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Abstract. We consider a language together with the subword relation,
binary relations that relate the lengths of two words, and regular predi-
cates. For such structures, we consider the extension of first-order logic
by threshold- and modulo-counting quantifiers. Depending on the lan-
guage, the used predicates, and the fragment of the logic, we determine
four new combinations that yield decidable theories. These results ex-
tend earlier ones where only the language of all words without the length
relations and fragments of first-order logic were considered.?
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1 Introduction

The subword relation (sometimes called scattered subword relation) is one of the
simplest nontrivial examples of a well-quasi ordering [7]. This property allows
its prominent use in the verification of infinite state systems [4]. The subword
relation can be understood as embeddability of one word into another. This
embeddability relation has been considered for other classes of structures like
trees, posets, semilattices, lattices, graphs etc. [14,16,15,8-11, 24, 25].

In this paper, we study logical properties of a set of words ordered by the
subword relation. We are mainly interested in general situations where we get
a decidable logical theory. Regarding first-order logic, we already have a rather
precise picture about the border between decidable and undecidable fragments:
For the subword order alone, the 3*-theory is decidable [17] and the 3*V*-theory
is undecidable [12]. For the subword order together with regular predicates, the
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3 In the conference version [19] of this paper, we did not consider the length relations,
but the cover relation that can be expressed using the subword and the length
relations.



two-variable theory is decidable [12] and the three-variable theory [12] as well as
the 3*-theory are undecidable [6] (these two undecidabilities already hold if we
only consider singleton predicates, i.e., constants).

Thus, to get a decidable theory, one has to restrict the expressiveness of
first-order logic considerably. For instance, neither in the 3*-; nor in the two-
variable fragment of first-order logic, one can express the cover relation “u is
a proper subword of v and there is no word properly between these two”. As
another example, one cannot express threshold properties like “there are at most
k subwords with a given property” in any of these two logics (for k > 2).

In this paper, we refine the analysis of logical properties of the subword order
in four aspects:

We restrict the universe from the set of all words to a given language L.
As before, we may or may not add regular predicates or constants to the
structure.

Besides the subword order, we also consider predicates ld>, expressing that
the length difference between two words is at least the given constant ¢.
We add threshold and modulo counting quantifiers to the logic.

In other words, we consider reducts of the structure

(L» Eu (ldzf)ézm (K N L)K regular, (w)wEL)

with L some language together with fragments of the logic C+MOD that extends
first-order logic by threshold- and modulo-counting quantifiers.
In this spectrum, we identify four new cases of decidable theories:

1. The C+MOD-theory of the whole structure is decidable provided L is bounded
and context-free (Theorem 3.5). A rather special case of this result follows
from [6, Theorem 4.1]: If L = (aja}---a’,)’ and if only regular predicates
of the form (afab---a’,)* are used, then the FO-theory is decidable (with
Y ={ai,...,am})-

2. The C+MOD?-theory of the whole structure is decidable whenever L is
regular (Corollary 4.17). The decidability of the FO*-theory without the
length predicates follows from [12, Theorem 5.5], its complexity was bounded
in [13], and this complexity bound was further improved and extended to
the logic C? in [18].

3. The X4-theory of the structure (L,C) is decidable provided L is regular
(Theorem 5.1). For L = X*, this is [17, Prop. 2.2].

4. The Y;-theory of the structure (L,C, (w)yer) is decidable provided L is
regular and almost every word from L contains a non-negligible number of
occurrences of every letter (see below for a precise definition, Theorem 6.2).
Note that, by [6, Theorem 3.3], this theory is undecidable if L = X*.

Our first result is shown by an interpretation of the structure in (N, +).
Four ingredients are essential here: Parikh’s theorem [20], the rationality of the
subword relation [12], Nivat’s theorem characterising rational relations [1], and
the decidability of (an extension of) the FO+MOD-theory of (N,+) [5] (note



that this decidability does not follow directly from Presburger’s result since in
his logic, one cannot make statements like “the number of witnesses z € N
satisfying ... is even”).

Our second result extends a result from [12] that shows decidability of the
FO?%-theory of the structure (X*,C, (L)L regular). Karandikar and Schnoebelen
provide a quantifier elimination procedure which relies on two facts:

— The class of regular languages is closed under images of rational relations.
— The proper subword relation and the incomparability relation are rational.

Here, we follow a similar proof strategy. But while that proof had to handle the
existential quantifier, only, we also have to deal with counting quantifiers. This
requires us to develop a theory of counting images under rational relations, e.g.,
the set of words u such that there are at least two words v in the regular language
K with (u,v) in the rational relation R. We show that the class of regular
languages is closed under such counting images provided the rational relation
R is unambiguous, a proof that makes heavy use of weighted automata [22]. To
apply this to the subword relation and the length predicates, this also requires
us to show that certain intersections of these relations (e.g., the set of pairs
(u,v) such that u and v are no subwords of each other and of equal length) are
unambiguous rational.

Our third result extends the decidability of the X;-theory of (X*, C) from [17].
The main point there was to prove that every finite partial order can be em-
bedded into (X*,C) if | X| > 2. This is certainly false if we restrict the universe,
e.g., to L = a*. However, such bounded regular languages are already covered
by the first result, so we only have to handle unbounded regular languages L. In
that case, we prove nontrivial combinatorial results regarding primitive words in
regular languages and prefix-maximal subwords. These considerations then allow
us to prove that, indeed, every finite partial order embeds into (L, C). Then, the
decidability of the X-theory follows as in [17].

Regarding our fourth result, we know from [12] that decidability of the X-
theory of (L, C, (w)wer) does not hold for every regular L. Therefore, we require
that a certain fraction of the positions in a word carries the letter a (for almost all
words from the language and for all letters). This allows us to conclude that every
finite partial order embeds into (L, C) above each word. The second ingredient
is that, for such languages, any X;-sentence is effectively equivalent to such a
sentence where constants are only used to express that all variables take values
above a certain word w. These two properties together with some combinatorial
arguments from the theory of well-quasi orders then yield the decidability.

In summary, we identify four classes of decidable theories related to the sub-
word order. In this paper, we concentrate on these positive results, i.e., we did
not try to find new undecidable theories. It would, in particular, be nice to un-
derstand what properties of the regular language L determine the decidability of
the Xj-theory of the structure (L, C, (w)qyer) (it is undecidable for L = X* and
decidable for, e.g., L = {ab, baa}* U bb{abb}*). Another open question concerns
the complexity of our decidability results.



2 Preliminaries

By N, we denote the set of non-negative integers or natural numbers {0,1,...}
and [m, n| denotes the set {m,m+1,...,n—1,n} for m,n € N with m <n. A
set X C N™ of n-tuples of natural number is semi-linear, if it is a finite union of
sets of the form

{m—F Elgigk a;n;: a; € N}

where k,m,nq,...,nr € N* are n-tuples of natural numbers. This is the case if
there exists a first-order formula ¢(z) in the language of (N, +) such that X is
the set of natural numbers satisfying . Finally, a set X C N” is semi-linear iff
it is a rational subset of the monoid (N, +).

For an alphabet X', we write X* for the set of words over X, ¢ for the empty
word, and X for the set of non-empty words over X.

Throughout this paper, let X' be some alphabet. A word v = ajas...am
with aq,as,...,a,, € X is a subword of a word v € X* if there are words
VO, V1, - - -, Uy € X* with v = vga1v1a2v2 - - - AUy, In that case, we write u C v;
if, in addition, u # v, then we write v C v and call u a proper subword of v.
If, for two words w and v, neither u is a subword of v nor wvice versa, then the
words u and v are incomparable and we write u || v. For instance, aa C babbba
and aba || aabd.

For a non-negative integer £ € N, let ld>, C X* x X* denote the set of all
pairs (u,v) of words such that |v| — |u| > £ (1d stands for length difference).

Let S = (L, (Ri)ier, (wj)jes) be a structure, i.e., L is a set, R; C L™ is a
relation of arity n, (for all ¢ € I), and w; € L for all j € J. Then, formulas ¢ of
the logic C+MOD are defined by the following grammar:
3=k

pu=(s=1) | Ri(s1,...,8n,) | 0| @V |Txp|Irap|Fmdizy

where s,t,51,...,5,, are variables or constants w; with j € J, i€ I, kK € N, and
p,q € N with p < ¢. We call 32F a threshold counting quantifier and 3° ™°da
a modulo counting quantifier. The semantics of these quantifiers is defined as

follows:

- SEFraif {fwe L |SEalw)} >k
- SEFmdapaiff fwe L|SkE a(w)}| €p+gN

For instance, 3% ™4 24 o expresses that the number of elements of the structure
satisfying « is even. Then (30 mod 25, a) \% (31 mod 25, a) holds iff only finitely many
elements of the structure satisfy «. The fragment FO4+MOD of C+MOD com-
prises all formulas not containing any threshold counting quantifier. First-order
logic FO is the set of formulas from C+MOD not mentioning any counting quan-
tifier. Let X'; denote the set of first-order formulas of the form Jx; Jzo ... 3z, : Y
where 1) is quantifier-free; these formulas are also called existential. Similarly, Yo
comprises all first-order formulas of the form Jz; Jzo ... Iz, Vy1 Vyo . . . Vyn: ¥
where 9 is quantifier-free.



The threshold quantifier 32% can be expressed using the existential quantifier,
only, since the formulas 32¥z o and

dxi,x9,..., 2 VT \/ =T =«
1<i<k

are equivalent. Consequently, the logics FO+MOD and C+MOD are equally
expressive.* The situation changes when we restrict the number of variables
that can be used in a formula: let FO? and C+MOD? denote the set of formulas
from FO and C+MOD, respectively, that use the variables x and y, only. Then,
the existence of > 3 elements in the structure is expressible in C+MOD?, but
not in FO+MOD?.

In this paper, we will consider the following structures:

— The largest one is (L,C, (I1d>¢)sen, (K N L)k regular; (W)wer) for some L C
27*. The universe of this structure is the language L, we have the binary
subword predicate, a binary predicate ld>, for every non-negative integer
¢ € N, a unary predicate K N L for every regular language L, and we can use
every word from L as a constant.?

— The other extreme is the structure (L, C) for some L C X* where we consider
only the binary predicate C.

— Finally, we will also prove results on the intermediate structure (L, C, (w)yer)
that has a binary relation and any word from the language as a constant.

For any structure S and any of the logics L, the L-theory of S is the set of
sentences (i.e., formulas without free variables) from £ that hold in S.

A language L C X* is bounded if there are a number n € N and words
w1, Wa, ..., wy, € X* such that L C wj w3 ---w;;. Otherwise, it is unbounded.

For an alphabet X', a word w € X*, and a letter a € X, let |w|, denote the
number of occurrences of the letter a in the word w. The Parikh vector of w is
the tuple ¥s(w) = (|w|,)ees € NI'. Note that ¥y is a homomorphism from the
free monoid X* onto the additive monoid (N, +) = (NI¥I, 4).

A word w € X* is primitive if w # € cannot be written as a proper power of
some word v, i.e., w ¢ vvT for any word v. Two words u and v are conjugate if
there are words x and y such that u = xy and v = yx.

3 The C+MOD-theory with regular predicates

Let L C X* be a bounded and context-free language. The aim of this section is
to prove that the full FO4+MOD-theory of the structure

(L7 ;7 (leZ)ZENu (K N L)K regular (w)weL)

4 If the threshold k is written in binary, then the second formula is exponentially
longer, i.e., the use of the threshold quantifier allows to write formulas more suc-
cinctly.

5 Note that u is a proper subword of v and there is no word in between holds iff
u C vAld>1(u,v) A—ld>2(u, v); hence the cover relation considered in the conference
version [19] can be expressed in the more general setting of this paper.



is decidable. This is achieved by interpreting this structure in (N,+), i.e., in
Presburger arithmetic whose C+MOD-theory is known to be decidable [5]. We
start with four preparatory lemmas.

Lemma 3.1. Letws,...,w, € X*, g: N* — X* be defined by g(m) = wi™ wy'? - -

for all m = (my,ma,...,my) € N* and let £ € N. The set {(m,7) € N* x N" |
(9(m), g(m)) € ld>,} is effectively semilinear.

Proof. Note that the length of g(7n) equals ), ., m;-|w;|. Hence (g(m), g()) €
1d>, if, and only if, T

1<i<n 1<i<n

Here, the values |w;| and ¢ act as constants. Hence, this is an expression in the
language of (N, +) in the variables m; and n; that can be constructed from the
words w; and the natural number ¢. Consequently, the relation in question is
effectively semilinear. ad

Lemma 3.2. Let K C X* be context-free, wy,...,w, € X*, and g: N* — X*
be defined by g(m) = wi™ wg? ---wi for allm = (m1,ma,...,my) € N*. The
set g71(K) = {m € N" | g(m) € K} is effectively semilinear.

Proof. Let I' = {ay,as,...,a,} be an alphabet and define the monoid homo-
morphism f: I — X* by f(a;) = w; for all i € [1,n].

Since the class of context-free languages is effectively closed under inverse
homomorphisms and under intersections with regular languages, the language

L=f"NK)Najas---a) = {u € ajay---a | f(u) € K}

is effectively context-free. Its Parikh image ¥ (L) C N” is effectively semilin-
ear [20].

It remains to be verified that ¥ (L) equals the set from the lemma.

So let m € N™. Then m € ¥r(L) iff there exists a word v € L with
Parikh image m. But the only word from ajaj...a; with this Parikh image is

a"ay’? -+ amn. Consequently, m € Wr(L) iff a"*al"? - a™ € f~1(K). Since
f(a"ay™?---a) = g(m), this is equivalent to g(7) € K. Thus, the semilinear
set ¥ (L) equals the set g~ !(K) from the lemma. O

Lemma 3.3. Let wy,...,w, € X* and g: N* — X* be defined by g(m) =
wi™ wy? - cw for allm = (my,ma,...,my) € N". The set {(m,n) € N x

N™ | g(m) C g(n)} is semilinear.

CWw.

Mn
n

Proof. Let I' = {ay,as,...,a,} be an alphabet and define the monoid-homomorphism

f:I* = X* by f(a;) =w; for all i € [1,n].
The subword relation

S={({U,V)ex* x T | UCV}



on X* is rational [12]. Since the class of rational relations is closed under inverse
homomorphisms [1], also the relation

St =A{(w,v) e I" x I | f(v) E f(v)}

is rational. Let T' = {(u,u) | u € afa}---af}. Then T is a rational relation. Since
the class of rational relations is closed under composition, also So =T 0S;0T
is rational [1]. Note that

Sy ={(u,v) | u,v € ajas...a;, f(v) C f(v)}.

By Nivat’s theorem [1], there are a regular language R over some alphabet A
and two homomorphisms hq, ho: A* — '™ with

Sy = {(h1(w), he(w)) | w € R}.
Since R is regular, its Parikh-image
VA(R) = {¥a(w) | w e R}

is semilinear [20].

The monoid (N4,4) is the commutative monoid freely generated by the
vectors WA (b) = (0,...,0,1,0,...,0) for b € A. Since also (N",+) is commuta-
tive, we can define monoid homomorphisms py,ps: N4 — N” by p; (¥a (b)) =
Ur(hy(b)) and pa(Ta (b)) = Pr(ha(b)) for all b € A.

Since the class of rational sets is closed under monoid homomorphisms [21,
Prop. 1.1.7(i)], the image

H = {(pr(#a(w)). pa(Pa(w))) | w € R)

of the set W (R) under the monoid homomorphism (p1, pz): N4 — N™ x N” is
semilinear.

Direct calculations yield ¥r(hi(w)) = p;(¥a(w)) for all ¢ € {1,2} and w
A*.

Let m, 7 € N™. Then (m, ) € H iff there exists w € Rwithm = p;(¥a(w)) =
Ur(hi(w)) and m = ps(Wa(w)) = Pr(ha(w)). The existence of such a word
w € R is equivalent to the existence of a pair (u,v) € Sy with ™ = ¥p(u) and
n=Yr (v)

Since all words appearing in So belong to ajaj - --a},, this last statement is
equivalent to saying

m

my m2 m mi M2 n
(al 1 I Y S D) "'ann)ESQ'

But this is equivalent to saying

flai™ag™ - --ag™) C flaftag® - --apm).

Note that g(m) = f(ai"'a5?--al’) and similarly g(m) = f(al*a5?---alm).

n
Thus, the last claim is equivalent to g(m) C g(m).
In summary, we showed that the semilinear set H is the set from the lemma.
O



Lemma 3.4. Let wi,wa,...,w, € X*, L C wjw;---w, be context-free, and
g: N* — X* be defined by g(m) = wiwy?---wl for every tuple m =
(my,ma,...,my) € N*. Then there exists a semilinear set U C N™ such that g
maps U bijectively onto L.

Proof. By Lemma 3.2, the set g~!(L) is semilinear and satisfies, by its definition,
glg~ (L)) = LN aiaj a5 = L.

Let T denote the semilinear set from Lemma 3.3.

Then let U denote the set of n-tuples m € g~!(L) such that the following
holds for all m € N™:

If (m,n) € T and (m,m) € T, then m is lexicographically smaller than or
equal to 7.

This set U is semilinear since the class of semilinear relations is closed under
first-order definitions. Now let u € L. Since g maps g~'(L) onto L, there is
m € g~ (L) with g(m) = u. Since, on g~!(L) C N", the lexicographic order is a
well-order, there is a lexicographically minimal such tuple 7. This tuple belongs
to U and it is the only tuple from U mapped to u. a

Now we can prove the main result of this section.

Theorem 3.5. Let L C X* be context-free and bounded. Then the FO+MOD-
theory of S = (L, C, (1d>¢)sen, (K N L)k reguiars (W)wer) is decidable.

Proof. Since L is bounded, there are words wy,ws,...,w, € X* such that L C
wiws---w). For an n-tuple m = (my,ma,...,my,) € N* we define g(m) =
witwy? - wltn € X*,

1. By Lemma 3.4, there is a semilinear set U C N" that is mapped by g
bijectively onto L.

2. For ¢ € N, the set {(m,n): |g(7)| — |g(Mm)| > £} is effectively semilinear by
Lemma 3.1.

3. The set {(m,n) | g(m) C g(m)} is semilinear by Lemma 3.3.

4. For any regular language K C X* the set {m € N" | g(m) € K} C N" is
effectively semilinear by Lemma 3.2.

From these semilinear sets, we obtain first-order formulas A(Z), d>¢(Z,7) for
L eN, o(Z,7), and ki (T) in the language of (N, +) such that, for any m, 7 € N™,
we have

1. N,+) EAm) < meU,

2. (N.+) b= dss(mm,m) = |g(m)| — lg(m)| > £, and
3. (N,+) Fo(m,n) <= g(m) C g(n), and

4. (N +) |=/$K( ) < g(m) e K.

From a FO+MOD-formula ¢(z1,...,2) in the language of the structure S,
we now construct a formula ¢'(Z7,...,Tx) in the language of Presburger arith-
metic (N, 4) that uses existential and modulo-counting quantifiers over tuples of
natural numbers (we will speak of FO+MOD(tuple)-formulas). To this aim, we
set



"= (3T (M)A ) if o= (Fz: ), and
(Fpmodag: (\(z) A ) if p = (FPmed¥z: ).

With the obvious semantics of FO4+MOD(tuple)-formulas, we obtain for any
sentence ¢

SEe = N+ E¢.

In [5], it was shown that the validity of FO+MOD (tuple)-sentences in (N, +) is
decidable (in twofold exponential space, i.e., is not much more complex than the
validity of FO-sentences in (N, +)). O

Remark 3.6. Note that the size of the formula ¢’ in the above proof can be
bounded by a polynomial in the size of ¢ and the sizes of the formulas A, >,
o, and K. As we did not analyse the size of these formulas, we cannot bound
the complexity of the above decision procedure.

4 The C+MOD?2-theory with regular predicates

It is the aim of this section to show that the C+MOD?-theory of the structure
(L, &, (Id>¢)een, (KX N L) Kk regulars (W)wer) is decidable for any regular language
L. To this aim, we first show that the C+MOD?-theory of

S= (E*a Ev 3 (leK)ZENv (L)L regular)

is decidable. This decidability proof extends the proof from [12] for the decidabil-
ity of the FO*-theory of (X*,C, (L)L regular)- It provides a quantifier-elimination
procedure (see Section 4.3) that relies on the following two properties.

1. The class of regular languages is closed under counting images under unam-
biguous rational relations (Section 4.2) and

2. the proper subword and the incomparability relation in conjunction with
length predicates 1d>, and 1d=y := (1d>; \ 1d>¢+1) are unambiguous rational
(Section 4.1).

4.1 Unambiguous rational relations

In this section, we define unambiguous rational relations and provide some exam-
ples that will turn out very useful in our study of the theory of the structure S.

Recall that, by Nivat’s theorem [1], a relation R C X* x X* is rational if there
exist an alphabet I', a homomorphism h: I'* — X* x X* and a regular language
S C I'* such that h maps S surjectively onto R. We call R an unambiguous
rational relation if, in addition, h maps S injectively (and therefore bijectively)
onto R.



Remark 4.1. Let M be a monoid. Then URat(M) [21, page 229] is the least set
C of subsets of M such that the following hold:

— Any finite subset of M belongs to C.

— If K, L € C are disjoint, then K U L € C.

—If K,L € C and all (u,v),(v,v") € K x L with uv = uv’ satisfy (u,v) =
(u',v"), then K - L € C.

— Suppose K € C such that, for all m,n € N and wuy,...,up,v1,...,0, € K
with wjug -« Uy, = V109 -+ - vy, we have m = n and u; = v; for all ¢ € [1,n].
Then K* € C.

Let M = X* x X*. Then any relation from URat(M) is rational, but there are
rational relations that do not belong to URat(M) [21, Fact 2.1.1].

If M = X* for some alphabet X', then URat(M) equals the class of regular
languages [21, Thm. 2.1.3] over X. By [21, Prop. 2.1.13], it follows that a re-
lation is unambiguous rational (as defined above) if, and only if, it belongs to
URat(X* x X*) — this justifies our above definition since, traditionally, relations
in URat(X* x X*) are called unambiguous rational.

The following example demonstrates that the class of unambiguous rational
relations is neither closed under intersections nor, and this is different from the
class of rational relations, under unions. Following this example, we will see that
it is closed under disjoint unions.

Ezample 4.2. Therelations Ry = {(a™ba™,a™) | m,n € N} and Ry = {(aba", a™) |
m,n € N} are unambiguous rational: take I' = {z,y, 2}, S = z*yz* and the ho-
momorphisms

x> (a,a) y— (be) z+— (a,e)

(for the first relation) and
x> (a,e) y— (be) z— (a,a).

Note that the intersection Ry N Ry = {(a™ba™,a™) | m € N} is not even
rational, while the union R = Ry U Ry is rational (since the union of rational
relations is always rational) [1]. But this union is not unambiguous rational: if
it was unambiguous rational, then the set

{u € a*ba* | 32%v: (u,v) € R} = {a™ba™ | m # n}
would be regular by Proposition 4.14 below.

Lemma 4.3. Let Ry, Ry C X* x X* be unambiguous rational and disjoint. Then
R1 U Ry is unambiguous rational.

Proof. There are disjoint alphabets I and I%, regular languages S; C I} and
homomorphisms h;: I — X* x X* such that S; is mapped bijectively onto R;.
Let '=1T7UI5 and S = 57 USs. Let the homomorphism h: ' — X* x X* be

given by
h ifa eI’
R e
ho(a) ifaely
for a € I'. Then h maps the regular language S bijectively onto R U Rs. ad

10



We next prepare the proof that the relations

CNldsy = {(u,v) | v C v and |v] — |u| > ¢}, and
CNldey = {(u,v) | u T v and |v| — |u| = ¢}

are unambiguous rational. Towards this aim, we first define a language Sub and
a homomorphism proj that maps Sub bijectively onto the subword relation C.
In addition, we characterize when a word w € Sub with proj(w) = (u, v) satisfies
ld>¢(u,v).

Lemma 4.4. Let X be some alphabet and X' = {a’ | a € X} be a disjoint copy
of X. Let further proj: (X' U X")* — X* x X* be the homomorphism defined by
proj(a) = (¢,a) and proj(a’) = (a, a) for all a € X. Finally, let Sub be the set of
words w € (XU X")* of the form

/ / /
W = V1G] V20 * * * Un Gy, Ung1l

for somen > 0, vi,va,..., 041 € X*, a1,...,a, € X such that a; does not
appear in v; for any i € [1,n].

(i) For any u,v € X*, we have u T v if, and only if, there is some word
w € Sub with proj(w) = (u,v).
(#) If wi,we € Sub satisfy proj(wy) = proj(ws), then wy = ws.
(i) If w,w € Sub satisfy proj(w) = proj(w), then w = w.
(iv) If w € Sub satisfies proj(w) = (u,v), then |v| — |u| = 3 o5 |w]a-

Proof. (i) For the direction “«”, let w € Sub be arbitrary. Then there ex-

istn >0, vi,...,041 € XY*, and ay,...,a, € X such that a; does not
appear in v; for any i € [1,n] with w = v1a} vaah - - vpal, v,11. With
u = a1az - a, and v = V1a; Vaas - Vply Upt1, We get proj(w) = (u,v)
and u C v.

For the converse implication, suppose u C v. Let v = aqas---a, with
a; € X for all i € [1,n]. We construct a word w € Sub with proj(w) = (u,v)
by induction on n. If n = 0, we can set w = v and obtain w € Sub with
proj(w) = (u,v). Now let n > 0. Let v; be the maximal prefix of v not
containing a. Since a; C u C v, we obtain vy # v, hence vya; is a prefix of
v, let © € X* be the complementary suffix such that v = via1 0. Since a;
does not appear in vy, we get asas - - - a, C v. By the induction hypothesis,
there exists w € Sub with proj(w) = (az - - an, V). Note that w = via] @
is a word from Sub and satisfies

proj(w) = proj(via}) proj(w) = (ai,via1) (az - - an,v) = (u,v).

(ii) Thereare m,n > 0,v1,...,Vm41,015--,Unt1 € 25, and ay, ... Am,b1,...,b, €

X such that a; does not appear in v; for any i € [1,m], b; does not appear
in 7; for any i € [1,m],

w=v1a} < Vpa, Vi1, and W =v1b] - VL0, Ty -

11



Then

(a1 am,v101 *** VG UVmt1) = proj(w)
= proj(w)
= (b1 by, 011 -+ Tpbyp Uny1)

implies m = n and a; = b; for all ¢ € [1,n].
We now proceed by induction on m. If m = 0, then

(€, w) = proj(w) = proj(w) = (&, w)

ensures w = w. Now let m > 1. Note that v; is the maximal prefix of
V1G] - UG Um+1 DOt containing a; and, similarly, 7 is the maximal
prefix of
lel c mbmm =141 U Qm Um41

not containing b1 = a;. Hence 77 = v; and, by induction, v; = v; for all
i € [1,n+ 1]. Thus, indeed, w = @.

(iii) There are n > 0, v1,...,0,41 € X*, and aq,...a, € X such that a; does
not appear in v; for any 4 € [1,n] and

! /
W= V1G] - Uply, Unt1 -

From proj(w) = (u,v), we obtain u = ajas - - - a, and v = viay - -V Ay V1.
Hence
o] = Jul = o102+ v | = Y Jwla-

O

Next, we derive from the above lemma that, indeed, the relations C N 1d>,
and C N 1d—, are effectively unambiguous rational.

Proposition 4.5. For any alphabet X and any natural number ¢ € N, the rela-
tions C N ld>e and C N 1d—, are effectively unambiguous rational.

Proof. Let X', Sub, and proj be defined as in Lemma 4.4. Furthermore, let
LDs, C (XU X")* denote the set of all words w with > |w|, > £. The

languages i
Sub = <U ((2\{a})*a’))> 5

acX

acX

and LD>, are effectively regular. Hence, the same applies to their intersection.
By Lemma 4.5, the homomorphism proj maps Sub N LD>, bijectively onto C
N ld>,. Hence this relation is effectively unambiguous rational. Now the first
claim follows from T Nld>o=C N1d>; and C N ld>,=C N ld>, for all £ > 1.
Similarly, the language Sub N LD>; \ LD>g4q is effectively regular and proj
maps it bijectively onto C N 1d—,. Now the second claim follows from C N ld—g=
# and C N1d—y=C N1d—y for all £ > 1. O

12



Recall that, for any alphabet X, the incomparability relation || is defined as
| = {(u,v) € ¥* x ¥ | neither u C v nor v C u}.
Our next aim is to show that also the relations

I N1ld>y = {(u,v) | u || v and |v| — |u| > £}, and
1N 1d= = {(u,v) [ w | v and [v] - |u| = £}

are unambiguous rational. Here we proceed similarly to above: we first define a
language Inc and a homomorphism proj that maps Inc bijectively onto the set
of all pairs of word (u,v) with w || v and |u| < |v|. In addition, we characterize
when a word w € Inc with proj(w) = (u,v) satisfies 1d>,(u, v).

Lemma 4.6. Let X be some alphabet, X; = {a® | a € X} for i € {1,2}
be mutually disjoint copies of X and set I' = X U X1 U Xs. Let furthermore
proj: I'* — X* x X* be the homomorphism defined by proj(a) = proj(a(z)) =
(¢,a) and proj(a™V)) = (a,e) for all a € . Finally, let Inc be the set of words
w € I'* of the form

1 1 1 1D (1) (2) (1) (2
w = u1a1a§ )vgaga(2 ). --vgagag )WHaEJr)l b(1 )cg )bg )cé ). b e(2)
for some £,n >0, v1,v9,...,0011 € X*, a1,...,ap11 € X such that a; does not

appear in v; for any i € [£ + 1], voy1 # €, and b, ¢; € X for all i € [1,n].

(i) For any u,v € X*, we have u || v and |u| < |v| if, and only if, there is
some word w € Inc with proj(w) = (u,v).
(ii) If w1, ws € Inc satisfy proj(wy) = proj(ws), then wy = ws.
(iii) If w € Inc satisfies proj(w) = (u,v), then |v| — |u| = >, c 5 [w|, — 1.

Remark 4.7. Consider statement (i) and let v = a and v = bb. Then the only
word w € Inc with proj(w) = (u,v) is w = bba"). Thus, £ = n = 0, vey =
bb, and a&)l = . This example shows that |vg+1] > 1 is possible. In this
aspect, statement (i) corrects [12, Lemma 5.2] where only letters v,y; € X are

considered.

Proof. (i) To prove the implication “<”, let w € Inc. Then there are ¢,n > 0,
v; € X* and a; € X for i € [1,£+ 1], and b;,¢; € X for i € [1,n] such that
the conditions expressed in the lemma hold. With proj(w) = (u,v), we get

U = ajag---agagy1b1by - - - b, and

UV = 0101 V2G93 -+ - Vplyg Vg1 C1C2 * * * Cpy -

Note that |u| = €+14n and |v| > £+ |vey1|+n. Since vyiq # €, this ensures
|u| < |v]. It follows immediately that v Z w holds. Towards a contradiction,
suppose u = v. Since v; does not contain ay, the first letter of u, we obtain

ag - apagy1by - by, C Vaag -+ - VeGpVEL1CT  Cpy

13



Proceeding recursively, this yields
apq1b1 - by Evggrcr---cpp .
Since agq1 does not appear in vgy1, this implies
apsrbi by Cey---cn,

i.e., the word on the left of length 1 + n is a subword of the word on the
right of length n, a contradiction. Hence, indeed, u [Z v which completes
the proof of the implication “«<".
Conversely, let |u| < |v| and uw £ v. Let u = ajas - - - am. Suppose £ > 0
such that

UV = V141 VaQs - - Veap V"

for words wvy,...,ve,v" € X* such that v; does not contain a; for any

i € [1,4] and [v"| > m — . Note that this holds for £ = 0 (set v" = v),
but not for £ = m (since then u C v). So let £ be maximal such that a
factorization of v as above exists. Since |[v”| > m — ¢, we can factorize
v = vpq1 v with veq1 # € and |v'| = m — (€ +1). Note that aeq1 does not
appear in vey since £ was chosen maximal. With v' = ci¢a - - - ¢ (441) We
set

w = onana® - vpagal® veyrafl) allye® Gy oD@

Then w € Inc and

proj(w) = (a1a2 - -~ Gp41G42 -+ - A, V110202 - - VeAgUi41C1C2 -~ Cry——1)

= (u,v).

This finishes the verification of the first claim.

Suppose w € Inc with proj(w) = (a1as - - - am,v). We reconstruct the word
w from this information thereby verifying claim (ii). By claim (i), m <
|v] and ay ---a;, Z v (implying m > 1). From w € Inc and proj(w) =
(a1 -+ am,v), we obtain a word v; € X* not containing a; such that

(a) vlalagl) is a prefix of w or

(b) vlagl) is a prefix of w and vy # €.

In case (a), there are w’ € Inc with w = vlalagl)w’, v € X* withv =
v1a1v’, and proj(w') = (as---am,v’). Proceeding recursively, we end up
with case (b).

So assume vlagl) is a prefix of w and vy # . From w € Inc, this implies

w = vlagl)cgl)d?) e c5}>d53> ,
ai- Ay = a1C1Co - - - ¢, and

ﬂzvldldg-“dn.

Thus, the letters c¢; and d; are completely determined by the words a; - - - @y,
v1, and v. Hence, also w is determined by these words.
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(iii) Let w € Inc. Then there are ¢,n > 0, words v;, and letters a; for i € [1,/]
as well as letters ¢;, d; for i € [1,n] such that

w = vlalagl) vgagagl) . -vgaga?) W+1a&)1 bgl)c?) bgl)cg) D@

With proj(w) = (u,v), we get

U= qaiag---agap+1 b1be - by, and

U = U101 V2Ay - Vely Vg41C1C2 - Cp

and therefore |u| = ¢+ 1+n and |v| = |vjva - - - vey1|+ £+ n. Consequently,
ol = ful = [v1va - vega| =1 =3 e lwla — 1. O

Next, we derive from the above lemma that, indeed, the relations || N 1d>,
and || N 1d=, are effectively unambiguous rational.

Proposition 4.8. For any alphabet X and any £ € N, the relations || N 1d>,
and | N1d— are effectively unambiguous rational.

Proof. Let X1, X5, I', Inc, and proj be defined as in Lemma 4.6. Furthermore,
let LD>,; C I'* denote the set of all words w with ) .y, [w|, > £. The languages

Ine = (U ((2\{a})*aa<1))>>* <GLEJE<(E\{Q})+ a(1>))> (31 55)"

acX

and LD, are effectively regular. Hence, the same applies to their intersection. By
Lemma 4.6, the homomorphism proj maps Inc NLD>, bijectively onto || N 1d>,.
Hence this relation is effectively unambiguous rational.

Similarly, the language Inc N LD, \ LD,y is effectively regular and proj
maps it bijectively onto || N 1d—p. O

4.2 Closure properties of the class of regular languages

Let R C X* x X* be a rational relation and L C X* a regular language. Then
the language
K ={u|3veL: (uv) €R}

is effectively regular. Note that, for k = 1, it equals
{u|32*v € L: (u,v) € R}.

For arbitrary numbers k > 2, this language need not be regular as the following
example shows.

Ezample 4.9. Consider the rational relation R = {(a™ba™,a™), (a™ba™,a™) |
m,n € N}, L = X* and k = 2. Then the word u satisfies 322v € X*: (u,v) € R
iff it is of the form uw = a™ba™ for some m € N. But the set of these words u is
not regular. Similarly, u satisfies 3°m°4 2y € X*: (u,v) € R iff u = a™ba™ for
some m € N or u does not belong to a*ba*. Again, the set of these words u is
not regular.
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In this section, we will show that unambiguous rational relations preserve
the regularity of a language under “counting images”. More precisely, let R C
2* x X* be an unambiguous rational relation and L C X* a regular language.
We want to show that the languages of all words u € X* with

H{velL|(u,v) € R} >k (1)
and [{v € L | (u,v) € R}| € p+ ¢N, respectively (2)

are effectively regular for all £ € N and all 0 < p < ¢, respectively.

For these proofs, we need the following classical concepts from the theory
of weighted automata (see [21,2, 3] for recent surveys). Let S be a semiring. A
function r: X* — S is recognizable over S, if there are n € N, A € S'*", a
homomorphism p: X* — §™%" and v € §™*! with r(w) = X\ - p(w) - v for all
w € X*. The triple (A, u, v) is a presentation or a weighted automaton for r.

In the following, we consider the semiring N*°, i.e., the set NU{co} together
with the commutative operations + and - (with z + 0o = oo for all x € NU{oo},
x-00 =00 for all z € (NU{o0})\ {0}, and 0-co = 0). In this semiring, we define
an infinite addition in the natural way: » ., n; = oo if there are infinitely many
i€l withn; > 053 0, ni =) 5,50 otherwise.

We next prove the following preservation property of the class of recognizable
functions over the semiring N°*°. Suppose I and X are alphabets and f: ' — X*
is a mapping. Let, furthermore, x: I'* — N* be a function. Then we define a
new function r: I'* — N*° setting

xof M= Y xw).
wel™
Flw)=u

Since addition is commutative, the order of the summands does not matter, but
there can be distinct words wy, we with f(wy) = f(ws) = uw and k = x(wy) =
X(wsz). In that case, the summand k appears twice in this sum. Note that, in
general, this sum is infinite. So the definition of x o f~! makes sense over the
semiring N*°, but not over arbitrary semirings where infinite sums might not be
defined (e.g., Zs)

It is our aim to show that y o f~! is recognizable assuming x to be recog-
nizable and f to be a homomorphism (cf. Prop. 4.12 below). Proofs of the plain
recognizability of this functions can be found in the literature, but those books
do not consider the question of effectiveness. Therefore, we decided to present a
construction here. This proof considers first two special cases of homomorphisms
before it combines them for the general result.

A homomorphism f: I'* — X* is non-erasing if f(a) # ¢ for all a € I' (or,
equivalently, |f(w)| > |w| for all w € I'*). A proof of the non-effective version of
the following lemma can be found in [21, Thm. IV.3.1(1)].

In our proof, we refer to the following notions. A monomial is a function
s: I'™ — N°° such that s(w) # 0 for at most one word w € I'*. Now let r, s: I'* —
N°°. Their sum is the function r + s: I'* — N*° with (r + s)(w) = r(w) + s(w)
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for all w € I'*. The Cauchy-product r ® s: I'* — N*° is defined by

(ros)(w) = Z r(u) - s(v).

wW=uv

Here, we sum over finitely many elements of N*° since the word w can only be
factorized in |w| + 1 many ways into two words u and v. Note that the sum is
defined pointwise while the Cauchy-product is inspired by the product of multi-
variate polynomials with non-commuting variables. Finally, the iteration r* is

defined by
r(w) = Z H r(w;) .

W=wiwz Wy 1<i<n

Note that the sum above is infinite since empty factors w; = € are allowed.

Lemma 4.10 (cf. [21, Thm. IV.3.1(1)]). Let I" and X be alphabets, f: I'* —
2% a non-erasing homomorphism, and x: I'* — N a recognizable function over
N°°. Then the function

r=xofl: X" 5 N®:u—s Z x(w)
wel™
JF(w)=u

1s effectively recognizable over N°°.

Proof. Since x is recognizable, it can be constructed from monomials s: I'™* —
N using addition, Cauchy-product, and iteration applied to functions ¢ with
t(e) =0 (i.e., x is rational) [22, Theorem 3.11].

For a monomial s: I'* — N*° with s(v) = 0 for all v # w, set

() = {s(w) if f(z) = w

0 otherwise

Since f is non-erasing, there are only finitely many words x with s'(z) # 0.
Hence s’ is the sum of finitely many monomials.

Now, in the construction of y from above, replace any monomial s by the sum
of monomials representing s’. This, way, one obtains a construction of r. Since
f is non-erasing, also in this construction, iteration is only applied to functions
t with t(¢) = 0. Hence, by [22, Theorem 3.1] again, r is recognizable. Analysing
the proof of that theorem, one even obtains that a presentation for r can be
computed from f and a presentation of x. ad

Another special case of the desired result concerns non-expanding homomor-
phisms: a homomorphism f: I'* — X* is non-ezpanding if f(a) € X U {e} for
all a € I' (or, equivalently, |f(w)| < |w| for all w € I'*).

The following lemma can be found in [23, Thm. 11.4.7], but the proof there
is non-effective, again.
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Lemma 4.11 (cf. [23, Thm. I1.4.7]). Let I" and X' be alphabets, f: [ — X*
a non-expanding homomorphism, and x: I'* — N°° a recognizable function over
Ne°. Then the function

r=xof X" 5 Ny Z x(w)

is effectively recognizable over N*°.

Proof. Let (X, u,v) be a presentation of dimension n for x.
For o € XY U {e}, let

L,={bel|f(b)=0).

Since f is non-expanding, I is the disjoint union of these subalphabets. Further-
more, let M € (N*°)"*™ be the matrix defined by

M = Z w(w). (3)

welr

To define a presentation for the function r, we first define a homomorphism
/. % 00\ XN
we X — (N ) by
p(a) =" (u(b)-M)

berl,

for all a € X. Setting
N=X-Mandv =v

defines the presentation (X, 1/, V') of dimension n. Now let u = ajasg . ..a;y, € X*
with a; € X for all 1 <14¢ < m. Then we get

Nl (w) v =N M- H Z(M(bz)M) v

1<i<m b€l

=23 (uwo) |wo e ) - | T 2 (uws) [ wi € Lo I2) | v

1<i<m

=\ Z(M(w) | w € [Ty [Ty TP, ) v
=2 (uw) | w e I, flw) =) -v

Hence, (X, 1/, 1) is a presentation for the function r, i.e., r is recognizable.
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It remains to be shown that the presentation (A, ', v’) is computable from
the presentation (A, u, ) and the homomorphism f. For this, it suffices to con-
struct the matrix M effectively, i.e., to compute the infinite sum in Eq. (3).
Using a pumping argument, one first shows the equivalence of the following two
statements for all 4,5 € {1,2,...,n}:

(a) There are infinitely many words w € I'Y with p(w),;; > 0.
(b) There exists w € I'} with n < |w| and p(u);; > 0.
(¢) There is a word w € I'} with n < |w| < 2n and p(w);; > 0.

Since statement (c) is decidable, we can evaluate Eq. (3) calculating

M= 00 if (¢) holds
Yo S (u(w)i |we I7,Jw| <n}  otherwise.

a

We now come to the announced preservation result for arbitrary homomor-
phisms f: I'* — X*.

Proposition 4.12. Let I' and X be alphabets, f: I'* — X* a homomorphism,
and x: I'* — N*° a recognizable function over N°°. Then the following function r
is effectively recognizable over N*°:

r=xof l: X" 5 N®:u—s Z x(w)
wel™
fw)=u

Proof. Let 0 € X be arbitrary. Then define homomorphisms f1: I'™* — I'* and
fo: I — X* by

fi(a) = {s if fla)=¢ fala) = {i(a) if f(a) # ¢

a otherwise otherwise

for all letters a € I'. Then f; is non-expanding, fs is non-erasing, and f = foo0 fi.
By Lemma 4.11, the function yof; * is effectively recognizable. By Lemma 4.10,
also x o fi Lo fq b= yo =1 is effectively recognizable. a

Let R C X* x X* be a relation and L C Y* a language. Then R and L give
rise to a counting function X* — N°° that maps u € X* to the number of words
v € L with (u,v) € R. The following lemma demonstrates that this counting
function is recognizable provided R is unambiguous rational and L is regular.

Lemma 4.13. Let R C X* x X* be an unambiguous rational relation and L C
27 be reqular. Then the following function r is effectively recognizable over N°°:

r: X" >N u— [{vel|(uv) € R}
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Proof. Since R is unambiguous rational, there are an alphabet I', homomor-
phisms f,g: I'* — X*, and a regular language S C I'* such that

(f,9): I'" = X" x X" ww— (f(w),g(w))

maps S bijectively onto the relation R. Let Sp = SN g~!(L). Since L is regular,
the language Sy, is effectively regular. Furthermore, (f,g) maps S bijectively
onto RN (X* x L).

Since Sy, is regular, the characteristic function

1 ifweSy

x: ' = N w— .
0 otherwise

is effectively recognizable over N*° [22, Proposition 3.12].
By Proposition 4.12; also the function

is effectively recognizable. Note that, for u € X*, we get

rw) = Y x(w)
wel™
f(w)=u

=|{we Sy | f(w) = u}| since  is the characteristic function of Sp,
= |{g(w) |w € S, f(w) =u}| since (f,g) is injective on S, C S

= {v| (u,v) € RN(X* x L)}| since (f,g) maps S onto RN (X* x L)
=|{vel|(u,v)€R}.

In other words, the effectively recognizable function r’ is the function r from the
statement of the lemma. ad

We now come to the main result of this section.

Proposition 4.14. Let R C XY* x X* be an unambiguous rational relation and
L C X* be regular. Then, for k € N and for p,q € N with p < q, the set H of
words w satisfying (1) and (2), respectively, is effectively reqular

Proof. By Lemma 4.13, the function 7: X* — N*°: u — |{v € L | (u,v) € R}|
is effectively recognizable over N°°.
We construct a semiring Sp° = ({0,1,...,k,00},®,®,0,1) setting

if IS . if -y e S°
T Oy = Ty 1x+g{ Foandzoy= Toy o ue y. k
k otherwise k otherwise

for z,y € Sp° (note that = +y ¢ S;° is equivalent to k < x + y < 00).
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Then the mapping

min{k,n} ifneN
00 ifn=o00

h:NOO%SZO:nr—){

is a semiring homomorphism. It follows that the function
hor: X* — Sp°: uw— min{k, |{u € L | (u,v) € R}|}

is effectively recognizable over Sp° [22, Prop. 4.5]. Since the semiring Sp° is finite,
the language

(hor)™H(k) = {ue &* | r(u) > k}
is effectively regular [22, Prop. 4.5]. Since r(u) > k iff [{v € L | (u,v) € R}| > k,

this proves the first statement.

The second statement is shown similarly. We construct the semiring Z, =
({0,1,...,¢,00},®,©,0,1) with

-y ifz-yezZy

x-ymodq otherwise

z+y foz+y€eZy
TDY = .
z+ymodq otherwise

and xQy = {

for x,y € S;°. Beware that, with ¢ =6, we get 432 =6 # 0 = (4+2) mod ¢
and similarly 3©2 =6 # 0= (3-2) mod q.
Let n denote the semiring homomorphism from N> to Zg® with

0 if n =00
n(n) =44 if n € gN'\ {0}
nmod ¢ otherwise.

It follows that the function
nor: X* =7 ur n({ve L| (u,v) € R}|)

is effectively recognizable over Zg° [22, Prop. 4.5]. Since the semiring Zg° is finite,
the language

(mor)~'(p)

is effectively regular for all p € Zg° [22, Prop. 6.3]. Then the claim follows since

H:{(nor)l(p) if1<p<q
nor) H(0)U(nor)~(q) ifp=0.
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4.3 Quantifier elimination for C+MOD?

Our decision algorithm employs a quantifier elimination procedure, i.e., we will
transform an arbitrary formula into an equivalent one that is quantifer-free.
As usual, the heart of this procedure handles formulas ¥ = Qy ¢ where Q is
a quantifier and ¢ is quantifier-free. Since the logic C+MOD? has only two
variables, any such formula v has at most one free variable. In other words, it
defines a language K. The following lemma shows that this language is effectively
regular, such that v is equivalent to the quantifier-free formula x € K.

Lemma 4.15. Let ¢(z,y) be a quantifier-free formula from C+MOD?. Then
the sets

{{E c X |S ':HZky(p} and {LC cx* ‘ S )Zflp“mdqygo}
are effectively regular for all k € N and all p,q € N with p < q.

Proof. Without changing the meaning of the formula ¢, we can do the following
replacements of atomic formulas:

— o =y can be replaced by xr Ty Ay C z,
—zxzCaxbyrxeX*andyCybyye XL,

— ld>o(z,z) by 2 € £* and ld>¢(x,z) by z € § for £ > 1, and
— 1d>o(y,y) by y € 2* and 1d>,(y,y) by y € 0 for £ > 1.

Since ¢ is quantifier-free, we can therefore assume that it is a Boolean combina-
tion of formulas of the form

— x € K and y € L for some regular languages K and L,
—rCyand yC z, and
— ld>y(z,y) and 1d>,(y,xz) with0 < ¢ < A

for some A > 0.
Let @ denote the set of the following formulas:
—r=y —z||yAldey(z,y) for 0 <L < A
—2CyAldeg(z,y) for 1 <l< A y ||z Aldep(y,z) for 1<l< A
yCxAldee(y, @) for 1 <l <A — z||yAldsa(z,y)
— 2 CyAldsa(z,y) y ||z Ald>a(y, )
yC zAld>a(y, )
Note that any pair of words = and y satisfies precisely one of the formulas
from ©. Hence ¢ is equivalent to

\/(9/\@).

0€O

In this formula, any occurrence of ¢ appears in conjunction with precisely one
of the formulas 6 € ©. Depending on this formula 6, we can simplify ¢ to @y by
replacing the atomic subformulas that relate x and y as follows:
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—If § = (z = y), then replace z C y, y T z, ld>o(z,y), and ld>o(y, ) by
the valid formula T = (z € X*), and replace 1d>,(z, y) and ld>,,(y, z) for
m > 1 by the contradictory formula 1 = (z € ).

— If x C y appears in 0, then replace z C y by T, and replace y C by L (and
symmetrically for y C ).

— Ifld—o(z, y) or ld—o(y, ) appears in 6, then replace 1d>¢(z, y) and ld>o(y, x)
by T, and replace 1d>,, (x,y) and 1d>,,(y, z) for m > 1 by L.

— If 1d—¢(z,y) with £ > 0 appears in 6, then replace 1ds,,(x,y) for m < ¢ by
T and replace ld>,,(z,y) for m > ¢ and ld>,,(y,z) for m > 0 by L (and
symmetrically for 1d—s(y, )).

— If 1d>4(z,y) appears in 6, then replace ld>,,(x,y) for m > 0 by T and
ld>(y, ) for m > 0 by L (and symmetrically for 1d> 4 (y, x)).

Recall that ¢ does not contain any formula 1d>,(z,y) with £ > A. Consequently,
for any 6 € ©, the formulas 6 A ¢ and 6 A @y are equivalent. Furthermore, ¢y is
a Boolean combination of formulas € K and y € L for some regular languages
K and L.

As a result, the formula ¢ is equivalent to

\/ (0 A ).
9co

where the formulas pg are Boolean combinations of formulas of the form z € K
and y € L for some regular languages K and L.

Now let & € N. Since the formulas § € © are mutually exclusive (i.e., 61 (x, y)A
O2(x,y) implies 6 = 63), we get

FZhy o = 2ky \/ (0N wp) = \/ /\ 32ko g (0 A g)
oco (x) 6€O

where the disjunction () extends over all tuples (kg)pco of natural numbers
k@ S k with ZGE@ kg = k.
Hence it suffices to show that

{e ez 3y (0 ¢)} (4)

is effectively regular for all § € O, all k € N, and all Boolean combinations ¢ of
formulas of the form = € K and y € L where K and L are regular languages.
Since the class of regular languages is closed under Boolean operations, we can
find regular languages K; and L; such that

Y= \/ (l‘GKz/\yEL,)
i€[1,n]

Note that this formula is equivalent to

\V ve (VK\|JKinye L\ Li

M,NC[1,n] €M i¢ M iEN igN
MNON#D

=Ky =Ln
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Since this disjunction is exclusive (i.e. any pair of words (x,y) satisfies at most
one of the cases M, N C [1,n] with M N N # (}), the set from (4) equals the
union of the sets

{ze X" | 3Py @nzc Ky Ay €Ly} (5)
for M, N C [1,n] not disjoint. Note that the set from (5) equals
XM,N,@ ZKMﬂ{l‘ c X | szy € Ly: 9}

We next show that this set is effectively regular for any § € @ and any
M, N C [1,n] not disjoint:

— Suppose 6 = (z = y). If K = 1, then we get Xy n9 = Ky N Ly and, if
k # 1, then X,/ n,0 is empty. Hence, in any case, it is effectively regular.

— Suppose 0 = (z C y Ald—y(z,y)) with 1 < £ < A. Consider the relation
Ry = (Z N'ld=y). By Proposition 4.5, this relation is unambiguous rational.
Hence, by Prop. 4.14, the language

{z: [{y € Lu | (z,y) € Ro}| > K}

is effectively regular. But this language equals the set of words
{z|Fry e Ly xCynldey(z,y)} ={z|IZ*y € Ly : 0}.

Thus, X/, v, is the intersection of two regular languages and therefore reg-
ular.
For 6 = (x T yA ld>a(z,y)), we can argue analogously (just replace any
occurrence of “= ¢” in the above paragraph by “> A”).

— Suppose 0 = (y C z Ald—y(y, z)) with 1 < ¢ < A. Consider the unambiguous
rational relation Ry = (C N 1d=;). It follows that also its inverse

Ro = {(z,y) |y C 2 Ald>e(y,2)}

is unambiguos rational. Hence, by Prop. 4.14, the language
{a:1{y € L | (e,9) € Ro}| > k)
is effectively regular. But this language equals the set of words
{x |3y e Ly yCaoAldey(y,x)} = {z | IZ*y € Ly: 0}.

Thus, Xy, v, is the intersection of two regular languages and therefore reg-
ular.

For § = (y C zA ld>4(y,x)), we can argue analogously (just replace any
occurrence of “= ¢” in the above paragraph by “> A”).

The regularity of Xs n ¢ for the other formulas 6 can be shown similarly (using
Proposition 4.8 instead of Proposition 4.5.
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Since the language from the claim of the lemma is a boolean combination of
such languages Xy v, the first claim is demonstrated.

To also demonstrate the regularity of the second language, let p, ¢ € N with
p < q. Then 37 ™°d 9y o is equivalent to

\ A\ 3ot ay (6.8 o)

(x) 0€O

where the disjunction (k) extends over all tuples (pg)pco of natural numbers
po €{0,1,...,q — 1} with > 5.5 pe = p mod g. The rest of the proof proceeds
mutatis mutandis. O

Theorem 4.16. Let S = (X*,C, (1d>¢)r>0, (L) L reguiar)- Let ©(x) be a formula
from C+MOD?. Then the set {x € £* | S |= ¢(x)} is effectively regular.

Proof. The only atomic formulas with a single variable x are x € L with L
regular, z = z, x C , ld>o(x, ) (which are equivalent to z € X£*), and ld>,(z, z)
with ¢ > 0 (which is equivalent to « € ()). Therefore, the claim holds if ¢ is
atomic. For more complicated formulas, the proof proceeds by induction using
Lemma 4.15 and the effective closure of the class of regular languages under
boolean operations. O

Corollary 4.17. Let L C X* be a regular language. Then the C+MOD?-theory
of the structure Sg, = (L, T, (1d>¢)r>0, (K N L)k reguiar, (W)wer) s decidable.

Proof. Let ¢ € C+MOD? be a sentence. We build ¢ by (1) restricting all
quantifications to L, (2) replace x6w by Jy: y € {w} A 20y, and dually for yow
for all w € L and all binary relations 6.

With § the structure from Theorem 4.16, we obtain S = ¢, <= Si E .
By Theorem 4.16, the language {x | S = ¢} is regular (since ¢y, is a sentence,
it is () of X*). Hence ¢y, holds iff this set is nonempty, which is decidable. a

5 The X;-theory

Recall that Xy is the set of first-order formulas of the form Jxq3xs...3z., ¥
where 1 is quantifier-free and m > 0. Furthermore, Y5 is the set of first-
order formulas of the form Jzq...3x,, Vy1 ... Vy, b where ¢ is quantifier-free
and m,n > 0. In particular, formulas from Xy and X5 can use more than the
variables x and y, but no counting quantifiers 32* or 3 mod a,

Let L be regular and bounded. Then, by Theorem 3.5, we obtain in particular
that the Xs-theory of (L,C) is decidable. Note that the regular language L =
{a,b}* is not covered by this result since it is unbounded. And, indeed, the Xo-
theory of ({a,b}*,C) is undecidable [6]. On the positive side, we know that the
X1-theory of ({a,b}*,C) is decidable [17].

In this section, we generalize this positive result to arbitrary regular lan-
guages, i.e., we prove the following result:
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Theorem 5.1. Let L C X* be regular. Then the Xy-theory of S = (L,C) is
decidable.

The proof for the case L = {a,b}* in [17] essentially relies on the fact that
each order (N*, <), and thus every finite partial order, embeds into ({a,b}*,C).

In the general case here, the situation is more involved. Take, for example,
L = {ab,ba}*. Then, orders as simple as (N2, <) do not embed into (L, C): this
is because the downward closure of any infinite subset of L contains all of L.
Nevertheless, we will show, perhaps surprisingly, that every finite partial order
embeds into (L,C). In fact, this holds whenever L is an unbounded regular
language. The latter requires a result that we shall prove only later.

Proof (Theorem 5.1). By Theorem 3.5, we may assume that L is unbounded.
By Corollary 5.7 below, every finite partial order embeds into (L, C).
Hence the formula 3z13zs - - - 3x,,: ¥ with ¢ quantifier-free holds in (X*,C)

if, and only if, it holds in some finite partial order of size at most n. Since there

are only finitely many such partial orders, the result follows (cf. [17]). O

The first proposition used in the above proof deals with the existence of
certain primitive words for every unbounded regular language.

Proposition 5.2. For every unbounded regular language L C X*, there are
x,u,v,z € X* such that |u| = |v|, the word wv is primitive, and x{u,v}*z C L.

Proof. Let A be some deterministic finite automaton accepting L. Since L is not
bounded, there is at least one strongly connected component that is not a cycle
but belongs to some path from an initial to some accepting state. Hence there
are a state s and words x, y1, y2, z such that

— x leads from the initial state to s and z from s to some accepting state and
— y1 and yy lead from s back to s and are not prefixes of each other.

Set p = y1y2 and ¢ = yoy1. Since y; and y- are not prefixes of each other, these
two words are distinct, lead from s back to s, and are of the same positive length.
Hence we have |p| = |q| > 0, p # ¢, and x{p,q}*z C L. Set r = pq and s = pp.

Then |r| = |s] and z{r, s}*z C 2{p,q}*2 C L. Suppose r and s are conjugate.
Since s = p?, there exist words z; and 2o such that r = 2921202, With p = 2921,
i.e., r is the square of some word 2221 of length |p| = |¢|. But this contradicts
r = pq and p # q. Hence r and s are not conjugate.

Next let n = |r|, u = r™ and v = s™.

By contradiction, we show that uv is primitive.

Since we assume uv = r"™s" not to be primitive, there is a word w € X* with
r"s"™ € wwt. From n = |r| = |s—, we obtain

lw| < 1rms™| =n?.
Define the natural number ¢ as follows:

t_{n if |lw| <n

1 if|wl>n
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In both cases, we get n < |w!| < n? < |r"s"|.

Consequently, 7 and w’ are prefixes of uv = r"s"™ of length n and > n,
respectively. Hence r is a prefix, and therefore a factor, of w’.

On the other hand, w? and v = s™ are suffixes of uv of length < n? and n?,
respectively. Hence w? is a suffix, and therefore a factor, of v = s™.

Taking these two facts together, we obtain that r is a factor of s™ of length |s|.
Since r and s are not conjugate, this implies r = s and therefore pg = r = s = pp.
But this contradicts p # q. ad

Recall that z is a subword of y if, intuitively,  can be found in y. We next
make this notion precise in order to use the precise notion in the following proofs.
So an embedding of x in y is an order-preserving injective mapping « from the
set of positions {1,2, ..., |z|} of z into the set of positions {1,2,...,|y|} of y such
that the i-letter of x equals letter number a(i) in y. An embedding « of z into
y is called initial if (1) = 1, i.e, the left-most position in z hits the left-most
position in y. Symmetrically, it is terminal if a(|z|) = |y|, i.e., the right-most
position in z hits the right-most position in y.

We write x — y if = is a subword of y and every embedding « of x in y is
terminal. In other words, « C y, but no word xza with a € X is a subword of y
or, equivalently = < y if x is a prefiz-mazimal subword of y.

Note that the relation < is reflexive, antisymmetric, but not transitive: a <
ba — aba, but a 4 aba. We next show that < is compatible with concatenation
of words.

Lemma 5.3. Let x,2',y,y € X* with x — y and ¥’ < y'. Then xy — z'y’.

Proof. Suppose xy ¥ x'y’. Since zy C z'y’, there is a € X such that zya C 2’y
Then, either b C 2/ where b is the first letter of ya (contradicting x < '), or
ya C y' (contradicting y — ). O

Clearly, w™ has an initial and a terminal embedding in w"*! for any word
w # € and any natural number n. But there can also be other embeddings
(consider, e.g., w = aa and n = 2, i.e., w" = aaaa and w"*! = aaaaaa). The
following lemma describes words w and natural numbers n such that these other
embeddings do no exist.

Lemma 5.4. Let w be primitive and n > |w|. Then every embedding of w™ into
wt s initial or terminal.

We do not know whether the bound n given in this lemma is optimal or not.

Proof. Let a be an embedding of w™ into w™*!. Consider the n copies of w in the
word w™. We call such a copy gapless if its image in w™t! under « is contiguous.
Since the length difference between w™ and w™*! is only |w| < n, there has to
be at least one gapless copy of w, say the ith copy. The image of this copy is a
contiguous subword of w™*! that spells w and occurs at some position i - |w| + j

with j € {0,..., |w|}. Since w is primitive, it can occur as a contiguous subword
in w"! only at positions that are divisible by |w], hence j € {0, |w|}. If j = 0,
then « is initial and if j = |w|, then « is terminal. O
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Lemma 5.5. Let u,v € X* be words such that |u| = |v| and wv is primitive.
Then, for all £,n € N with n > |uv| + €+ 2, we have

(i) (uv)™ — v(uv)™,
(i) (uv)fo(uv)*~ D < (ww)", and
(iii) (wv)fv(uv)~ D — p(uv)™.

Proof. Note that (iii) implies (ii) since any non-terminal embedding of (uv)‘v(uv)™~(¢+1)
into (uv)™ induces a non-terminal embedding of the same word into v(uv)™. It
therefore remains to be shown that (i) and (iii) hold.

For any of these two claims, we define words z, y, 2/, and 3’ as follows:

(i) Set x = uv, y = (w)" L, 2’ = v, and y' = (uv)™.

(iii) Set z = (uwv)’v, y = (wv)*~ D, 2" = v(uv)’, and y' = (uv)"~*.

In any of these cases, xy is the word on the left of the corresponding claim and
z'y’ the word on the right. Hence, we have to verify zy < z'y/’. First, zy C 2’y is
immediate. Now, let a be some embedding of xy into z’y’. Since z is no subword
of 2/, the embedding « induces a non-initial embedding o’ of y into ¥y’ = y(uv).
Since uw is primitive and n — 1,n — (€ + 1) > |uv|, the embedding o is terminal
by Lemma 5.4. Hence also the embedding « is terminal. Since o was abritrary,
we get zy < a’y’ in cases (i) and (iii) as desired. O

Proposition 5.6. Let u,v € X* be distinct such that wv is primitive and |u| =
|v|. Then every finite partial order embeds into ({u,v}*,C).

Proof. Observe that every finite partial order with m elements embeds into
({0,1}™, <) where < is the componentwise order. Hence, it suffices to construct
an embedding ¢ of this partial order into ({u,v}*,C).

So let n = |uv| + m + 3 and define, for a tuple t = (¢1,...,ty) € {0,1}™,

O(t1, .. tm) =" (w0)™ - - - vbm (uv)™.

Then, clearly, s < ¢ implies p(s) C ¢(t).

Conversely let s = (s1,...,8mn) and t = (t1,...,t,) be two vectors from
{0,1}™ with ¢(s) C ¢(t). Towards a contradiction, suppose s £ ¢. Then there is
some i € [1,m] with s; =1, ¢, =0 and s; <¢; for all j € [1,7—1].

By induction, we construct for all k € [i, m] some £}, € [1, k] with

V¥ ()" - -0 (un) T s !t (u)" - ot (o)™ (6)

From Lemma 5.5(i), we get v%i (uv)™ < v' (uv)™ for every j € [1,7 — 1] since
s; < t;. Furthermore v% (uv)" ™1 = v(uv)"t = (uv)" = v’ (uw)" according to
Lemma 5.5(ii) with ¢ = 0. Therefore, compatibility of < with concatenation
(Lemma 5.3) yields

vt (uw)" - - 0% (uw)" T e of ()™ - - ot (u)™
which settles the base case k =i with £ = 1. So let k € [i,m — 1] and ¢}, € [1, k]
such that (6) holds. We distinguish three cases.
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1. Suppose si+1 = 0. Set €11 = £,. We have
(uv)™ = v+ (uw)"

since either t;y; = 0 and the two words are the same, or 541 = 1 and
(uv)™ <= v(uw)™ by Lemma 5.5(1). So together with the induction hypothesis
(6), compatibility of < with concatenation yields

31 (uv)n oSk (uv)”vs’““ (’U,’U)n_ek“

= v (uv)™ sk (uw)" % (uv)”

v
— ol (uv)™ - - vtk (uv)™ vhE+L ()"

where the equality is due to spy1 = 0 and i1 = fk. Since fp 1 = {) €
[1,k] C [1,k + 1], this proves (6) for k + 1.
2. Suppose sg+1 = 1 and g1 = 0. Set €p1 = ¢, + 1. By Lemma 5.5(ii), we
have
(uv)Fv(uv)" "+ = (uv)*o(uo)? "D o (yo)n
So together with the induction hypothesis (6), compatibility of < with con-
catenation implies

vt (uv)™ - - 0 (uw) M () e

= v (uv)"- v k()" (uv) o ()
— vl (un)™ -+ vt (uv)™ (uv)™
= ol (u)" vt (uo)® vt (uo)”

where the first equality holds by sx41 = 1 and the last one by t;+1 = 0.
Since lg41 =€ + 1 € [2,k + 1] C [1,k + 1], this proves (6) for k + 1.

3. Finally suppose sg+1 = tk+1 = 1. Set €41 = £ + 1. Then Lemma 5.5(iii)
tells us that

(uv)é’“v(uv)"_é’c+1 = (uv)g"v(uv)"_“’fﬂ) — v(uv)”

So together with the induction hypothesis (6), compatibility of < with con-
catenation implies
5t (uv)n cpSk (uv)nvsk+1 (uv)n—(£+1)
V51 (uw)™ - - v k(uw) ¢ (uv)fo(uw)n~ D
vit ()™ otk (un) v(uw)”
vl ()™ otk (uo) vt (up)”

Lo

where the equalities follow from sgi11 = tgy1 = 1. Since lp41 = + 1 €
[2,k + 1] C [1,k + 1], this proves (6) for k + 1.
This completes the induction. Therefore, we have in particular

n—~{

V5 (uw)™ - S () s vt (uw)™ - ot (un)™ = o(t)

for some ¢, > 0. Since the left-hand side is a proper prefix of ¢(s), this contra-
dicts o(s) E p(t). O
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Corollary 5.7. Let L C X* be unbounded and reqular. Then every finite partial
order embeds into (L,C).

Proof. By Proposition 5.2, there are words z,u,v,z € X* with |u| = |v|, w
primitive, and x{u,v}*z C L. By Proposition 5.6, any finite partial order embeds
into ({u,v}*,C) and therefore into (x{u,v}*z,C) which is a substructure of
(L,D). 0

This completes the proof of the main result of this section, i.e., of Theo-
rem 5.1.

6 The Y;-theory with constants

By Theorem 5.1, the X;-theory of (L,C) is decidable for all regular languages
L. If L is bounded, then even the X-theory of (L, C, (w)yer) is decidable (The-
orem 3.5). This result does not extend to all regular languages since, e.g., the
X1-theory of (X*,C, (w)wex+) is undecidable [6]. In this section, we present
another class of regular languages L (besides the bounded ones) such that

(L, &, (w)wer)

has a decidable X;-theory.

Let L C X* be some language. Then almost all words from L have a non-
negligible number of occurrences of every letter if there exists a positive real
number ¢ such that for all ¢ € X' and all but finitely many words w € L, we
have |w|, > € - |w|.

An example of such a regular language is {ab,ba}* (this class contains all
finite languages, is closed under union and concatenation and under iteration,
provided every word of the iterated language contains every letter).

For w € X*, let w1 denote the set of superwords of w, i.e., the upward closure
of {w} in (X*,C).

The basic idea is, as in the proof of Theorem 5.1, to embed every finite partial
order into (L,C). The following lemma refines this embedability. Furthermore,
it shows that L\ w? is finite in this case.

Lemma 6.1. Let L C X* be an unbounded regular language such that almost
all words from L have a non-negligible number of occurrences of every letter. Let
we X",

Then L\ w? is finite and L N w? is unbounded and regular.

Proof. Let M = (Q, X,,6, F) be a deterministic finite automaton accepting L.
We show that all words v € L of length at least |Q| - |w| belong to w? implying
that L \ w? is finite. So let v € L with |v| > |Q| - |w|]. Then we can factorize
the word v into v = vov1 - - Vjy|41 With v; # € for all i € {0,...,|w| + 1} such
that (¢, v9) = 0(¢,vgv1 -+ -v;) for all 1 < i < |w|. With ¢ = 6(¢,v9), we obtain
d(q,v;) = q for all 1 < i < |w| and therefore vovy - - - v 10} Viy1 -+ Vje)41 € L.
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Suppose the letter a € X' does not appear in the word v;. Then

n
Vo V=1 U7 Vi1 * Vjwt1]a

V0 = V=1 V] Vig1 *+* Vja| 41
But this contradicts the assumption that almost all words from L have a non-
negligible number of occurrences of every letter. Hence the word v; contains all
letters from Y. Since this holds for all 1 < ¢ < |w|, we obtain w C vjvs . .. Vjw| Ev
and therefore v € wt. Hence, indeed, L \ w? is finite.
Next, let wl = {uy, ua, -+, um}. Suppose L Nw? is bounded, say L Nw?T C
wiwy -+ wk. Then L C wt U (L Nwt) is a subset of

UT ... u?:n wT PRI w;;
and therfore bounded. But this contradicts our assumption on L, hence L N w?
is unbounded. a

Theorem 6.2. Let L C X* be an unbounded regular language such that almost
all words from L have a non-negligible number of occurrences of every letter.
Then the X -theory of (L,C, (w)wer) is decidable.

Proof. We want to show that satisfiability in (L,C, (w)yer) is decidable for
quantifier-free formulas, i.e., for positive Boolean combinations ¢ of literals of
the following forms (where x and y are arbitrary variables and w an arbitrary
word from L):

(i) zCw (iil) w Ex (v) zCy (vii) z =w
(ii) * Z w (iv) wiZx (vi) z Ly

(Note that literals of the form =y can be written as s CyAyCz, z # vy
as ¢ L yVy £ z, and similarly  # w as z [Z w V w [£ x. Furthermore literals
mentioning two words like u C v can be replaced by T = (x Ty V z £ y) or
L=(@CyrsZy))

We first show that also literals of types (i), (ii), and (iv) can be eliminated.

First note that {v € L | v C w} is finite and computable from w. Hence the
literal z C w is equivalent to a finite disjunction of literals of the form z = w’.

Next note that {v € L | v £ w} is upward closed in (L, C). Since L is regular,
we can compute the finite set of minimal elements of this set. Thus, v £ w is
equivalent to a finite disjunction of literals of the form w’ C z.

Finally, by the finiteness claim in Lemma 6.1, also the literal w [Z = can be
replaced by a finite disjunction of literals of the form z = w’.

As a result, we get a positive Boolean combination v of literals of the form
(iil), (v), (vi), and (vii) that is equivalent to ¢. We can even assume ¢ to be in
disjunctive normal form. To verify whether ¢ is satisfiable in (L, C), it therefore
suffices to verify satisfiability of conjunctions of literals of the form (iii), (v), (vi),
and (vii).

So let v be such a conjunction. If v contains literals * = v and = = v for
two distinct words w and v, then v is not satifiable in (L, C). Otherwise, for all
literals © = w in +, replace all occurrences of = in v by w, and delete all literals
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x = w from ~y. This can result in conjuncts of the form v C w; if v is a subword of
w, then simply delete this conjuncts, otherwise the conjunction is not satisfiable
and can be deleted altogether. The resulting conjunction of literals of the form
(iii), (v), and (vi) is equivalent to . It can be written as 1 A 2 where ~; is a
conjunction of literals of the form (iii) and ~, is a conjunction of literals of the
form (v) and (vi).

Let 71 = A\;c; wi C . Note that

Lo(Ywit=()L\(L\wt).
il i€l
By Lemma 6.1, the sets L \ w;1 are finite. Since L is unbounded, it is infinite.
Now the finiteness of I implies L N [);c; wiT # 0. Hence there is some word
w € L with w; T w for all 7 € 1.

Let n denote the number of variables appearing in 7.

If ~ is satisfiable in (L, C), then 7, is satisfied by some partial order with
at most n elements. Conversely, let 7o be satisfied by (P, <) where P has at
most n elements. By Lemma 6.1, L N w7 is unbounded and regular. Hence, by
Corollary 5.7, (P, <) embeds into (LNwT, C). Consequently, 1 A2 is satisfiable
in (L Nwt,C) and therefore in (L,C). In summary, « is satifiable in (L,C)
iff o holds in some finite partial order of size at most n. Since there are only
finitely many such finite partial orders, we get that satisfiability of v in (L, C)
is decidable. a

Open questions

We did not consider complexity issues. In particular, from [18], we know that the
C2%-theory (that allows threshold-counting quantifiers, but no modulo-counting
quantifiers) of the structure (X*, C, (w),ex+) can be decided in twofold exponen-
tial alternating time with linearly many alternations. It follows that the same
result holds for the structure (L,C, (w)yer) provided L is piecewise-testable.
But the techniques from [18] that are based on [12] do not allow to handle the
modulo-counting quantifier nor arbitrary regular languages.

We reduced the FO4+MOD-theory of the full structure (for L context-free
and bounded) to the FO+MOD(tuple)-theory of (N, +) which is known to be
decidable in twofold exponential space [5]. But we did not analyse the size of the
FO+MOD(tuple)-formula in terms of the size of the FO+MOD-formula.

Finally, we did not give any new undecidability results. For example, we
know that the X)-theory of (L,C, (w)yer) is undecidable for L = X* [6] and
decidable for L = {ab, ba}* (Theorem 6.2). To narrow the gap between decidable
and undecidable cases, one should find more undecidable cases.
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