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—— Abstract

In this paper we continue a classical work of Schiitzenberger on codes with bounded synchron-

ization delay. He was interested in characterizing those regular languages where the groups in
the syntactic monoid belong to a variety H. He allowed operations on the language side which
are union, intersection, concatenation and modified Kleene-star involving a mapping of a prefix
code of bounded synchronization delay to a group G € H, but no complementation. In our
notation this leads to the language classes SDg(A*) and SDg(A>). Our main result shows that
SDg (A®) always corresponds to the languages having syntactic monoids where all subgroups
are in H. Schiitzenberger showed this for a variety H if H contains Abelian groups, only. Our
method shows the general result for all H directly on finite and infinite words. Furthermore, we
introduce the notion of local Rees extensions which refers to a simple type of classical Rees ex-
tensions. We give a decomposition of a monoid in terms of its groups and local Rees extensions.
This gives a somewhat similar, but simpler decomposition than in Rhodes’ synthesis theorem.
Moreover, we need a singly exponential number of operations, only. Finally, our decomposition
yields an answer to a question in a recent paper of Almeida and Klima about varieties that are
closed under Rees extensions.
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1 Introduction

A fundamental result of Schiitzenberger characterizes the class of star-free languages SF as
exactly those languages which are group-free, that is, aperiodic [15]. One usually abbreviates
this result by SF = AP. Schiitzenberger also found another, but less prominent charac-
terization of SF: the star-free languages are exactly the class of languages which can be
defined inductively by finite languages and closure under finite union, concatenation, and
the Kleene-star restricted to prefix codes of bounded synchronization delay [17]. This result
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is abbreviated by AP = SD. It is actually stronger than the famous SF = AP because
SD C SF C AP is relatively easy, see [11, Chapter VIII], so SF = AP follows from AP C SD.
The extension SF = AP to infinite words is due to Perrin [10]. The result AP = SD for
infinite words was obtained much later in [5]. Tt became possible thanks to a “local divisor
approach”, which also is a main tool in this paper.

Schiitzenberger did not stop by showing AP = SD. In retrospective he started a program:
in [16] he was able to prove an analogue of AP = SD for languages where syntactic monoids
have Abelian subgroups, only. In our notation AP = SD means 1(A>) = SD1(A4); and
the main result in [16] is “essentially” equivalent to Ab(A*) = SDap(A*). (We write
“essentially” because using the structure theory of Abelian groups, a sharper version than
Ab(A*) = SDap(A*) is possible.) The proofs [16] use deep results in semigroup theory; and
no such result beyond Abelian groups was known so far. Our result generalizes Ab(A>) =
SDab(A>) to every variety H of finite groups: we show H(A>) = SDg(A>). We were able
to prove it with much less technical machinery compared to [16]. For example, no knowledge
in Krohn-Rhodes theory is required.

Actually, our result is a generalization of Ab(A*) = SDap(A*) [16] and also of AP(A>) =
SD(A) [5]. More precisely, we give a characterization of languages which are recognized by
monoids where all subgroups belong to H. The characterization uses an inductive scheme
starting with all finite subsets of finite words, allows concatenation, finite union, no (!)
complementation, but a restricted use of a group-controlled star (resp. group-controlled
w-power). Let us explain the group-controlled star in our context. Instead of putting the
star above a single language, consider first a disjoint union K = |J{K, | g € G} where G is
a finite group and each K| is regular in A*. The “group-controlled star”, more precisely the
“G-controlled star”, associates with such a disjoint union the following language:

{ug, -~ ug, € K* | ug, € Kgy Ng1---gr =1€G}.

Clearly, we obtain a regular language, but without any restriction, allowing such a “group
star” yields all regular languages, even in the case of the trivial group. So, the construction is
of no interest without a simultaneous restriction. The restriction considered in [16] yields an
inductive scheme to define a class C. The restriction says that such a group-controlled star is
allowed only over a disjoint union K = (J{Kj, | g € G} where each K, already belongs to C
and where K is, in addition, a prefix code of bounded synchronization delay. The initials
in “synchronization delay” led to the notation SD; and an indexed version SD¢ (resp. SDy)
refers to synchronization delay over G (resp. over a finite group in H). Since we also deal
with infinite words we apply the same restriction to w-powers.

Our results give also a new characterization for various other classes. For example, by a
result of Straubing, Thérien and Thomas [20], the class of languages, having syntactic monoids
where all subgroups are solvable, coincides with (FO + MOD)[<]. Here, (FO + MOD)[<]
means the class of languages defined by the logic (FO + MOD)[<]. Thus, we are able to give
a new language characterization: (FO 4+ MOD)[<](A%) = SDgo1(A™).

Moreover, as a sort of byproduct of H = SDy, we obtain a simple and purely algebraic
characterization of the monoids in H. Every monoid in H can be decomposed in at most
exponentially many iterated Rees extensions of groups in H. The iteration uses only a very
restricted version of Rees extensions: local Rees extensions. This means we obtain every finite
monoid which is not a group as a divisor of a Rees extension between two proper divisors of
M, one of them a proper submonoid, the other one a “local divisor”.

Our decomposition result is similar to the synthesis theory of Rhodes and Allen [13].
Moreover, it yields a singly exponential bound on the number of operations whereas no such
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bound was known by [13]. Finally, using this decomposition, we answer a recent question of
Almeida and Klima [1] concerning varieties which are closed under Rees extensions.

2 Preliminaries

Throughout, A denotes a finite alphabet and A* is the free monoid over A. It consists of
all finite words. The empty word is denoted by 1 as the neutral elements in other monoids
or groups. The set of non-empty finite words is A%; it is the free semigroup over A. By
A“ we denote the set of all infinite words with letters in A. For a set K C A*, we let
K* = {ujus--- | u; € K, u; non-empty,i € N} C A“. In particular, K¥ = (K \ {1})“. Since
our results concern finite and infinite words, it is convenient to treat finite and infinite words
simultaneously. We define A® = A* U A¥ to be the set of finite or infinite words. Accordingly,
a language L is a subset of A>°. We say that L is regular, if first, L N A* is regular and
second, L N A“ is w-regular in the standard meaning of formal language theory. In order to
study regular languages algebraically, one considers finite monoids. A divisor of a monoid
M is a monoid N which is a homomorphic image of a subsemigroup of M. In this case we
write N < M. A subsemigroup S of M is in our setting a divisor if and only if S is a monoid
(but not necessarily a submonoid of M). A wvariety of finite monoids — hence, in Birkhoff’s
setting: a pseudovariety — is a class of finite monoids V which is closed under finite direct
products and under division:

If I is a finite index set and M; € V for each i € I, then []

trivial group {1} belongs to V.

IfMeVand N <M, then N € V.

ser Mi € V. In particular, the

Classical formal language theory states “regular” is the same as “recognizable”. This
means: L C A* is regular if and only if its syntactic monoid is finite; L C A¥ is regular if and
only if its syntactic monoid in the sense of Arnold [2] is finite and, in addition, L is saturated
by the syntactic congruence, see eg. [11, 21]. Here we use a notion of recognizability which

applies to languages L C A*®°. Let ¢ : A* — M be a homomorphism to a finite monoid M.

First, we define a relation ~, as follows. If u € A* is a finite word, then we write u ~, v if v
is finite and ¢(u) = p(v). If u € A“ is an infinite word, then we write u ~, v if v is infinite
and if there are factorizations © = ujus - -+ and v = v1vs - - - into finite nonempty words such
that ¢(u;) = p(v;) for all 4 > 1. It is easy to see that ~, is not transitive on infinite words,
in general. Therefore, we consider its transitive closure ~,. If u,v € A*, then we have

U, U = uR, v <= p(u) = p(v).

If a, 8 € A“, then we have o =, f if and only if there is sequence of infinite words vy, . .. ay
such that

OéZOéOng"'NpOék:ﬂ-

We say that L C A is recognizable by M if there exists a homomorphism ¢ : A* — M
such that v € L and u ~, v implies v € L. We also say that M or ¢ recognizes L in this
case. The connection to the classical notation is as follows. A regular language L C A is
recognizable (in our sense) by ¢ if and only if the syntactic monoids of L N A* and L N A%

are divisors of M. Another equivalent definition can be given in terms of Wilke algebras [22].

Every variety V defines a family of regular languages V(A>) as follows: we let L €
V(A>) if there exists a monoid M € V which recognizes L. Further, we define V(A*) =
{LCA*| LeV(A>®)} and V(A¥) ={L C A¥ | L € V(A*>)}. A variety of finite groups is
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a variety of finite monoids which contains only groups. Throughout H denotes a variety of
finite groups. Special cases are the varieties

1: the trivial group {1}, only.

Ab: all finite Abelian groups.

Sol: all finite solvable groups.

Sol,: all finite solvable groups where the order is divisible by some power of g.

G: all finite groups.

According to standard notation H denotes the variety of finite monoids where all subgroups
belong to H. It is not completely obvious, but a classical fact [9], that H is indeed a variety.
In fact, it is the maximal variety V such that VN G = H.

Clearly, G is the class of all finite monoids. The most prominent subclass is 1: it is
the variety of aperiodic monoids AP. The class AP(A*®) = 1(A4*°) admits various other
characterizations as subsets of A>. For example, it is the class of star-free languages SF(A>),
it is the class of first-order definable languages, and it is the class of definable languages in
linear temporal logic over finite or infinite words: LTL(A) .

Local divisors. Let M be a finite monoid and ¢ € M. Consider the set ¢cM N Mec¢ with a
new multiplication o which is defined as follows:

mcocn = mcn.

A straightforward calculation shows that ¢M N Mc becomes a monoid with this operation
where the neutral element of M, is ¢. Thus, the structure M. = (¢cM N Me,o,c) defines a
monoid. We say that M, is the local divisor of M at c. If ¢ is a unit, then M, is isomorphic
to M. If ¢ = 2, then M, is the standard “local monoid” at the idempotent c.

The important fact is that M. is always a divisor of M and that |M.| < |M| as soon as ¢
is not a unit of M. Indeed, the mapping A.: {z € M | cx € Mc} — M, given by A.(x) = cx
is a surjective homomorphism. Moreover, if ¢ is not a unit, then 1 ¢ ¢M N M¢, hence
|M.| < |M|. Thus, if M belongs to some variety V, then M, belongs to the same variety.
If M is not a group, then we find some nonunit ¢ € M and the local divisor M, is smaller
than M. This makes the construction useful for induction. For a survey on the local divisor
technique we refer to [6].

Rees extensions. Let N, L be monoids and p : N — L be any mapping. The Rees extension
Rees(N, L, p) is a classical construction for monoids [12, 14], frequently described in terms of
matrices. Here, we use an equivalent definition as in [7]. As a set we define

Rees(N,L,p) = NU(N x L x N).
The multiplication - on Rees(N, L, p) is given by
n-n =nn for n,n’ € N,

n-(n1,m,nz)-n’ = (nny, m,nan’) for n,n’,n1,m2 € N,m € L,

(n1,m,ng) - (”Ipml,n/z) = (nl,mp(@ni)m/ané) for ﬂl,n/pnz,nlz € N,m,m’ € L.

The neutral element of Rees(N,L,p) is 1 € N and N C Rees(N, L, p) is an embedding of
monoids. In general, L is not a divisor of Rees(N, L, p). The following property holds.

» Lemmal. Let N X N and L X L'. Given p: N — L, there exists a mapping p' : N' — L'
such that Rees(N, L, p) is a divisor of Rees(N', 1/, p’).
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Proof. First, assume that N (resp. L) is submonoid in N’ (resp. L'). Let p' : N' — L’ be
any function such that p’|ny = p. The mapping 7 : Rees(N, L, p) — Rees(N', L/, p’) given by
m(n) =n and 7(ny, £, ny) = (n1,£,n2) is an injective homomorphism.

Second, let ¢ : N" — N and ¢ : L’ — L be surjective homomorphisms. Let p' : N’ — L’
be a function such that p'(n) € =1 (p(¢(n))). Let 7 : Rees(N’, L/, p') — Rees(N, L, p) be the
mapping defined by 7(n) = ¢(n) and w(n1,¢,n2) = (p(n1), ¥ (£), p(na)). It is clear that = is
surjective. It is a homomorphism since

m((n1,€,n2) - (0, £, n5)) = m(ny, £p' (neny)l,ny) = (p(na), ¥(€) P(p'(nany)) $(€), p(n3))
=p(p(nany))

= (@(nl)’w(g)a @(nQ)) : (@(n/l)’ w(gl)a Qp(né)) = Tr(nl’gv nQ) . 71'(7&/1,6/, nIQ) <

We are mainly interested in the case where N and L are proper divisors of a given finite
monoid M. This leads to the notion of local Rees monoids. More precisely, let M be a
finite monoid, N be a proper submonoid of M and M, be a local divisor of M at ¢ where
¢ is not a unit. The local Rees extension LocRees(N, M,) is defined as the Rees extension
Rees(N, M, p.) where p. denotes the mapping p.: N — M.;x — cxc.

For a variety V we define Rees(V) to be the least variety which contains V and is closed
under taking Rees extensions and LocRees(V) to be the least variety which contains V and
is closed under local Rees extensions.

2.1 Schiitzenberger’s SD classes

Schiitzenberger gave a language theoretical characterization of the class of star-free languages
SF(A*) avoiding complementation, but allowing the star-operation to prefix codes of bounded
synchronization delay [17].

A language K C A7 is called prefiz code if it is prefiz-free. That is: u,uv € K implies
u = uv. A prefix-free language K is a code since every word u € K* admits a unique
factorization u = uy - - - up with & > 0 and u; € K. Note that the empty set () is considered
to be a prefix code. More generally, if L C A™ is any subset, then K = L'\ LA™ is a prefix
code. A prefix code K has bounded synchronization delay if for some d € N and for all
u,v,w € A* we have: if wow € K* and v € K¢, then uv € K*. Note that the condition
implies that for all uvw € K* with v € K%, we have w € K*, too. If d is given explicitly,
K is said to have synchronization delay d. Every subset B C A (including the empty set)
yields a prefix code with synchronization delay 0. If we have ¢ € A\ B, then B*c is a
prefix code with synchronization delay 1. If K is any prefix code with (or without) bounded
synchronization delay, then K™ is a prefix code for all m € N, but for m > 2 it is never of
bounded synchronization delay.

Consider a disjoint union K = |J{K, | g € G} of a prefix code K with bounded syn-
chronization delay where G is a finite group and each K| is regular in A*. The G-controlled
star associates with such a disjoint union the following language:

{ug, - ug, € K* | ug, € Kg, Ng1---gr, =1 € G}.

Another view of the G-controlled star of K is the following: Let vx : K — G be a mapping
such that K, = 'y;(l (9) and let v : K* — G denote the canonical extension of vx to a
homomorphism from the free submonoid K* C A* to (G, then the G-controlled star of K is
exactly the set y~1(1). The generalization to infinite words v~1(1)* is called the G-controlled
w-power. Let C be a class of languages. We say that C is closed under G-controlled star
(w-power) if K is a prefix code with bounded synchronization delay, K, € C for all g € G,
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then the G-controlled star y~1(1) (w-power y~1(1)*) is in C. For a variety of groups H we
say that C is closed under H-controlled star (w-power) if C is closed under G-controlled star
(w-power) for every group G € H. By SDg(A>) we denote the smallest class of regular
languages such that ) € SDg(A%®), {a} € SDg(A™) for all letters a € A, SDg(A>) is closed
under finite union and concatenation, i.e., L, K € SDg(A>) implies LU K and (LN A*) - K
are both in SDg(A%), and SDg(A™) is closed under G-controlled star and G-controlled
w-power. We also define

SDG(A*) = {L C A" | L € SDg(A®)} and SDg(A%) = {L C A“ | L € SDg(A™)}.

Note that for every homomorphism 7 : A* — G we have y~1(1) € SDg(A4*) and vy~ 1(1)* €
SD¢(A%). This follows because first, A is a prefix code of bounded synchronization delay
and second, all finite subsets of A are in SDg(A*).

Unlike the case of star-free sets, the definition of SDg(A®) does not use any comple-
mentation. By induction: for L C A% we have L € SDg(A%) if and only if we can write
L =L, ULy with Ly € SDg(A*) and Ly € SDg(A%). In the special case where G = {1}
is the trivial group, we also simply write SD instead of SDy). In this case closure under
{1}-controlled stars (w-powers) can be rephrased in simpler terms as follows: If K € SD(A*)
is a prefix code of bounded synchronization delay, then K* € SD(A*) and K“ € SD(AY).

In [16] Schiitzenberger showed (using a different notation) SDg(A*) C H(A*), but the
converse only for H C Ab, see Proposition 6 for the first inclusion. Our aim is to show
H(A>) C SDg(A%) for all H, cf. Theorem 4. We begin with a technical lemma.

» Lemma 2. Let K C A" be a prefiz code of bounded synchronization delay and let
v : K* — G be a homomorphism such that v~1(g) N K € SDg(A*) for all g € G, then we
have y~1(g) € SDg(A*) for all g € G.

Proof. For a word w = uy---u, € K* we define P(w) = {y(u1---u;) | 1<i<k} C G
to be the set of prefixes of w in G. By an induction on |P(w)| we construct languages
L(w) € SDg(A*) such that w € L(w) € v ' (y(w)) and the number [{L(w)| w € K*}|
of such languages is finite. The base case |P(w)| = 0 implies ¢ = 1. We may choose
L(w) = v~1(1) and we are done, since y~1(1) € SDg(A*) by definition. Hence, we may
assume |P(w)| > 1. Let g1 = v(u;) and choose ¢ maximal such that g; = y(u; - - - u;). Then
we have uy - --u; € (KNy~*(g1)) -7~ *(1). Note that P(w') = gy * - {y(us---u;) | i < j <k}
for w" = w41 ---uk. By choice of i we have g1 ¢ {y(u1---u;)| ¢ <j <k} and therefore
|P(w")] = {y(u1---u;) | i <j <k} < |P(w)|. By induction there exists L(w’) and we
let L(w) = (K N~y *(g1)) -7 (1) - L(w'). The number of [{L(w) | w € K*}| is therefore
bounded by Zﬁ‘o |G|" which is less than |G |‘G|+1. The result follows because we can write
7 Hg) =U{L(w) | w € v '(9)} and this is a finite union. <

Clearly, we have for all G: if K € SDg(A*) is a prefix code of bounded synchronization
delay, then K* and K are both in SDg(A>). As a special case, using the prefix code
K = 0, it holds K* = {1} € SDg(A>). More generally, every finite language is in
SDg(A%). Note also that for G’ < G we have SDg/(A*) C SDg(A%). In particular,
U{SDg,(A>®) | ie I} C SDH- e (A®°) for every finite index set I. This inclusion holds

for every divisor of G as observed by the next lemma which can be proved by induction.
» Lemma 3. SDy(A*>) C SDg(A™>) holds for H < G.

We will formulate our some of results on the language classes SDg(A™) to obtain finer
results. However, our main result concerns the language class

SDu(A™) = | J{SDa(4>) | G € H}.
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» Theorem 4. Let H be a variety of finite groups. Then H(A>) is the smallest class of
languages C closed under finite union, concatenation, H-controlled star and H-controlled
w-power such that C contains all finite languages over A*. In other words, it holds H(A%®) =
SDg(A™).

» Corollary 5. SDgg(A™®) is closed under complementation and intersection for every variety
H of finite groups.

An algebraic characterization of H in terms of Rees extensions will be given in Theorem 15.
The proof of Theorem 4 covers the next two sections.

3 Closure properties of SDy

In this section we prove SDg(A%) C H(A>). Therefore one has to study the closure
properties under the operations given in the definition of SDg(A®°), that is, one has to show
that those operations do not introduce new groups.

The next proposition shows that the H-controlled star does not introduce new groups.

» Proposition 6 ([16]). Let K = |J{K,| g € G} C A" be a prefiz code of bounded syn-
chronization delay where each Kg is regular. Then all subgroups in the syntactic monoid of
the G-controlled star are divisors either of G or of the direct product ngG Synt(K,).

We will prove the same for v~1(1)“, relying on Proposition 6 as a blackbox. The concept used
for transfering the properties to infinite words are Birget-Rhodes expansions [3, 4]. The Birget-
Rhodes expansion of a monoid M is the monoid Exp(M) = {(X,m) | 1,m € X C M}. The
multiplication on Exp(M) is given as a semi-direct product: (X, m)-(Y,n) = (XUm-Y,m-n).
Note that M is isomorphic to the submonoid {(M, m) | m € M} of Exp(M), that is, M is a
divisor of Exp(M). Moreover, the following lemma shows that the Birget-Rhodes expansion
has the same groups as M.

» Lemma 7. FEvery subgroup of Exp(M) is isomorphic to some group in M.

Proof. Let G C Exp(M) be a group contained in Exp(M) and let (X, e) € G be the unit in
G. For every element (Y, m) € G we have (X, e)(Y,m) = (X UeY,em) = (Y, m) and hence,
X CY. Furthermore, (Y,m)I¢ = (Y U--- ,ml¢) = (X, e) and we conclude X =Y. Thus,
(X, m) — m is an injective embedding of G into M. <

The idea behind the Birget-Rhodes expansion is that it stores the seen prefixes in a set.

» Lemma 8. Let p : A* — M be a homomorphism and 1 : A* — Exp(M) be the homo-
morphism given by (a) = ({1,¢(a)},p(a)). Let u € A* and Y(u) = (X, ¢(u)). For every
m € X there exists a prefix v of u such that p(v) = m.

Proof. We will prove this inductively. The statement is true if u is the empty word. Thus,
consider u = va for some letter a € A. Let 1(v) = (Y, p(v)), then

P(u) = P) - ({1 ela)}, a)) = (Y U{p(v), p(v)ela)}, o(u)).

Inductively, we obtain prefixes of v, and therefore also prefixes of u, for all elements of Y.

The only (potentially) new element in X is ¢(u). This proves the claim. <

A special kind of w-regular languages are arrow languages. Let L C A* be a language.

We define L = {a € A¥ | infinitely many prefixes of a are in L} to be the arrow language
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of L. The set of arrow languages is exactly the set of deterministic laguages [21]. The
Birget-Rhodes expansion can be used to obtain a recognizing monoid for L, given a monoid
for L. For a related result see [10].

» Proposition 9. Let L C A* be some regular language and ¢ : A* — M be a homomorphism
which recognizes L, then L is recognized by Exp(M).

Proof. L(ﬁ> ¥+ A* — Exp(M) be the homom(gphism given by ¥(a) = ({1,¢(a)},¢(a)).
Let o € L and o ~y . We show that 3 € L. Let @« = wjuz--- and 8 = viva--- be
factorizations such that ¢ (u;) = 9(v;). Since a € f, we may assume that for every ¢
there exists a decomposition u; = wju} such that uy---u;—ju, € L. By 9 (u;) = 9¥(v;)
). Thus,

<

and Lemma 8, there exists a decomposition v; = vv) such that ¢(u}) = (v}

’ ’ ’ .. . -
UL -+ Ui—1 Uy ~ V1 - - V;—1v; and therefore vy - --v;_1v; € L. This implies 8 € L.
» Proposition 10. If L € SDg(A™®), then all subgroups in Synt(L) are a divisor of a direct
product of copies of G.

Proof. We will prove this inductively on the definition of SD(A>°). The cases ) € SDg(A>)
and {a} € SDg(A>) for all letters a € A are straightforward, as they are recognized by
aperiodic monoids. Let L, K be languages, such that their syntactic monoids contain only
groups which are divisors of a direct product of G. The language L U K is recognized by
the direct product of their syntactic monoids which implies the statement. (LN A*)- K is
recognized by the Schiitzenberger product of their syntactic homomorphisms [10] and [8,
Proposition 11.7.10]. The Schiitzenberger product does not introduce new groups [15].

Let K C AT be a prefix code of bounded synchronization delay and v : K* — G be a
homomorphism of the free monoid K* to the group G such that for all g € G every subgroup
of Synt(K N~y~1(g)) is a divisor of a direct product of copies of G. Proposition 6 implies
that every subgroup of Synt(y~1(1)) is a divisor of a direct product of copies of G. Note

that y~1(1)% = y~1(1) and therefore Proposition 9 and Lemma 7 imply that every subgroup
of Synt(y~1(1)¥) is a divisor of a direct product of copies of G. <

4  The inclusion H(A>®) C SDy(A™)

We prove that if every subgroup of M is a divisor of G, then every language recognized by M is
contained in SDg (A%°). This result is again finer than just the inequality H(A>) C SDgz(A%).
The proof works by induction on |M| and on the alphabet and decomposes every ~,,-class

into several sets in SD(A®°). As a byproduct we obtain a normal form for the languages in
SDg(A>).

» Proposition 11. Let L C A be recognized by ¢ : A* — M and let G be a group such that
every subgroup of M is a divisor of G, then L € SDg(A°). Moreover, L can be written as
finite union

L=1LyuU U Li -~ (1)
i=1
for L; € SDg(A*) and ~; : Kf — G for prefiz codes K; € SDg(A*) of bounded synchroniza-
tion delay with v; ' (g) N K; € SDg(A*) for all g € G. All products in the expressions of L;
are unambiguous.
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Proof. Let [w], = {v € A% | w =, v} be the equivalence class of w. Since L is recognized
by ¢, it holds L = Uyer [w],. Our goal is to construct languages L(w) € SD¢(A>) such
that

w € L(w) C [w],.

the number of such languages is finite.

every word in L(w) starts with the same letter.
In particular, we want to saturate [w], by sets in SDg(A). The construction of the set
L(w) is by induction on (|M|, |A]) with lexicographic order.

If w = 1, then we set L(w) = {1}. This concludes the induction base |A| = 0. Let us
consider the case that ¢(A*) is a group, that is, a divisor of G. Let K = A. The set K

is a prefix code of synchronization delay 0 and we may choose the homomorphism v = ¢.

Note that every subset of A is in SD¢(A*). In particular, K, = K Nvy~'(g) € SDg(A*) for
all g € ¢(A*). This shows v (g) = ¢ 1(g) € SDg(A*) for all g € p(A*) by Lemma 2 and
Lemma 3. In order to satisfy the third condition let w = av € aA* for some a € A and set

L(w) = ap~(¢(v)). It is clear that w € L(w) C [w], and L(w) € SDG(A*) by the above.

If w € aA¥, then we obtain w € ap~*(g)p~1(1)* for some g € ¢(A*) by the pigeonhole
principle. Thus, we may set L(w) = ap~*(g9)¢ *(1)“. Note that by the definition of ~, the
inclusion L(w) C [w],, holds. In particular, these cases include the induction base [M| = 1.

In the following we assume that ¢(A*) is not a group and therefore there exists a letter
¢ € A such that ¢(c) is not a unit. Fix this letter ¢ € A and set B = A\ {c}. If w € B*, the
set L(w) exists by induction. Let w = uv with v € B* and v € ¢A*. By induction we obtain
L(u) € SDg(B*>) C SDg(A™) and it remains to show L(v) € SDg(A>). Note that the
product L(w) = L(u) - L(v) is unambiguous. From now on we may assume w € cA>. Let us
first consider the case w = wv with u € ¢(B*¢)* and v € B*, i.e., there are only finitely many
occurrences of the letter ¢ in w. By induction, there exists L(v) € SDg(B*>°) C SDg(A™)
and by setting L(w) = L(u) - L(v) it remains to construct L(u).

Consider the alphabet T'= ¢(B*) = {¢(u) | u € B*}. Let M, be the local divisor of M
at ¢(c). Since M, is a divisor of M, every subgroup of M, is a divisor of G. Consider the
homomorphism ¢ : T* — M, given by ¥(p(u)) = ¢(cuc) and the substitution o : (B*¢)™ —
T with o(ujcusc...) = p(u1)e(ug) - --. Note that

Y(o(urcuge. .. unc)) = P(p(ur)e(ug) - - p(u,)) = p(cuic) o p(cugc) o - - - o p(cuy,c)
= p(cujcusc. .. cupc)

and thus ¢ ~1(m) Ne(B*c)* = co~(¢p=1(m)). Since |M.| < |M|, we can apply induction on
the monoid size and there exists a language L(o(u')) € SDg(T*°) for all v’ € (B*c)*. We
set L(u) = co~*(L(o(u'))) for u = cu’. In order to complete the case of finitely many c’s, it
suffices to show the following claim:

» Claim. It is 0~ }(K) € SDg(A™) for all K € SDg(T™).

Proof of the Claim: We prove the claim inductively on the definition of SDg. For K = (),
we obtain 0~} (K) = 0 € SDg(A>). Furthermore,

o7l(t) = U L(v)e € SDg(A).

vEB* t=p(v)

Let L, K € SDg(T>). A basic result from set theory yields c=}(L U K) = o~ (L) U
o YK). Let o(v) = wyw, for some v € (B*c)*. Since B*c is a prefix code, there exists a
unique factorization v = vive with v1,ve € (B*¢)* such that o(v1) = wy and o(ve) = wo.
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Thus, we conclude o~ }(K - L) = 07 }(K) - 07}(L). Let now K € SDg(T™) be a prefix
code of synchronization delay d. We first show that o~ 1(K) is a prefix code of bounded
synchronization delay. Let u,uv € o~!(K), then o(u),o(uv) = o(u)o(v) € K and therefore
o(v) = 1. This implies v = 1 and o~ !(K) is a prefix code. We prove that o~ 1(K)
has synchronization delay d + 1. The incrementation of the synchronization delay by
one comes from the fact that B*c is not a suffix code, and thus we need another word
in B*c to pose as a left marker. Consider vvw € o~ 1(K)* with v € ¢71(K)4! and
factorize v = vicvy with vy € 07 H(K)? = o7 1(K?). Then o(uvw) = o(uvic)o(ve)o(w),
and by o(v2) € K% this implies o(uv) = o(uvic)o(v2) € K*. Thus, wv € o1 (K)*. Let
v : K* — G be some homomorphism and K, = K Ny~!(g) € SDg(T*) for all g € G.
Inductively, 071 (K,) € SDg(A>®) and o~} (K) = Jo 1 (K,). Let v/ : o7}(K)* — G be
induced by +'(u) = v(co(u)). By definition of SDg(A>) we obtain 7/~1(1) € SDg(A4>).
However, uy ---u, € o~t(y~1(1)) if and only if v(o(uy ---u,)) = 1. Furthermore, note
that y(o(uy---un)) = v(o(ur))---(o(un)) = 7' (u1) -7 (un) = 7' (ur---un). Thus, we
obtain o1 (y71(1)) =4 71(1) € SDg(A4>) and o~ (v~ 1(1)*) = 4'71(1)¥ € SDg(A>). This
concludes the proof of the claim. |

At this point we showed the proposition for languages L C A*.

The last case of the proof is that w contains infinitely many c¢’s, that is, w = cv
with v € (B*¢)¥. By induction, we know that o(v) € Ly -y (1)* C [o(v)],, for some
Ly € SDg(T*) and vr : K} — G for some prefix code Ky € SDg(T*) of bounded
synchronization delay with v, (g) N K7 € SDg(T*). By the calculation above, there exists
a7 : K* — G with the usual properties such that y~(1) = ¢! (vz*(1)). Let L = o~ (Lr)
and set L(w) = cLy~'(1)“. It remains to show that cLy~'(1)* C [w],,. Let cu € cLy~(1)*,
then o(u) € [o(v)],,, that is o(u) ~y o(v). Since a2y, is the transitive closure of ~y,, we show
that o(u) ~y o(v) implies cu =, cv for all u,v € (B*c)* which concludes the proof. Now,
let o(u) = o(uic)o(ugc) -+ and o(v) = o(vic)o(vec) - -+ such that ¥ (o(u;c)) = ¥(o(vic)).
As observed above, this implies ¢(cu;c) = ¢(cv;c). Thus,

w

cu = (curc)ua(cusc)ua(c: - - ~y (cvic)us(cvsc)ua(c: -
= cvy(cugc)uz(cuqc) - - -~y cvr(cvac)vs(cvge) - - -

= Cv.

This implies the existence of finitely many sets L(w) € SDg(A>) with w € L(w) C [w], in
the case of infinitely many ¢’s. |

5 Rees extension monoids

We need the fact that every group contained in Rees(N, M, p) is contained in N or in M.

» Lemma 12 ([1]). Let G be a subgroup of Rees(N, M, p), then there exists an embedding of
G into N or into M.

Thus, Lemma 12 implies LocRees(H) C Rees(H) C Rees(H) C H for any group variety H.
We want to prove equality, that is, every monoid which contains only groups in H is a divisor
of an iterated Rees extension of groups in H. However, we are able to prove a stronger
statement using only local Rees extensions.

» Lemma 13. Let M be a monoid, N be a submonoid of M and ¢ € M. If N and c generate
M, then M is a homomorphic image of the local Rees extension LocRees(N, M,).
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Proof. Let ¢ : LocRees(N,M.) — M be the mapping given by p(n) = n for n € N and
o(u, z,v) = uzv for (u,z,v) € N x M, x N. Since

e((u, z,v)(s,y,t)) = @(u,z o cvscoy,t) = p(u, zvsy,t)
= (uav)(syt) = p(u, z,v)p(s,y, 1),

© is a homomorphism. Obviously, M = N U NM_.N and thus ¢ is surjective. |

A Rees decomposition of a monoid M is a sequence of monoids My, ..., My = M such that
for each 1 < j < k we have for M; one of the following:
M; is a group which is a divisor of M.
M; is a divisor of a local Rees extension of a submonoid M; of M; and a local divisor M,
of M; with ¢,¢ < j.

» Proposition 14. A finite monoid M has a Rees decomposition of length at most 21M1 — 1.

Proof. We prove the statement with induction on |M|. If M is a group, we set M7 = M.

This includes the base case |[M| = 1. If M is not a group, we may choose a minimal generating
set of M. Let ¢ be a nonunit of this generating set, then there exists a proper submonoid N of
M such that N and c generate M. Since c is not a unit, the local divisor M, is smaller than
M, that is, |M.| < |M|. By induction, there exist Rees decompositions Mj,..., M}, = N
and M{,..., M}, = M, with k', k" < 2/M|=1 _ 1. Note that every group, which is a divisor
of N or M, also is a divisor of M. Furthermore, M is a divisor of the local Rees extension of
My = N and My 4 = M. by Lemma 13. Therefore, choosing

M; =M/ for 1 <i<Fk

MrL'Jrk/ = MZ// for 1 S ) S k‘//

My igrpr =M
leads to such a sequence for M. Since k' + k" +1 < 2. (2IMI=1 — 1) 41 = 2IMI — 1 the
bound on £ holds. <

The inclusion H C LocRees(H) is immediate from Proposition 14. This yields
» Theorem 15. Let H be a variety of finite groups. Then H = LocRees(H) = Rees(H).

In particular, every monoid in H is a divisor of an iterated Rees extension of groups in H by
Lemma 1. We can draw the decomposition as a tree based on the decomposition of M in
submonoids and local divisors. We do not describe this formally but content ourselves to
give an example.

» Example 16. Let M be the monoid generated by {a,b,d, o} with the relations a? = b =
ab=ba =0, ad =a, do = 0%, 6% =1, 02 =1 and d§ = dd, do = od with d € {a,b}. The
subgroup generated by § and ¢ is the symmetric group G3; it is solvable but not abelian.
The monoid M is syntactic for the language L which is a union of L, and L;. The language
L, is the set of all words uav with uv € {§,0}" and the sign of the permutation uv evaluates
to —1. The language Ly is the set of all words ubv with uv € {§,0}" and uv evaluates in &3
to 6. The decomposition in local Rees extensions from Proposition 14 is depicted in Figure 1.
Here Ma, o, d] denotes the submonoid generated by {a,c,d}. In particular, this yields

M < Rees(Rees(63, Rees(Z/2Z, {1}, p1), p2), Rees(Ss, {1}, ps), pa)

for some p1, p2, p3, p4 by Lemma 1.
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M]a, o, 0] M, ~ G3U {0}
S Mla,0,0]. ~Z/2Z0{0} & (Mp)o ~ {1}
PN
APV (Mla,0,0]q)0 ~ {1}

Figure 1 Decomposition tree of the monoid in Example 16.

6 Applications

An application of Proposition 14 is the solution to an open problem of Almeida and Klima.
Let U and V be varieties. Let Rees(U, V) be the variety generated by Rees(N, M, p) for
N € U and M € V. Note that in general Rees(V) # Rees(V, V). However Rees(V) can be
defined as the limit of this operation. Let V; = Rees(V;_1, Vi—1) and Vo =V, then

Rees(V) = U V.
€N
The variety Rees(U, V) has recently been introduced by Almeida and Klima under the name
of bullet operation [1]. They defined a variety V to be bullet idempotent if V = Rees(V,V)
and they asked whether there are varieties apart from H which are bullet idempotent. Using
our decomposition above, we prove that the answer to this question is “No”.

» Theorem 17. Let V be a bullet idempotent variety and let H=V NG, then V = H.

Proof. Since H is the maximal variety with HN G = H, we have V C H. Let M € H.
Inductively, we may assume that every proper divisor of M is in V. If M is a group, then
M € H and thus M € V. Thus, there exists an nonunit element ¢ € M and a proper
submonoid N of M such that N and c generate M. By Lemma 13, M is a divisor of
LocRees(N,M,), and since N, M. € V and V = Rees(V, V) we obtain M € V. <

Let (FO +MODy)[<] be the fragment of first-order sentences which only use first-order
quantifiers, modular quantifiers of modulus ¢ and the predicate <. Then the following
theorem holds.

» Corollary 18. (FO + MOD,)[<](A*) = SDso1, (A>)

Proof. By [20], see also [19] for a complete treatise, (FO +MOD,)[<] describes the family
of all regular languages such that every group in the syntactic monoid is a solvable group of
cardinality dividing a power of g, that is the languages in Sol,. Theorem 4 then implies the
stated equality. <

The same language class has been described by Straubing with another operation, counting
how many prefixes are in a given language, which resembles more closely the counting
modulo ¢ [18].

7 Summary

Our main theorem Theorem 4 states H(A>) = SDg(A>). An overview over the contributions
for H is given in Table 1.
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Table 1 Overview of existing and new language characterizations of H.

1 Ab Sol Sol, H
finite words | [17] | [16] | [18],new | [18],new | new, unless HC Ab
w-words [5] | new new new new, unless H=1

As a byproduct we were able to give a simple decomposition of the monoids in H as local

Rees extensions and groups in H, using only exponentially many operations.
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