i <k, o;:=vy;-0-d;"
Yi-df- 0} -z, with BL,7;,00 € X1, yi, 2z € X, |aly, = |al., =1, d;,d; € 35 and, if
d; = d}, then, for every = € var(~;), | ;. is even and there exists an 2’ € var(y;)
with |a|,» = 2. Furthermore, the factors aj, as, ...,y can overlap by at most
one symbol and the variables in the factors aj,as,...,a; occur exclusively
in these factors. Moreover, o’ is obtained from « by substituting every «;,
1<i<k,bya;:=y;-d;-d;-z,if d; #d}, and by o :=y; - d; - (d/d])* - d} - z;,
df #d;, if d; = d.

By Lemmas 14 and 16, we can conclude that Lg y, () C Lg s, (m1), where
71 is obtained from « by substituting «; by «f. In the same way, we can also
conclude that Lg x, (1) C Lg 5, (72), where 7, obtained from ;1 by substituting
ao by of. By repeating this argumentation, Lg s, (o) C Lg 5, (a') follows.

It remains to prove that Ly y, () C Lgy,(«). To this end, let h be an
arbitrary substitution. We shall show that h(a’) € Lgy,(a) by defining a
substitution g that satisfies h(a’) = g(«). First, let A C {1,2,...,k} be such
that, for every 4, 1 < i < k, d; = d} if and only if i € A. Moreover, for every
i € A, let x; be a variable that satisfies z; € var(y;) with |a|;, = 2. Now, for
every = € var(a) \ (Uf:1 var(83; - v; - 0)), we define g(x) := h(z). For every
z e (Uvar(Bl -7 -0,)\ {z: | i € A}), we define g(x) := €. So it only remains to
define g(x;), for every x; € A. To this end, we first note that, for every i € A,
o =y, -d; - (dld])* - d - z. Now, for every i € A, let n; € Ny be such that
h maps (d/d})* to (df)™. Finally, for every i € A, we define g(z;) := (d])™.
It can be easily verified that g(«) = h(c’). Thus, Lg y,(¢/) C Lg »,(a), which
concludes the proof. ]

We conclude this section by discussing a more complex example that illus-
trates how Definition 2 and Theorem 17 constitute a sufficient condition for the
regularity of the E-pattern language of a pattern with respect to Xo. Let a be
the following pattern.

Z1a$2$§b$4$31’5x6 x% TYT9T5L3AT4T5T4L9T10bT11 aT12bT 132 x14m15bx%5x§6bm17 .

a1:=y1-B-av1b8) 21 az:=yz-B5-a-y2-b:65 22 az:=ys-B4-a-y3-b-8% 23

By Definition 2, a > 8 holds, where § is obtained from « by substituting
the above defined factors ay, as and ag by factors x; - ab - xg, xg - ab - x11; and
x14 - b(aa)*b - x17, respectively, i. e.,

5 = xlabx6x7aj7x8abx11axlgbx13ax14b(aa)*bx17 .
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Furthermore, by Theorem 17, we can conclude that Lg », (o)) = Lg »,(3). How-
ever, we can also apply the same argumentation to different factors of «, as
pointed out below:

ria mgﬂc%bmxgxg)xga:?asgxgmsxgax4x5x4x9x10 bzriiariobriza x14x15ba:%5m%6bx17 .

o:=y1-B1-ay1-b0] 21 op:=yz-fBy-a-y2b0% 22
Now, again by Definition 2, o > 8’ is satisfied, where
B := x1amobarigbriiariabrizarisb(aa) by .

Since every variable of 3’ has only one occurrence, it can be easily seen that
Ly y,(B') € REG and, by Theorem 17, Lg 5, (o) € REG follows.

5. Conclusions and Further Research Directions

In this paper, we have investigated the phenomenon of regular and context-
free pattern languages over alphabets of size 2 or 3. In Section 3, we have
pointed out by Theorem 7 that having at least one variable with only one
occurrence is a necessary condition for a pattern to define a regular language.
Regarding context-free languages, Theorem 8 states the same result, but only
with respect to alphabets of size at least 3. In conjunction with the insights
produced by Jain et al. [9], the difficult cases of the phenomenon of regular
E-pattern languages have therefore been narrowed down to patterns with at
least one terminal, with at least one variable with only one occurrence and with
respect to alphabets of size 2 or 3. In the remainder of Section 3, numerous
examples of such patterns have been provided, and we have shown how the
interaction between the single occurrence variables and the terminal symbols
can cause complicated structures in the pattern to collapse to simple structures
in the words of the corresponding pattern language. Then, in Section 4, the
thus gained insights have been generalised to a sufficient condition for a pattern
to describe a regular E-pattern language over a two letter alphabet and it has
been applied in order to demonstrate how rich the class of these patterns seems
to be.

Unfortunately, we are still not able to characterise the class of regular E-
pattern languages over an alphabet of size 2 or any other class of regular
or context-free pattern languages for which characterisations are not already
known.

The largest unsettled questions (which are also stated by Jain et al. [9])
arise with respect to the nonerasing case. In contrast to the E-case, for the
NE-case we do not only lack characterisations of the regular and context-free
pattern languages over small alphabets, but with respect to any fixed alphabet
of size at least 2. In addition to this, the existence of context-free NE-pattern
languages that are not regular is settled only for alphabets of size at most 3 and
is open for larger alphabets.
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