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—— Abstract

An important endeavor in computer science is to precisely understand the expressive power of
logical formalisms over discrete structures, such as words. Naturally, “understanding” is not a
mathematical notion. Therefore, this investigation requires a concrete objective to capture such
a notion. In the literature, the standard choice for this objective is the membership problem,
whose aim is to find a procedure deciding whether an input regular language can be defined in
the logic under study. This approach was cemented as the “right” one by the seminal work of

Schiitzenberger, McNaughton and Papert on first-order logic and has been in use since then.

However, membership questions are hard: for several important fragments, researchers have
failed in this endeavor despite decades of investigation. In view of recent results on one of the
most famous open questions, namely the quantifier alternation hierarchy of first-order logic, an
explanation may be that membership is too restrictive as a setting. These new results were
indeed obtained by considering more general problems than membership, taking advantage of
the increased flexibility of the enriched mathematical setting. This opens a promising avenue
of research and efforts have been devoted at identifying and solving such problems for natural
fragments. However, until now, these problems have been ad hoc, most fragments relying on a
specific one. A unique new problem replacing membership as the right one is still missing.

The main contribution of this paper is a suitable candidate to play this role: the Covering
Problem. We motivate this problem with three arguments. First, it admits an elementary set
theoretic formulation, similar to membership. Second, we are able to reexplain or generalize
all known results with this problem. Third, we develop a mathematical framework as well as a
methodology tailored to the investigation of this problem.
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1 Introduction

One of the most successful applications of the notion of regularity in computer science is
the investigation of logics on discrete structures such as words or trees. The story began in
the 60s when Biichi [4], Elgot [8] and Trakhtenbrot [32] proved that the regular languages of
finite words are those that can be defined in monadic second order logic (MSO). This result
has since been exploited to study the expressive power of important fragments of MSO by
relying on a decision problem: the membership problem. Given a regular language as input,
this problem asks if it can be defined by a sentence of the fragment under investigation.
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Getting membership algorithms is difficult. In fact, this is still open on finite trees for
the most natural fragment of MSO, namely first-order logic (FO). On words however, this
question was solved in the 70s by Schiitzenberger, McNaughton and Papert [27, 12]. This
theorem was very influential and has often been revisited [34, 7, 5, 18]. It paved the way to
a series of results of the same nature. A famous example is Simon’s Theorem [28], which
yields an algorithm for the first level of the quantifier alternation hierarchy of FO. Other
examples include [3, 11, 35, 29] which consider fragments of FO where the linear order on
positions is replaced by the successor relation or [30] which considers the 2-variable fragment
of FO. The relevance of this approach is nowadays validated by a wealth of results.

The reason for this success is twofold. First, these results cemented membership as the
“right” question: a solution conveys a deep intuition on the investigated logic. In particular,
most results include a generic method for building a canonical sentence witnessing mem-
bership of an input language in the logic. Second, Schiitzenberger’s solution established
a suitable framework and a methodology to solve membership problems. This methodol-
ogy is based on a canonical algebraic abstraction of a regular language which is finite and
computable, the syntactic monoid. The core of the approach is to translate the semantic
question (is the language definable in the fragment?) into a purely syntactical, easy question
to be tested on the syntactic monoid (does the syntactic monoid satisfy some equation?).

Unfortunately, this methodology seems to have reached its limits for the hardest ques-
tions. An emblematic example is the quantifier alternation hierarchy of first-order logic
which classifies sentences according to the number of alternations between 3 and V quantifiers
in their prenex normal form. A sentence is ¥; if its prenex normal form has (i—1) alternations
and starts with a block of existential quantifiers. A sentence is BY; if it is a boolean combi-
nation of ¥; sentences. Obtaining membership algorithms for all levels in this hierarchy is a
major open question and has been given a lot of attention (see [33, 31, 13, 14, 15, 16, 25, 17]
for details and a complete bibliography). However, progress on this question has been slow:
until recently, only the lowest levels were solved: ¥; [2, 19], BX; [28] and 32 [2, 19].

It took years to solve higher levels. Recently, membership algorithms were obtained
for X3 [23], BX2 [23] and X4 [20]. This was achieved by introducing new ingredients into
Schiitzenberger’s methodology: problems that are more general than membership. For each
result, the strategy is the same: first, a well-chosen more general problem is solved for a
lower level in the hierarchy, then, this result is transferred into a membership algorithm for
the level under investigation. Let us illustrate what we mean by “more general problem” and
present the simplest of them: the separation problem. It takes two regular languages as input
and asks whether there exists a third one which is definable in the logic, contains the first,
and is disjoint from the second. Being more general, such problems are also more difficult
than membership. However, this generality also makes them more rewarding in the insight
they give on the investigated logic. This motivated a series of papers on the separation
problem [26, 6, 21, 22, 24] which culminated in the three results above [23, 20]. However,
while this avenue of research is very promising, it presently suffers three important flaws:

1. The family of problems that have been considered up until now is a jungle: each particular
result relies on a specific ad-hoc problem. For example, the results of [23, 20] rely on
three different problems. In fact, even if one is only interested in separation, the actual
solution often considers an even more general problem (see [26, 23, 20] for example).

2. Among the problems that have been investigated, separation is the only one that admits
a simple and generic set-theoretic definition (which is why it is favored as an example).
On the other hand, for all other problems, the definition requires to introduce additional
concepts such as semigroups and Ehrenfeucht-Fraissé games.
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3. In contrast to membership solutions, the solutions that have been obtained for these more
general problems are non-constructive. For example, most of the separation solutions
do not include a generic method for building a separator language when it exists (the
algorithms are built around the idea of proving that the two inputs are not separable).

Contributions. Our objective in this paper is to address these three issues. Our first
contribution is the presentation of a single general problem, the “covering problem”, which
admits a purely set-theoretic definition and generalizes all problems that have already been
considered. Furthermore, its definition is modular: the covering problem is designed so that
it can easily be generalized to accommodate future needs. Its design is based on an analysis of
the methods used to solve membership and separation. In both cases, the algorithms almost
always exploit the fact that an input regular language L is not isolated: its recognizer defines
a set of regular languages from which L is built. This set has a structure upon which the
algorithms are based. The covering problem takes this observation into account: an input of
the problem is directly any finite set of regular languages. Given such a set L, the problem
asks to compute the “best possible approximation” (called optimal cover, hence the name
“covering”) of this set of languages by languages belonging to the investigated fragment. In
particular, the separation problem is just the special case when the input set is of size 2.

The main advantage of the covering problem is that it comes with a generic framework
and a generic methodology designed for solving it. This framework is our second contribu-
tion. It generalizes the original framework of Schiitzenberger for membership in a natural
way and lifts all its benefits to a more general setting. In particular, we recover construc-
tiveness: a solution to the covering problem associated to a particular fragment yields a
generic way for building an actual optimal cover of the input set.

Finally, the relevance of our new framework is supported by the fact that we are able to
obtain covering algorithms for the fragments that were already known to enjoy a decidable
separation problem. In contrast to the previous algorithms, these more general ones are
presented within a single unified framework. This is our third contribution. We present
actual covering algorithms for four particular logics: first-order logic (FO), two-variables
FO (FO?) and two logics within the quantifier alternation hierarchy of FO (BX; and ¥5).
As explained, the payoff is that we obtain effective solutions to the covering problem. Hence,
we obtain an effective method for building separators in the weaker separation problem.

Historical note. As observed by Almeida [1], separation is tied to a purely algebraic problem
of Henckell and Rhodes (see [9, 10]): computing the “pointlike sets of a given finite semigroup
with respect to a variety V”. This can probably be lifted to covering. However, there are two
main advantages to our approach. First, it is more general: pointlike sets are restricted to
classes and inputs that are both more specific than ours. Second, covering admits a simple
set theoretic definition that pointlike sets obfuscate with heavy terminology.

Organization. We define the covering problem in Section 2 (for arbitrary input sets of
languages, i.e., not necessarily made of regular languages). We present our framework for the
particular case of regular inputs in Sections 3 and 4. Four examples of covering algorithms
are presented in Section 5. Due to lack of space, proofs are deferred to the journal version.

2 The Covering Problem

In this section, we define the covering problem. For the whole paper, we fix a finite alphabet
A and work with finite words over A (i.e., elements of A*). A language is a subset of A*. Note
that we restrict ourselves to words for the sake of simplifying the presentation. However,
the covering problem makes sense for any structure (such as infinite words or trees).
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We focus on two kinds of classes of languages. We say that a class of languages % is a
lattice when it contains the empty and universal languages (f) and A*) and it is closed under
finite union and finite intersection: K,L € % implies K UL, K N L € ¥. Furthermore, ¥
is a boolean algebra when ¥ is a lattice that is closed under complement: L € % implies
{w e A* |w & L} € €. The covering problem then comes into two variants:

a variant that can be associated to any class of languages that is a lattice. We call this
variant the pointed covering problem.

a weaker variant that can be associated to any class of languages that is a boolean algebra.
We call it the covering problem. While weaker than the first one, this variant enjoys
simpler terminology, which makes it our choice when working with boolean algebras.

We now define these two variants. In the definition, we use the separation problem as
a foundation to motivate and explain our design choices. As we explained, given a class of
languages %, solutions to membership and separation exploit the fact that the recognizer
of an input regular language L recognizes a set of regular languages from which L is built.
The covering problem is based on this observation: its input is any finite set of languages L.

» Remark. A “set of languages” is a purely mathematical object. An actual input is a set of
recognizing devices for these languages. In particular, it may happen that two such devices
recognize the same language. Therefore our inputs are actually finite sets of languages names
(which may contain “several copies” of the same language). This is harmless: two sets of
names for the same underlying set of languages are equivalent for both covering problems.

2.1 The Covering Problem for Boolean Algebras

We begin with the simpler covering problem. Let € be a boolean algebra'. Given a finite
set of languages names L = {Ly,..., L.}, a €-cover of L is a finite set of languages K =
{Ki,...,Kpn} such that K; € € for all i < n and:

Lwu---UL, CKjU---UK,,.

Note that since % is a boolean algebra, there always exists a %-cover of L: the singleton
{A*}. When we have a €-cover K of L in hand, our main interest will be to know how good
K is at separating languages in L: what languages in L are separated by unions of languages
in K? What are the “best €-covers” of L (called optimal €-covers)? This information is
captured by a new object that we associate to any cover of L, its imprint on L.

Filterings and Imprints. Imprints are based on filterings. Given a finite set of names L and
a language K, the filtering of L by K, measures the “interaction” between L and K. More
precisely, the filtering of L by K, denoted by (L|K), is defined as the following set:

(LIK)={LeL|LNK#0} CL
» Remark. This notion is what makes the problem modular. It can be strengthened to

define harder variants of the problem and accommodate future needs.

We may now define imprints. Given a subset E of 2%, we write | F to denote the downset
of E, i.e., the set |E = {H | 3JH’ € E such that H C H'}. If K is a finite set of languages,
the imprint of K on L is the set,

TL(K) = (LK) |K €K} C 2V

1 The problem actually makes sense for any class that contains the universal language and is closed under
intersection. However, we need % to be a boolean algebra for the connection with separation.
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Note that we shall mainly use this definition when K is a @-cover of L. However, in some
proofs, it will be convenient to have it for an arbitrary set of languages K. We present
examples of imprints when K is a €-cover of L in Figure 1.

Cover K V {K;, K2} Cover K’ = K{,Ké,Ké} Cover K" = {K{, KY
I[L|(K) = Z[LJ(K') = T[L|(K") =
H{L1, Lo, Ls}} WALy, Lo}, {Ly, Ls}, {L2, Ls}}  {{{L1, Lo}, {L1, L3}}

Figure 1 Some %-covers of L = {L1, L2, L3} and their imprint on L

Let us make a few observations about imprints. An imprint on L is a subset of 2L.
Therefore, for a fixed finite set L, there are finitely many possible imprints on L, even
though there are infinitely many finite sets K of languages. Another simple observation is
that all imprints are closed under downset: Z[L](K) = JZ[L](K). Also notice that if K is
a @-cover of L, its imprint captures separation-related information: if {L1, Lo} ¢ Z[L](K),
then L (resp. Lo) can be separated from Lo (resp. Lj) by a union (in &) of languages in K.

» Remark. Imprints capture more than just separation-related information. From the sepa-
ration point of view, the ¥-covers K and K’ of Figure 1 are equivalent: they cannot separate
any pair of languages in L. However, their imprints on L tell us that K’ is “better” as it
covers L without containing a language that intersects all languages in L at the same time.

Finally, observe that if K is a €-cover of a finite set L, then its imprint on L always
contains some trivial elements. To any finite set of names L, we associate the following set:

Lirin[L] = H{(LKw}) |we A} = {H C L | NpeuH # 0}
» Fact 1. For any €-cover K of L, we have Z;;,[L] C Z|L|(K).

Optimal %-covers. We now use imprints to define our notion of “best” &-cover of L which
we call optimal € -covers. A necessary (but not sufficient) property for a €-cover of L to be
optimal will be that Li, Lo € L are %-separable if and only if they can be separated by a
union of languages in the %-cover. Formally, we say that a ¥-cover K of L is optimal when,

ZIL)(K) C Z[L|(K') for any %-cover K’ of L.

In general, there can be infinitely many optimal %-covers of a given finite set of names L.
We now state that for any L, there always exists an optimal €-cover of L. Note that the
proof only requires € to be closed under finite intersection.

» Lemma 2. For any finite set of languages names L, there exists an optimal € -cover of L.

Note that the proof of Lemma 2 is non-constructive. Given a finite set of names L,
computing an actual optimal €-cover is a difficult problem in general. In fact, as seen in
Theorem 4 below, this is more general than solving € -separability for any pair of languages
in L. Before we present this theorem, let us make a key observation about optimal €-covers.
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By definition, given a boolean algebra % and a finite set of names L, all optimal %-covers
of L have the same imprint on L. Hence, this unique imprint on L is a canonical object for
% and L. We call it the optimal imprint with respect to € on L and we denote it by Ze[L]:

Z¢[L) = Z[L](K) for any optimal €-cover K of L.

We can now state the covering problem. We parametrize it by two classes of languages,
a class 2 constraining the input, and a boolean algebra % .

» Definition 3. The Covering problem for ¢ inside & is as follows:

INPUT: A finite set of languages L C 2.
QUESTION: Compute Z¢[L].

As expected, we only consider the covering problem when the input class & is the class
of regular languages (in particular we will often simply say “covering problem” for this
particular variant). There are two stages when solving the covering problem.

1. Stage One: find an algorithm that, given a finite set of regular languages L as input,
computes Z¢[L] (we call such an algorithm a covering algorithm for ¢’). In Theorem 4
below, we prove that this generalizes separation as a decision problem.

2. Stage Two: find an algorithm that, given a finite set of regular languages L as input,
computes an optimal €-cover of L (i.e., one whose imprint is Z¢[L]). We prove below
that this generalizes separation as a computational problem: if one has an optimal ¢-
cover of L, one may build a separator in ¢ for any two separable languages in L.

» Theorem 4. Let € be a boolean algebra and let L be a finite set of languages names.
Given any two language name‘ ’s Ly, Ly € L, the following properties are equivalent:

1. L1 and Lo are € -separable.
2. {L1, Ly} € T [L).
3. For any optimal € -cover K of L, L1 and Ly are € -separable by a union of languages in K.

Theorem 4 will be proved in the journal version of this paper. It entails that ‘covering’
is a more general problem than ‘separation’. It is actually strictly more general as Z¢|[L]
captures more information than which pairs of languages in L are €-separable.

2.2 The Pointed Covering Problem for Lattices

So far, we connected the separation problem to the more general covering problem. Un-
fortunately, while the definition of the covering problem makes sense for all lattices, the
connection with separation stated in Theorem 4 requires the investigated class € to be a
boolean algebra. When % is not closed under complement, the optimal imprint Z¢[L] does
not capture enough information to decide whether two languages in L are € -separable.

» Example 5. Let € be the class of languages which are unions and intersections of languages
of the form A*aA* for some a € A. Observe that L; = A*aA* N A*bA* is €-separable from
Lo = a* (L; belongs to ¢ and Ly N Ly, = (). However, it can be verified that the optimal
imprint with respect to ¢ on {Ly, Lo} is Zg[{L1, Lo} = {0,{L1},{La2},{L1, L2} }.

We solve this issue with a new problem generalizing separation for any lattice of lan-
guages €: the pointed € -covering problem. The main idea behind this new problem is to
replace the notion of cover of a finite set of languages names L with a more general one:
pointed covers. When a class of languages € is a lattice but not a boolean algebra (i.e., €
is not closed under complement), the associated separation problem is asymmetric: given
Ly, Ly C A*) the two following problems are non-equivalent:
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finding K7 € % such that L1 C K; and K1 N Ly = 0.
finding Ky € € such that Ly C Ky and Ko N Ly = (.

From the point of view of %-covers, this means that we have to define a notion of “%-cover
of {L1, Ly}” making a distinction between the languages used to cover L; and those used
to cover Lo. This is what pointed %-covers are designed for.

Pointed % -covers. Let L be a finite set of names. An L-pointed set of languages is a finite set
P C Lx24" (i.e., elements of IP are pairs (L, K ) where L is a name in L and K is an arbitrary
language). Furthermore, we call support of P the set K = {K | (L, K) € P for some L € L}.
In other words the support of IP is the smallest set of languages such that P C L x K. Finally,
when we have an L-pointed set of languages IP with support K in hand, for all L € L, we
will denote by IP(L) C K the set of all K € K such that (L, K) € P.

We may now define pointed € -covers. Let € be a lattice. Given a finite set of languages
names L, a pointed € -cover of L is an L-pointed set of languages IP such that all K in the
support of P belong to € and for all L € L,

LC U K (i.e.,P(L) is a cover of {L})
KeP(L)

Note that since % is a lattice, we have A* € ¥. Hence, for all finite sets L, there always
exists a pointed %-cover of L: the set {(L, A*) | L € L}.

» Remark. Pointed @-covers are more general than @-covers: if IP is a pointed %-cover
of L, then the support K of P is a ¢-cover of L. Intuitively, pointed é-covers capture more
information: they record for each L € L which languages in K are needed to cover L. We
use this additional information to define a finer notion of optimality.

Pointed Imprints. We now generalize imprints to pointed covers with the notion of pointed
imprint (also based on the notion of filtering which is unchanged). To define pointed im-
prints, we first have to generalize the notion of downset to our new setting. If L is a finite
set of language names and E C L x 2%, we denote by |F the set,

LE = {(L,H) | there exists (L,H’) € E such that H C H'}

We may now define pointed imprints. Let L be a finite set of language names and let P be
an L-pointed set of languages. The pointed imprint of IP on L is the set,

PLI®) = H(ZL, (LIK))| (L K) € P} < Lx 2"

This new notion of pointed imprint has similar properties to those of the original notion of
imprint. For a fixed L, any pointed imprint on L is a subset of L x 2%, so there are finitely
many pointed imprints on L. Furthermore, pointed imprints are closed under downset.

Moreover, as for imprints, pointed imprints contain some trivial elements. If L is a finite
set of languages, we let

Piriv| L] = L{(L, (L{w})) | Le Land w € L} = {(L,H) | (NgeaH) N L # 0}
» Fact 6. For any pointed €-cover P of L, we have Pi»|L] C P[L](P).

Optimal Pointed %-Covers. We can now define optimal pointed €-covers. The definition is
similar to that of optimal €-covers. We say that a pointed &-cover IP of L is optimal when,

P[L}(P) C P[L|(P") for any pointed €-cover P’ of L
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» Lemma 7. For any finite set of languages names L, there exists an optimal pointed € -
cover of L.

As Lemma 2, Lemma 7 is based on closure under intersection. We now generalize the
notion of optimal imprint. By definition, all optimal pointed %-covers of L share the same
pointed imprint on L. Hence, this unique pointed imprint is a canonical object for ¢ and L.
We call it the optimal pointed imprint with respect to € on L denoted by P«[L]:

P¢[L] = P[L}(K) for any optimal pointed €-cover K of L

We are now ready to state the pointed covering problem. As before, it is parametrized
by a class 2 constraining the input, and a lattice €.

» Definition 8. The Pointed covering problem for € inside Z is as follows:

INPUT: A finite set of languages L C 2.
QUESTION: Compute P«[L].

Similarly to the covering problem, there are two stages when solving the pointed covering
problem for a given lattice €. The first one is to find an algorithm that computes P [L] from
L and the second one is to find a generic method for constructing optimal pointed % -covers.
We now make the connection with the %-separation problem in the following theorem.

» Theorem 9. Let € be a lattice and let L be a finite set of languages. Given any two
languages L1, Ly € L, the following properties are equivalent:

1. Ly is €-separable from L.

2. (Ly1,{L2}) ¢ P¢[L].
3. For any optimal pointed € -cover IP of L, the language UKGIP(Ll) K separates Ly from L.

Let us make two remarks. The first one is that for any lattice %', pointed covering is more
general than covering. The second is that while this relation can be strict (see Example 5),
this only happens when the class % is not closed under complement: if % is a boolean
algebra, then the two problems are equivalent. In other words, when % is a boolean algebra,
there is no point in considering pointed covering: the covering problem (which relies on
simpler terminology) suffices. We refer to the journal version of this paper for details.

Now that we have defined both covering problems, the remaining sections are devoted to
presenting their benefits. In particular, we present a general methodology for regular inputs
in Sections 3 and 4 and use it in Section 5 on specific examples. Note that in contrast to
this section which was generic to all types of structures and inputs, the remainder of the
paper is specific to words and regular languages: we will rely on the fact that our inputs are
sets of regular languages of finite words in our methodology.

3 Tame Sets of Languages

We now present a special class of input sets for the covering problem that we call the class of
tame sets of languages names. A tame set contains only regular languages and has a specific
algebraic structure (which is connected to language concatenation). While not all finite
sets of regular languages are tame, we will be able to restrict our algorithms to such inputs
without loss of generality. This restriction is central: we rely heavily on the properties of
tame inputs in all our algorithms. The typical example of a tame set is the following.

» Example 10. Given a nondeterministic finite automaton (NFA) & = (A4,Q, I, F,§), the
set {Lqr | (q,7) € Q*} is tame (where Ly, is a name for the language {w | ¢ = r}).
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3.1 Definition

A finite set of languages names is said to be tame if it can be given a partial semigroup
structure. Let us first define partial semigroups. A partial semigroup is a set S equipped
with a partial multiplication (i.e., st may not be defined for all s,¢ € S) such that for all
r,s,t € S, if rs and st are both defined, then (rs)t and r(st) are defined and equal.

We may now define tame sets. Let L be a finite set of languages names. A tame
multiplication for L is a partial semigroup multiplication “®” (we use this notation to avoid
confusion with language concatenation) that satisfies the following properties:

(1) forall L, L' € L, if L ® L’ is defined then LL' C L& L'.
(2) for all H € L and all words w € H, if w may be decomposed as w = wu/, then there
exist L, L' € Lsuchthat u e L, v € L'’ and H =L ® L'.

We say that a finite set of languages names L is tame if it can be equipped with a
tame multiplication. Note that when working with tame sets, we will implicitly assume
that we have a tame multiplication “®” for this set. Furthermore, since L is a finite partial
semigroup, it is known that there exists an integer w(L) (denoted by w when L is understood)
such that if L ® L is defined, then L¥ is defined and idempotent (i.e., LY ® L* = L¥).

An important observation is that tame sets of languages names may only contain regular
languages, as stated in the following lemma (proved in the journal version).

» Lemma 11. Any language in a tame set of languages is reqular.

Unfortunately, the converse of Lemma 11 is not true: there are finite sets of regular
languages that are not tame. For example, the set L = {{ab}} fails Condition (2). However,
this issue is easily solved with the following proposition.

» Proposition 12. Let H = {Hy,...,H,} be a finite set of languages given by n NFAs
o, ..., 9. There exists a tame set of languages names L such that for any lattice €,

Z¢[H] (resp. Pe[H]) can be computed from Zg[L] (resp. Pe[L]).

any optimal (pointed) € -cover of L is an optimal (pointed) € -cover of H.

L and its tame multiplication can be computed from <, ..., <, in polynomial time and
has size | |* + - + | |* (where |<7;| stands for the number of states of ;).

Proposition 12 is proved in the journal version (the construction is based on Example 10).
From now on, we will assume that our inputs are tame. We finish the section by explaining
the benefits of considering tame inputs in the covering and pointed covering problems.

3.2 Tame Sets of Languages and the Covering Problems

As explained, we will restrict our inputs to tame sets. We now have to explain the benefits
of such a restriction. In order to get these benefits, we need the investigated class & to
satisfy a new property in addition to being a boolean algebra or a lattice. The left quotient
of a language L by a word w is the language w™'L = {u € A* | wu € L}. The right quotient
Lw™" is defined symmetrically. A class of languages is a quotienting boolean algebra if it is
a boolean algebra of regular languages closed under left and right quotient. A quotienting
lattice is a lattice of regular languages closed under left and right quotients.

When L is tame, the partial semigroup multiplication ® over L can be extended as a
semigroup multiplication over 2l SO R = {SOR| S €S, R€ R and S® R is defined}.
Hence, 2% is a semigroup and L x 2% a partial semigroup. It turns out that when % is a
quotienting lattice these structures are transferred to Z[L] C 2 and P« [L] C L x 2L
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» Lemma 13. Let € be a quotienting lattice and let L be a tame set of languages. Then the
two following properties holds:

(1) Px[L] is closed under multiplication: for all (L1,L1), (Lo, La) in Pg[L], if L1 ® Lo is
defined, then (L1 ® Lo, L1 ® L) € Py[L].
(2) Z#[L)] is closed under multiplication: for all Ly and Lg in Z¢[L], L1 ® Ly € Ze[L].

Lemma 13 will be proved in the full version. Let us explain why it is crucial. We do it in
the setting of the covering problem, which is simpler. We start with the following statement.

» Lemma 14. Let L be a tame set of languages and let Ky, Ko be two languages, then
(L|K1) © (L|K2) = (L|K1 Ks).

Let % be a boolean algebra and L be a finite set of names. A natural method for building
an optimal €-cover K of L is to start from K = Z;.;,[L] and to add new languages K in
% to K until K covers L. By definition of imprints, for K to be optimal, we need all such
candidate languages K to satisfy (L|K) € Z¢[L]. It follows from Lemma 13 and Lemma 14
that when % is a quotienting boolean algebra and L is tame, these K may be built with
concatenation: if we already have K; and Kj such that (L|K;), (L|K3) € Z¢[L], then we
may add KK as well since by Lemmas 13 and 14, (L| K3 K3) = (L|K1) © (L|K2) € Z¢[L].

This is central for classes of languages defined through logic (such as first-order logic).
Indeed, concatenation is a fundamental process for building new languages in such classes.

4 General Approach

In this section, we present a natural methodology for attempting to solve the covering or
pointed covering problem for a particular input class 4. This is the methodology that we
use for all examples of Section 5.

Let € be a quotienting boolean algebra or a quotienting lattice. Recall that since we
restrict ourselves to tame sets, the two objectives of the covering (resp. pointed covering)
problem are as follows. Given as input a tame set L,

1. we want an algorithm that computes Z¢[L] (resp. Pg[L]).
2. we want an algorithm that computes optimal €-covers (resp. pointed €-covers).

We now detail our methodology for the pointed covering problem (the case of the weaker
covering problem is similar, see Section 5). This methodology consists in three steps.

Step 1: Presentation of the Pointed Covering Algorithm. The first step presents a solution
to stage one: an algorithm that takes as input a tame set L and computes P¢[L]. This step
only presents the algorithm: the second and third steps are devoted to its proof.

A key point is that pointed covering algorithms are designed as lowest fixpoint algorithms.
Since P¢[L] is a pointed imprint on L, we have Py4,[L] C P« [L] (Fact 6). All our algorithms
start from Py, [L], and then add new elements using finitely many operations until a fixpoint
is reached. Among these operations, some are specific to the particular quotienting lattice €
that we consider, and some are generic to all quotienting lattices. In particular, the set of
operations that we use will always include downset and multiplication (see Lemma 13). To
sum up, our algorithms compute Py [L] as a the smallest set Saty (L) C L x 2 (Sat means
‘saturation’), containing Py, [L] and closed under the following operations:

1. Downset: Saty (L) = |Satx(L).
2. Multiplication: if (L, H), (L', H') € Sat¢ (L), then (LOL', HOH') € Satw (L) (if defined).
3. - -+ (additional operation(s) specific to €).
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Step 2: Soundness. The second step is devoted to proving that the covering algorithm of
Step 1 is sound, i.e., that Saty (L) C Py[L]: for any pointed &-cover P of L, Satx (L) C
P[L](P). This is the “easy” direction and it involves Ehrenfeucht-Fraissé arguments.

Step 3: Completeness. The third step is devoted to proving that the covering algorithm
of Step 1 is complete, i.e., that Py [L] C Sate(L). While usually difficult, this proof is of
particular interest as it yields a solution to second stage of the pointed covering problem as
a byproduct: an algorithm that computes optimal pointed %-covers.

The proof of this step should be presented as a generic construction for building an
actual pointed €-cover P of L whose imprint on L is included in Sat(L). This proves that
P¢[L] C P[L|(P) C Sate (L), and therefore completeness. However, by combining this with
the knowledge that the algorithm is also sound (this is proved in Step 2), we obtain that
P¢[L] = P[L](P). In other words the proof builds an optimal pointed € -cover P of L.

5 Examples of Covering Algorithms

We now present examples of covering algorithms for several classical logical fragments, all
based on first-order logic on words. Let us first briefly recall the definition of first-order
logic over finite words. A word is viewed as logical structure made of a sequence of positions
labeled over A. In first-order logic over words (FO), for each a € A, one is allowed to use
a unary predicate “a(x)” which selects positions x labeled with an a, as well as a binary
predicate “<” for the linear order. A language L is said to be first-order definable if there is
an FO sentence ¢ such that L = {w | w | ¢}. Also denote by FO the class of all first-order
definable languages. We present algorithms for FO itself and its fragments BX;, FO?, 3.

Note that we only present Step 1 of our methodology in the main text, i.e., algorithms
without their proofs. An important remark is that these proofs are all difficult: while we
have a generic template, proving a covering algorithm always requires arguments specific
to the investigated class. We present proofs for B, FO? and ¥, in the full version of
this paper. The proof for FO is omitted as it is close to proof of [26] (which is based on
a prototype of the present framework). On the other hand, the algorithms and proofs for
BYq, FO? and Yo are new.

First-Order Logic: FO. The first algorithm that we present is for FO itself, which is among
the most famous classes of regular languages in the literature. The decidability of the
membership problem for FO was proved by Schiitzenberger, McNaughton and Papert [27, 12]
and the result is among those that started this line of research. Separation was later proved
to be decidable as well [9, 10, 26]. As explained the covering algorithm is a generalization
of that of [26] (which is based on a prototype of this framework). As FO is known to be a
quotienting boolean algebra, we use the covering problem.

» Theorem 15. Let L be a tame set of languages. Then Tro[L] is the smallest subset of 2¢
containing Ly»[L], closed under downset, multiplication and such that for all S € Tro[L],
we have S¥ U S*T! € Tpp[L].

Boolean Combinations of ¥;: BY;. The next class that we use as an example is B,
which is the restriction of FO to sentences that are boolean combinations of ¥; sentences.
A sentence is ¥ if its prenex normal form uses only existential quantifiers. The class BY
is famous in the literature. the decidability of B3;-membership was proved by Simon [28].
BY-separation is also known to be decidable [6, 21]. As BY; is known to be a quotienting
boolean algebra, we use the covering problem. Given a word w € A*, we denote by alph(w)
the set of letters occurring in w, i.e. the smallest subset of B of A such that w € B*.
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» Theorem 16. Let L be a tame set of languages. Igs,[L] is the smallest subset of 2-
containing Liri[L], closed under downset, multiplication and such that for all B C A, if
H={LeL|3welL, st alph(w) = B}, then H* € Iy, [L].

Two-variable First-Order Logic: FO?. The logic FO? is the restriction of FO to sentences
that use at most two distinct variables (which may be reused). That the associated mem-
bership problem is decidable is due to Thérien and Wilke [30]. The separation problem was
proved to be decidable in [21]. As FO? is known to be a quotienting boolean algebra, we
use the covering problem. Our algorithm requires the input to satisfy a new condition in
addition to being tame: alphabet compatibility (this may be assumed without loss of gener-
ality, as will be shown in the full version). A set L is said to be alphabet compatible if for
all languages L € L, there exists a unique B C A such that for any w € L, alph(w) = B.
Note that when L is alphabet compatible, then alph(L) is well-defined for all L € L as this
unique alphabet.

» Theorem 17. Let L be a tame and alphabet compatible set of languages. Troz[L] is the
smallest subset of 2¥ containing Ly, [L], closed under downset, multiplication and such that
for all BC A and S, T € Ipp:2[L] containing S, T with alph(S) = alph(T) = B,

S“ © (L|B*) © T € Tpo2[L].

One Quantifier Alternation: X,. Our third example is 39, which is the restriction of FO
to sentences whose prenex normal form have a quantifier prefix of the form ‘IF*V*’. It was
proved that Ys-membership is decidable in [2, 19] and the same was proved for separation
in [23]. As X5 is a quotienting lattice but not a boolean algebra, we use the pointed covering
problem. Our algorithm requires the input to be tame and alphabet compatible.

» Theorem 18. Let L be a tame and alphabet compatible set of languages Px,[L] is the
smallest subset of L x oL containing Piri[L], closed under downset, multiplication and such
that for any B C A, and (S,S) € Ps,[L] satisfying alph(S) = B and S ©® S is defined,

(S“,8¥ ® (L|B*) ® 8¥) € Py, [L].

6 Conclusion

We introduced the covering and pointed covering problems which are designed to investi-
gate quotienting boolean algebras and quotienting lattices respectively. We also presented
a methodology outlining how these problems should be approached. Furthermore, we pre-
sented four examples of algorithms for the instances associated to FO, BE1, FO? and %,.
It is worth noting that while our examples include the most significant logics for which
separation is known to be decidable, an important one is missing: 3. This is not surprising
as the algorithm of [20] considers an ad hoc problem which is associated to two logics at the
same time: Yo and 3. However, it is possible to generalize this result as well within our
framework: this is where the modularity of our problems comes into play. Using a stronger
notion of filtering, one can reformulate and generalize the problem of [20] as an instance of
the pointed covering problem (we leave the presentation of this instance for further work).
Our results raise several questions. The most natural is to apply our framework to classes
for which no membership or separation algorithm is known yet. Another one is related to
the classical membership algorithms. These algorithms are usually stated as equations on
the syntactic monoid of the language which share similarities with fixpoint operations of our
(pointed) covering algorithms. An interesting question would be to find a criterion under
which membership equations can be lifted as a fixpoint operation for the covering problem.
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A Appendix to Section 2

In this appendix, we present the missing proofs of Section 2. Furthermore, we connect
the covering and pointed covering problems by proving the latter is more general than the
former.

Proofs for the Covering Problem

We prove Fact 1, Lemma 2 and Theorem 4. The three results depend on a boolean algebra &
and a finite set of language names L. We begin with the proof of Fact 1. Let us first restate
this fact.

» Fact 1. For any €-cover K of L, we have Z;4,[L] C Z|L|(K).

Proof. Recall that Zy,[L] = J{(L|{w}) | w € A*} and let K be a %-cover of L. Since
ZIL)(K) is closed under downset by definition, we have to prove that for all w € A*,
(L{w}) € Z[L}(K). Let w € A*. If (L|{w}) = 0, then (L|{w}) € Z[L](K) by closure
under downset. Otherwise let H = (L|{w}) and let H € H. By definition w € H and since
K is a @-cover of L, there exists K € K such that w € K. It follows that (L|{w}) C (L|K)
and therefore that (L|{w}) € Z[L](K), again by closure under downset. <

We now prove Lemma 2. We first recall the statement.
» Lemma 2. For any finite set of languages names L, there exists an optimal € -cover of L.

Proof. We already know that the set of @-covers of L is not empty, since the singleton
containing the universal language only is such a cover. We prove that for any two %-
covers K’ and K" of L, there exists a third ¢-cover K such that Z[L](K) C Z|L|(K’) and
ZIL)(K) C Z[L}(K"). Since there are only finitely possible imprints on L, the statement
will follow. Define K = {K'N K" | K’ € K’ and K" € K"}. Since K’ and K" are %-covers
of L, the set K is also a cover of L. Moreover, it is a %-cover since % is closed under
intersection. Finally, it is immediate from the definitions that Z[L](K) C Z[L](K’) and
Z[L)(K) C Z[L](K"). |

We finish with the proof of Theorem 4. We begin by recalling the statement.

» Theorem 4. Let € be a boolean algebra and let L be a finite set of languages names.
Given any two languages L1, Ly € Li, the following properties are equivalent:

1. L1 and Lo are € -separable.

2. {L1, Ly} ¢ T [L).
3. For any optimal € -cover K of L, L1 and Ly are separable by a union of languages in K.

Proof. We prove 3) = 1) = 2) = 3). Let us first assume that 3) holds, i.e., that for any
optimal €-cover K of L, L; and Ly are separable by a union of languages in K. Since there
exists at least one @-cover of L that is optimal (by Lemma 2), Ly can be separated from Lo
with a union of languages in %. Since ¥ is closed under union, this separator is in ¥ and
1) holds.

We now prove 1) = 2). Assume that 1) holds, i.e., that L; is @-separable from Ls.
This means that there exists a language K € ¢ such that Ly C K and K N Ly = § (i.e.,
L, C A*\ K). Since % is closed under complement, A*\ K € ¢ and K = {K, A*\ K} isa €-
cover. By construction, {L1, Lo} & Z[L](K), hence {L1, Lo} ¢ Z#[L] since Z[L] C Z[L|(K)
by definition.
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It remains to prove 2) = 3). Assume that {L1, L2} ¢ Z¢[L] and let K be an optimal
@-cover of L. Since K is optimal, we know from our hypothesis that {Lq, L2} ¢ Z[L](K).
By definition of Z[L)(K) it follows that no K € K intersects both L; and Lo. Hence the
union of all languages K € K that intersect L, separates L; from Ls. <

Proofs for the Pointed Covering Problem

We prove Fact 6, Lemma 7 and Theorem 9. The three results depend on a lattice ¢ and a
finite set of language names L. We begin with the proof of Fact 6. Let us first restate this
fact.

» Fact 6. For any pointed € -cover P of L, we have Pyp[L] C P[L](P).

Proof. Recall that Pi,[L] = J{(L, (L{w})) | L € L and w € L} and let IP be a pointed
%-cover of L. By definition, we have to prove that for all L € L and all w € L, we have
(L, (L{w})) € PIL|(P). Since P is a pointed &-cover, we have L C IP(L), hence there
exists K € IP(L) such that w € K. Hence (L|{w}) C (L|K) and (L, (L|{w})) € P[L](PP) by
closure under downset. <

We now prove Lemma 7.

» Lemma 7. For any finite set of languages names L, there exists an optimal pointed € -
cover of L.

Proof. We know that there always exists a pointed €-cover of L. Therefore, in order to
prove that there always exists an optimal one, it suffices to prove that for any two pointed
¢-covers P’ and P” of L, there exists a third one P such that P[L](P) C P[L](PP’) and
PL)(P) C P[L|(P”). Since there are only finitely possible pointed imprints on L, the lemma
will follow. We define,

P={(L K NK")|(LK')eP and (L,K") € P"}

Since P’ and IP” are pointed @-covers of L, IP is also a pointed cover of L. Moreover, it
is a pointed %-cover since ¥ is closed under intersection. Finally, it is immediate from the
definitions that P[L](PP) C P[L](P’) and P[L](P) C P[L](P"). <

We finish with Theorem 9.

» Theorem 9. Let € be a lattice and let L be a finite set of languages. Given any two
languages L1, Ly € L, the following properties are equivalent:

1. Ly is € -separable from L.

2. (L1,{L2}) € P¢[L].
3. For any optimal pointed € -cover P of L, the language UKGIP(Ll) K separates Ly from L.

Proof. The proof is similar to that of Theorem 4. We prove that 3) = 1) = 2) = 3).
Let us first assume that 3) holds, i.e., that the language Uxcp(r,,) K separates L from Lo.
Since there exists at least one pointed ¢-cover of L that is optimal (see Lemma 7), Ly can
be separated from Lo with a union of languages in ¥. Since % is closed under union, this
separator is in " and 1) holds.

We now prove that 1) = 2). Assume that 1) holds, i.e., that L; is ¥-separable from Ls.
This means that there exists a language K € € such that L; C K and K N Ly = (. We
define,

P = {(L1, K)} U{(L, A") | L # L1}
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By definition, IP is a pointed %-cover of L and (L1,{L2}) ¢ PIL](IP). Therefore,
(L1,{L2}) & P«[L] since P«[L] C P[L|(IP) by definition.

It remains to prove that 2) = 3). Assume that (L;{L2}) € P¢[L] and let IP be an
optimal pointed %-cover of L. Since P is optimal, we know from our hypothesis that
(L1{L2}) ¢ P[L](PP). Hence it follows from the definition that no K € IP(L;) intersects Lo.
Hence L can be separated from Lo by UKE]P(LI) K. |

Connection with the Covering Problem

In this subsection, we connect the pointed covering problem to the covering problem. First,
we formally state that for any class € that is a lattice, the pointed covering problem for ¢
generalizes the covering problem for & (i.e., the latter can be reduced to the former).

» Proposition 19. Let L be a finite set of languages names and € be a lattice. Then the
two following properties hold:

1. If P is an optimal pointed €-cover of L, then its support is an optimal € -cover of L.
2. Z¢[L] = {L' | (L,L’) € Px[L] for some L € L}.

Proof. We begin with the proof of the first item. The second one will then be a simple
consequence. Both proofs are based on the following simple observation which follows from
the definitions of imprints and pointed imprints. If Q is a pointed cover of L and H is its
support, then,

Z[L)(H) = {L' | (L,L') € P[L](Q) for some L € L} (1)

We can now prove the first item in the lemma. Let IP be an optimal pointed %-cover of L
and let K be its support. We have to prove that K is an optimal %-cover of L. By definition,
this amounts to proving that for any %-cover K’ of L, we have Z[L](K) C Z[L](K'). Let K’
be a ¥-cover of L and consider the following L-pointed set:

P'={(L,K)|LeLand K € K'}

By definition, for all L, P’(L) = K’ which is a €-cover of L by definition. Hence, P’ is a
pointed @-cover of L. Since IP is optimal by hypothesis, we obtain that P[L](IP) C P[L|(P’).
It then follows from (1) that Z[L|(K) C Z[L](K’) which terminates the proof of the first
item.

It remains to prove the second item. Let IP be an optimal pointed %-cover of L and let K
be its support. By definition, P[L](IP) = P¢[L] and we just proved that Z[L](K) = Z¢[L].
Hence, the second item is immediate from (1). <

As seen in Example 5, the converse of Proposition 19 does not hold: pointed covering is
strictly more general than covering. However, as we observe in the proposition below, this
only happens when the class € is a lattice and not a boolean algebra. When % is a boolean
algebra, the associated covering and pointed covering problems are equivalent.

» Proposition 20. Let L be a finite set of languages and € be a boolean algebra. Then
the two following properties hold:

1. if K is an optimal €-cover of L, then P = {(L,K) | Le L,K € K and K N L # 0} is
an optimal pointed € -cover of L.
2. PylL] = Y(L,L') | I € T4 L] and L € L'},
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Proof. We begin with the proof of the first item. We then obtain the second item as a
corollary. Let K be an optimal @-cover of L and let P = {(L,K) | Le L,K € K and K N
L # 0}. We have to prove that P is an optimal pointed %-cover of L.

The fact that it is a %-cover is obvious. By definition, we need to prove that for any
pointed €-cover P’ of L, P[L](P) C P[L|(P’). Let (L,H) € P[L](IP), we prove that
(L,H) € P[L](P’). Since (L,H) € P[L](P), we have K € P(L) such that H C (L|K).
Hence, by closure under downset, we have to prove that (L, (L|K)) € P[L](P’). Consider
the following set of languages,

K' =P (L)u{a\( |J &)
K'eP/(L)

Observe that K’ is a %-cover of L. Indeed, by definition K’ covers A* and since % is
a boolean algebra, each language in K’ belongs to €. Moreover, since (L,K) € P we
have K € K and since K is optimal, we have (L|K) € Z[L|(K) C Z[L](K'). In other
words, there exists H € K’ such that, (L|K) C (L|H). We prove that H € P’'(L) (i.e.,
H is not the language A* \ (Ugcp/(r)K’)). This terminates the proof since it means that
(L,(L|H)) € P[L](P’) and therefore that (L, (L|K)) € P[L](P’) by closure under downset.
Since (L,K) € P, we have K N L # () and L € (L|K) C (L|H). This suffices to conclude
that H € IP/(L), since P’(L) is a cover of L which implies that,

L & (LIA™\ (Ukep (1) K))

It remains to prove the second item in the lemma. Let K be an optimal %-cover of L.
We just proved that the L-pointed set P = {(L,K) | L € L,K € K and K N L # 0} is an
optimal pointed %-cover of L. Therefore,

Pell] = W(L(LIK))|LeL,K e K and KN L0}
— W(L.U) |1 € Z[L)(K) and L € L'}
We conclude that Py [L] = J{(L,L’) | L’ € Z¢[L] and L € L'} since K is optimal. <

The main consequence of Proposition 20 is that when the investigated class % is a boolean
algebra, there is no point in considering pointed covering: the covering problem suffices (and
relies on simpler terminology).

B Appendix to Section 3

In this appendix we present the missing proofs in Section 3. We prove Lemma 11, Lemma 13
and Proof of Lemma 14 which state the properties of tame sets. The proof of Proposition 12
is postponed to Appendix C.

B.1 Proof of Lemma 11
We begin with Lemma 11.
» Lemma 11. Any language in a tame set of languages is reqular.

Proof. Let L be tame set. the tame multiplication can be lifted as a semigroup multiplica-
tion over 2¥. One may verify from the properties of tame sets that the map a : A* — 2F
defined by a(w) = {L € L | w € L} is semigroup morphism. This implies that a(A*) C 2¥
is a monoid and this monoid recognizes each language in L € L. Indeed, by definition,
L=a"1{Kea(A*)|LeK}). <
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B.2 Proof of Lemma 13

We now turn to Lemma 13.

» Lemma 13. Let € be a quotienting lattice and let L be a tame set of languages. Then the
two following properties holds:

(1) P¢[L] is closed under multiplication: for all (L1,L1), (L2,Ls) in Pg[L], if L1 ® Lo is
defined, then (L1 ® Lo, L; ® Lg) € Py[L].
(2) Z¢[L] is closed under multiplication: for all Ly and Ly in Z¢[L], Ly ©® Le € Z¢[L].

Proof. We prove the first item. The proof of the second one is similar. Let (S, S) and (T, T)
be two elements of P¢[L] such that S ® T is defined and let (H,H) = (S©T,S® T). We
prove that (H,H) € Px[L]. By definition, it suffices to prove that for any pointed €-cover
P of L, we have (H,H) € P[L](PP). Let S ={S1,...,Sn} and T = {Ty,...,T,,}.

Let IP be such a pointed %-cover of L and let K be its support. That (H,H) € P[L](PP)
is a consequence of the following claim.

Claim There exist two words ug € S and vy € T such that for every K € K and every
we A*,

1. if up € Kw™! then (Kw=1)NS; # 0 for all 1 <i < m.
2. ifvg € w 'K, then (w™'K)NT; #0 for all 1 < j <n.

Before we prove the claim, let us use it to finish the proof of Lemma 13. By definition,
ugvg € ST. Moreover, ST C H since H = S ® T, and therefore ugvg € H. Hence, since P
is a pointed ¢-cover of L, P(H) is a @-cover of H and there exists K € P(H) such that
ugvo € K. We prove that for all S; € S and T € T, K intersects all the languages S; ® T}.
This will exactly mean that K intersects all languages in H=S o T = J, ;{5 ©® T} and
therefore (H,H) € P[L|(IP), which terminates the proof of Lemma 13.

Set S; € S, T; € T such that S; © T} is defined. By definition ug € K - (vo)~1. Hence,
we know from the first item in the claim that K - (vg)~! intersects S;. We obtain a word
u; € S; such that w;vg € K. It now follows that vy € (u;)~! - K. Hence, we know from
the second item in the claim that (u;)~! - K intersects Tj. We obtain a word v; € T} such
that w;v; € K. Finally, since 5;7; C S; ©® T}, we have u;v; € S; © T;. We conclude that K
intersects S; ® T}, which terminates the proof.

It now remains to prove the claim. We prove the existence of vy (the existence of wuq is
obtained by symmetry). Let Q be the set of left quotients of languages in K: Q = {w=!- K |
w € A* and K € K}. We need to find vy € T such that for all Q € Q, if vg € @, then Q
intersects all languages T1,...,T,. Let us begin by stating two properties of the set Q that
we will use:

1. Al @ € Q belong to €. This is because %, as a quotienting lattice, is closed under
quotients and by definition all K € K belong to % .

2. The set Q is finite. This is because each language in K is regular (they belong to ¢
which is a quotienting lattice). Hence, we know from Myhill-Nerode Theorem that each
language in K has finitely many left quotients. Since K is finite, so is Q.

We can now prove the existence of vg. We proceed by contradiction: assume that for
all v € T, there exists @, € Q such that v € @, and @, does not intersect all languages
T,...,T,. We use this hypothesis to construct a pointed €-cover P’ of L such that (T, T) ¢
P[L](IP’). The existence of such a pointed cover of L is a contradiction since by definition,
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(T, T) belongs to Px[L] (and therefore to the imprint of any pointed cover of L). Recall
that Q is finite (and therefore that the set {Q, | v € T'} is finite), we define,

P’ = {(T,Q.) |v € TYU{(L,A") | L #T}

By definition, P’ is a L-pointed set that contains only languages in 4. Moreover, by con-
struction, we know that IP/(T') is a cover of T. We conclude that P’ is a pointed €-cover
of L. By construction, we know that there is no language in P’(T") which intersects all
the languages T1,...,T,. Therefore, it is immediate that (7, T) ¢ P[P’](). We have a
contradiction, which terminates the proof. |

B.3 Proof of Lemma 14

We finish with Lemma 14.

» Lemma 14. Let L be a tame set of languages and let Ky, Ko be two languages, then
(L|K1) © (L|K3) = (L|K1 K>).

Proof. Let L € (L|K;) © (L|K3). By definition of a tame multiplication, there exists
L, € (L|K;) and Ly € (L|K>s) such that L = L; ® Ls. By definition of a tame multiplication
again, this implies L1 Lo C L. Moreover, since K; intersects L; for i = 1,2, K1 K5 intersects
Ly Ly and therefore L. Finally, L € (L|K; K>)

Let L € (L|K1K>s). By definition, K1 K> intersects L. Hence there exists w; € K; and
wy € K5 such that wiws € L. By definition of a tame multiplication, we obtain Ly, Ly € LL
such that wy € Ly and wg € Ly and L = Ly ® Ly. It is immediate that L; € (L|K;) and
Ly € (L|K3). Therefore, L € (L|K;) ® (L|K2) by the first item in the definition of a tame
multiplication. |

C From Finite Sets of Regular Languages to Tame Sets

This section, is devoted to the proof of Proposition 12. Let us first recall the statement of
proposition.

» Proposition 12. Let H = {Hy,...,H,} be a finite set of languages given by n NFAs
Ay ...,y There exists a tame set of languages names Li such that for any lattice €,

Z¢[H] (resp. Pe[H]) can be computed from Zg[L] (resp. Pe[L]).
any optimal (pointed) € -cover of L is an optimal (pointed) € -cover of H.

L and its tame multiplication can be computed from <, ..., o, in polynomial time and
has size | |> + - + | |? (where || stands for the number of states of ;).

We proceed in two steps. First, we introduce a new notion called extension of input
sets. It is designed with the following objective in mind: given two input sets L and H, if LL
extends H, then we want the (pointed) covering problem with input H to be easily reducible
to that with input L. We then prove that for any finite set of regular languages, one can
build a tame set that extends it. It will follow that we may restrict inputs to tame ones
without loss of generality. Additionally, we use extension to prove that we may also assume
that our input sets are alphabet compatibility.
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C.1 Extension

Let L and H be two finite sets of languages. We say that L extends H if and only if any
language in H is a union of languages in L, i.e., for any H € H, there exists L' C L such
that H = {Jp/cp, L

For instance, L = {Lq, Lo, L3, Ly, L5} extends H = {L; U Lo, L3 U L5}. Likewise, L =
{L1,Ls} and H = {Ly, Ly, L1 U Ly} mutually extend each other. Observe that by definition,
extension is a preorder on the set of finite sets of languages. Also note that containment is
stronger than extension: given two sets L and H, if L O H, then L extends H. However,
containment is not the only case of extension, as shown by the above examples.

» Lemma 21. Let € be a lattice and L and H be two finite sets of languages such that L
extends H. Then, the two following properties hold:

1. Z4[H] (resp. P¢[H]) can be computed from Zg[L] (resp. Pe[L]).
2. Any optimal € -cover (resp. pointed € -cover) of L is an optimal (resp. pointed € -cover)
of H.

Proof. We do the proof for the covering problem. The proof for the pointed covering problem
is similar. We prove that the three following properties hold:

1. Any %-cover of L is a ¢-cover of H.
2. Any optimal %-cover of L is an optimal %-cover of H.
3. Z¢[H] can be computed from Z¢[L]:
HLy,...,Ln} € Ie[L]
= e -
T« [H] {{Hl’ »Hn} C H| Vi, we have L; C H;

The first item is immediate since by definition, g H € Uper, L. For the two other
items, it suffices to observe that since L extends H, for any %-cover K of L (which makes
it a ¢-cover of H as well),

Tw6) = {1,y Sat L ) OO

Vi, we have L; C H;

It then follows that for any two @-covers K, K’ of L and H, if Z[L|(K) C Z[L](K'), then
ZH]}(K) C Z[H](K'), which yields the second item. We can now set K as an optimal
@-cover of both L and H. The third item is now immediate as Z¢[L] = Z[L](K) and
I¢|H] = Z[H](K). <

C.2 Constructing Tame Sets

Now that we have extension, that we may restrict ourselves to tame inputs (i.e., Propo-
sition 12) is an immediate consequence of the following proposition: given a finite set of
regular languages, it is always possible to construct a tame one that extends it.

» Proposition 22. Let H = {Hy,...,H,} be a finite set of languages given by n NFAs

o, ..., d,. There exists a tame set of languages names L such that for any lattice €,
L extends H.
L and its tame multiplication can be computed from <y, ..., 9, in polynomial time and

has size | |> + - + | |? (where | 7| stands for the number of states of <7 ).
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Proof. We first prove that for any NFA & = (A4,Q,6,1,F) (where @ is the set of states,
d C Q x A x Q the set of transitions and I, F' the sets of initial and final states), one may
construct a tame set L, of size at most Q? that extends the singleton set {L(</)}, which
contains only the language recognized by .27. For all ¢, € @), we define L, as a name for
the language {w € A* | ¢ = r}.

» Remark. Note that we need names here as it may happen that L, and Ly, represent
the same language while (q,7) # (¢, 7).

We define Ly as follows Ly = {L,, | (¢,7) € Q*}. Let us explain why L, is tame. We
begin by defining our tame multiplication. We define,

Lg: when r = s

Lgy® Lgy = i
ar © Lyt {undeﬁned otherwise

In particular observe that this mutliplication is well-defined because we are working with a
set of names and not the underlying set of languages (otherwise the definition above could
be ambiguous). One can verify that this is a tame multiplication. Moreover, the following
fact is immediate.

» Fact 23. Let L be the language recognized by <. Then L extends {L}.

We may now finish the construction in Proposition 22. The proof is based on the two
following facts. In these two facts we speak of the dijoint union of two tame sets. By
this we mean that when making the union of a tame set of names L; with a second tame
set of names Lo, we assume that the two sets are disjoint (which can be assumed without
generality using renaming).

» Fact 24. Let Li,Ly,Hy and Hy be finite sets of languages names such that Ly extends
H; and Ly extends Hy. Then the disjoint union Ly Whe extends the disjoint union Hy WH,.

» Fact 25. Let Ly and Ly be two tame sets of languages names. Then the disjoint union
Li WLy is tame and an actual tame multiplication can be constructed from those of Ly and
Ls.

Before proving the two facts, we finish the proof of Proposition 22. Let H = {Hy, ..., H,}
be a finite set of regular languages names and &, ..., .9, the associated NFAs. Then, let
Lq,...,L, be the tame sets associated to .7, ..., <, as above. Welet L=Li ¥ ---WL,.
It is immediate from Facts 23 and 24 that L extends H and from Fact 25 that L is tame.
Moreover, it can be verified from the construction that L satisfies the properties described
in the proposition.

It remains to prove the two facts. Fact 24 is immediate from the definition of extension.
Let us describe the construction for Fact 25. Let L; and Lo be two tame sets. We have to
prove that L WLy is tame as well. For i = 1,2, we let ®; as the tame multiplication on L;.
We define a tame multiplication ® for L W Ls as follows. For ¢ = 1,2 abd all S,T € L; such
that S ©; T is defined, we define S© = S ®; T. All other products are undefined. One may
verify that this yields a tame multiplication. |

C.3 Alphabet Compatible Sets of Languages

Recall that alphabet compatibility is an additional restriction that we use in our algorithms
for FO? and ¥5. We use extension to prove that it can be assumed without loss of generality
as well. Let us first recall the definition.
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Recall that A denotes the alphabet over which our languages are defined. For any word
w € A*, we denote by alph(w) the set of letters that occur in w (i.e., the smallest B such
that w € B*). A finite set of languages L is said to be alphabet compatible if for all languages
L € L, there exists B C A such that for any w € L, alph(w) = B (i.e., all words in L
have the same alphabet). In particular, note that when L is an alphabet compatible set of
languages L, for each language L € L, alph(L) is well defined as the unique alphabet shared
by all words in L.

It follows from Lemma 26 below that we may assume that our inputs are alphabet
compatible without loss of generality.

» Lemma 26. From any finite set of languages H, one can construct a finite set of languages
L of size |H| x |24| that extends H and is alphabet compatible. Moreover, if H is tame, L
is tame as well.

Proof. For all H € H, we define Ly, g as a name for the language of all words w € H such
that alph(w) = B. We define L as the following set of languages:

L:{LHVB|H€HandBQA}.

It is immediate from the definition that L is alphabet compatible, extends H, and has size
at most |[H| x |24]. Tt remains to prove that if H is tame, then so is L. Let Oy be the tame
multiplication of H. We define a tame multiplication ®r, on L. Given Ly g and Lg ¢ in L,
Ly p OL Lg ¢ is defined when H ©y G and,

Ly oL Lagc=Laoua,BUC

One may verify that @y, satisfies the properties of tame multiplications. <

D Proof of Theorem 16: 33;-Covering

This appendix is devoted to the proof of Theorem 16, i.e., of our covering algorithm for 5.
We begin by presenting the algorithm in more details and introduce some terminology that
we will need for the proof.

We follow the template introduced in Section 4: our covering algorithm is a lowest
fixpoint. Moreover, it is restricted to input sets that are tame, that is sets L such that L
is equipped with a tame multiplication “®”. Recall that A denotes our alphabet. Given a
finite set of languages names L and B C A, we write:

L_p = {L € L | there exists w € L such that alph(w) = B}

» Definition 27 (Covering Algorithm for BY;(<)). Let L be a tame set of languages names.
We define Satgys, (L) C 2% as the smallest subset of 2¥ containing Zy,4,[L] and closed under
the following operations:

1. Downset: Satgy, (L) = [Satgs, (L).
2. Multiplication: for S, T € Satgy, (L), we have S® T € Satgs, (L).
3. For all B C A, we have (L_p)¥ € Satps, (L).

Observe that Satpy, (L) may be computed from L. Indeed, Zy,[L] may be computed
from L as well as L_p for all B C A, hence Satgs, (L) is easily computed using a lowest
fixpoint algorithm. We now state the correctness of our algorithm.

» Theorem 28. Let L be a tame set of languages names. Then Iy, [L] = Satps, (L).
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To prove Theorem 28, we begin by proving that the algorithm is sound (i.e., that
Satps, (L) C Ips,[L]). We then prove the difficult direction which is completeness (i.e.,
that Zgy, [L] C Satps, (L))

In both proofs, we will rely on the definition of B; as the class of piecewise testable
languages. Let us recall this definition. Let v € A* be a word. A piece of v is a word
U = ap - - - ay, for which there exist words vy, ...,v, € A* such that

V = 09a10V1a20V9 * * * ApVUp .

A language is said to be piecewise testable if it is a boolean combination of languages of the
form

{v € A" | uis a piece of v} for some fixed u € A™.

It is well-know that a language is piecewise testable if and only if it can be defined by a
BY1 (<) sentence.

D.1 Soundness

In this section, we prove the first half of Theorem 28: given a tame set of languages names L,
we prove that Satps, (L) C Zgy,[L]. By definition of Satps, (L), it suffices to prove that
Ips, [L] contains the set T4, [L] and that it is closed under the following operations:

1. Downset: Zgy, [L] = {Zps, [L].
2. Multiplication: for S, T € Iy, [L], we have S ©® T € Zpy, [L].
3. For all B C A, we have (L_p)¥ € Ips, L]

As we saw in the main paper, only one of these properties is specific to BY;(<). We
know that Z¢[L] contains Zs,[L] and is closed under downset for any boolean algebra €
(see Fact 1). Hence, this is true in particular for ¥ = BX;(<). Moreover, since BX;(<) is
known to be a quotienting boolean algebra, we also know from Lemma 13 that Zpy, [L] is
closed under multiplication. Therefore, we only have to prove that for all B C A, we have
(L—=p)“ € Ips, [L].

We prove that for B C A and any BX;(<)-cover K of L (and therefore in particular
for optimal ones), (L_p)¥ € Z[L](K). It will then follow that (L_p)¥ € Zgx,[L] since
Ips, L] = Z|L)(K) for any optimal BY;(<)-cover K of L.

So Let B = {b1,...,b,} C A and let K be a BX; (<)-cover of L. Given two words wy, ws
and k € N, we write wy ~ ws if and only if w; and ws have the same pieces of length up
to k. Since all languages in K are BY;-definable, they are piecewise testable and one can
verify that there exists k € N such that they are all unions of equivalence classes of ~j. Let
K’ be the set of equivalence classes of ~. By definition, Z[L](K') C Z[L](K). Therefore
it suffices to prove that (L=g)¥ € Z[L](K’). In other words, we have to prove that there

exists an equivalence class K € K’ of ~j, that intersects all languages in (L_p)*. This is a

consequence of the following lemma.

» Lemma 29. For all L € (L_p)¥, there exists w;, € L which satisfies the two following
conditions:

1. (by---by)* is a piece of wy .
2. alph(wy) = B.
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Before we prove the lemma, let us use it to conclude the main proof. It follows from
Lemma 29 that all words wy, for L € (L=pg)¥ admit the same pieces of length less than k,
namely all words whose alphabet is exactly B and whose length is less than k. Therefore,
all words wy, are ~j-equivalent and we get a ~j-class K € K’ that intersects all languages
L € (L_p)¥, which exactly says that (L_p)“ € Z|L|(K').

It now remains to prove Lemma 29, we finish the section with this proof. Let L € (L_p)*.
By definition of the idempotent power ‘w’, we have (L_p)* = (L_p)"**. Therefore, there
exist Li,...,Lpky € L_p such that L = L1 ® --- ® Lyk,. Now for all ¢, the language L;
contains some word u; of alphabet B (by definition of L_g). We define wy, = u - - Uppew-
Note that wy, € L by definition of a tame multiplication (wy, € Ly -+ Lk, € L). We prove
that wy, satisfies the conditions of the lemma.

1. Observe that (b; - --bn)k“’ has length nkw and let ¢y ---cpiw be its decomposition as
letters. By definition, for all i, ¢; € B and therefore ¢; is a piece of u;. It follows that
(by ---by)* is a piece of wr, = Uy - - - Upkew-

2. Since wy, is a concatenation of words of alphabet B, it is immediate that alph(wr) = B.

D.2 Completeness

In this section, we prove the difficult direction of Theorem 28: for any tame set L, Zgs,, [L] C
Satps, (L). As announced in the main paper, we achieve this by presenting a generic method
for constructing a BY;(<)-cover K of L such that Z[L](K) C Satps, (L). Since Zgy, [L] C
ZIL)(K) for any BX(<)-cover K of L, this proves the desired result. Moreover, since we
already proved that Satgs, (L) C Zgys, [L], our construction actually builds a BX; (<)-cover
K such that,

Ips, [L] € Z[L|(K) € Satps, (L) € Zps, [L]

In other words, Z|L|(K) = Zps, [L]: what we present is a generic method for constructing
optimal BY;(<)-covers, that is, a solution to the second stage of the covering problem for
le(<).

We now start the construction. Let L be a tame set of languages names. We have to
construct a BY;(<)-cover K of L such that Z|L|(K) C Satgs, (L). For the construction, we
fix an arbitrary linear order on the elements of the alphabet A. To every integers p,¢ > 1,
we associate a finite set of BX;(<)-definable languages K, ;. We then prove that

we can find p large enough so that for any ¢, we have Z[L](K, ) C Satgy, (L), and
that for this p, we can find ¢ such that K, , is a cover of L (actually of A*) which
terminates the proof.

The languages of K, ; are defined according to a new notion called template: each lan-
guage in K, ; corresponds to a template. Let us first define what a template is. Given £ > 0,
a template of length € is a sequence T = t1,...,t; (empty when £ = 0), such that every ¢;
is either a letter a € A or a triple (b, B,b') where B C A is a subalphabet and b, € B
are two (possibly equal) letters in B. Moreover, we say that a template is unambiguous
if all pairs of consecutive elements ¢;,%;,41 in the template are either two letters, a letter
a and a triple (b, B,b) such that a ¢ B or two triples (b;, B;, ;) and (b;y1, Biy1,bi, )
such that b, ¢ B;41 and b;41 ¢ B;. For example, T = a,(c, {b,c},b),d,(a,{a},a) is
an unambiguous template of length 4 while 77 = b, (¢, {b,c},¢),d, (a,{a},a) and T" =
a, (¢, {b,c},b), (c,{c},c), (a,{a},a) are ambiguous templates of length 4.
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We now define the language associated to a template. Note that the while the notion
is defined for both unambiguous and ambiguous templates, only the languages associated
to unambiguous ones will be definable in BX;(<). To each p > 1 and each triple (b, B,b’)
with B C A and b,b’ € B, we associate a language IT,(b, B, V') that we call the p-iteration
of (b,B,V'). Let B = {b1,...,b,} (where the order on the elements of B is the one we fixed
on A at the beginning). We define

I, (b, B,b') = B*b(B*by B*b,B* - - - B*b, B*)"l/ B*

Given a template T' and p > 1, we call p-implementation of 7" the language K, r defined as
follows. If T is empty, then K, r = {e}. Otherwise, T' = t1,...,%; for some ¢ > 1 and we
define K, v = K1 --- K such that for all i < ¢,

if ¢; is a single letter a € A, then K, = {a}.
if ¢; is a triple (b, B,V’) with B C A and b,V € B, then K; = IT,(b, B,V’).

Finally, for all p,f > 1, we define K, , as the set of all languages that are the p-
implementation of some unambiguous template of length at most £. Observe that by defini-
tion, K, ¢ is a finite set as there are finitely many unambiguous templates of length at most £.
We may now finish the proof of Theorem 28. We use the two following propositions to prove
that we may find p and ¢ such that K, ; is a BX;(<)-cover of L and Z[L](K,, ;) C Satgs, (L).

» Proposition 30. Let p > |L|. Then for any ¢ > 1, Z[L|(K, () C Satgs, (L).

» Proposition 31. Let p > 1. Then, for any £ > ((p+2)|ANAI 1, K, 4 is a B (<)-cover
of A*.

Before we prove the propositions, we use them to finish the proof of Theorem 28. Let
p=|L+1and ¢ = ((p+2)|A])A — 1. Tt is immediate from Proposition 31 that K,
is a BY;(<)-cover of L and from Proposition 30 that Z[L](K, ) C Satps, (L). Since by
definition, Zgy, [L] C Z[L](K, ¢), we conclude that Zgy, [L] C Satpy, (L) as desired. It now
remains to prove Proposition 30 and Proposition 31. We devote a subsection to each proof.

Proof of Proposition 30

Let p > |L| and ¢ > 1, we have to prove that Z[L|(K, ) C Satps, (L). Since Satps;, (L)
is closed under downset by definition, this amounts to proving that for any language K €
TIL)(K,.0), (LIK) € Satss, (L),

Let K € Z[L}(K, (), by definition there exists an unambiguous template T of length
¢ < ¢ such that K is the p-implementation of 7. If ¢ = 0, then K = {e} is a singleton.
Hence, (L|K) € Zi4[L] C Satps, (L) by definition. Otherwise, ¢’ > 1 and T = t1,...,tp.
For all ¢ < ¢, we let K; = I1,(b, B,bV') if t; is a triple (b, B,b') and K; = {a} if ¢; is a single
letter a. By definition, K = Kj - -- K. We use the following intermediate result.

» Lemma 32. For alli < /{, (L|K;) € Satgs, (L).

Before we prove Lemma 32, we use it to finish the proof of Proposition 30. Since L is
tame, we know from Lemma 14 that,

(LIKy -+ Kp) = (L|Ky) © -+ © (LK)

Hence, it is immediate from Lemma 32 and the fact that Satps, (L) is closed under multi-
plication that (L|K) € Satpy, (L) which terminates the proof of Proposition 30. We finish
with the proof of Lemma 32.
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Let i < ¢. If K; = {a}, then K, is a singleton and (L|K;) € Z44[L] C Satps, (L)
by definition. Otherwise K; = IT,(b, B,V’) for some B C A and some b,b' € B. We
prove that (L|K;) C (L=p)¥. It will then follow from closure under downset and Op-
eration 3 in the definition of Satps, (L) that (L|K;) € Satps,(L). Let L € (L|K;), we
have to prove that L € (L=p)“. By definition, L contains some word w € IT,(b, B,V') =
B*b(B*by B*byB* - - - B*b,, B*)PV/ B* (with B = {b1,...,b,}). This means that w can be
decomposed as w = w; - - - w,, such that all words w; satisfy alph(w;) = B. Since L is tame
and wy - --wp € L, we may use the second property in the definition of tame multiplications
to obtain Lq,..., L, € L such that,

1. for all ¢, w; € L;.
2. L=L10® 0L,

Note that since p > |L|, a pigeon-hole principle argument yields ¢ < j < p such that,
L1®‘ . @Ll = L1® . @LJ ThlS means that Ll@ . ®Lz = L1® . @LZQ(LZ+1® . '@Lj)k
for all k, and therefore

L=L10 0L OL+10---0L)*OLj;110 -0 L,

Furthermore, it is immediate from the first item above that for all 4, L; € L_p (recall that
alph(w;) = B). It follows that,

L e (L:B)(j*i)erier*j — (L:B)erier,j

It then follows from the next lemma that (L_p)****P=J C (L_p)“ and therefore that
L e (L:B)w-

» Lemma 33. L_goOL_5 CL_pg.

Proof. By definition, if H € L_p ® L_p, there exist Hy, Ho € L_p such that H = H; ®
H,. In particular, this means that HyHs C H. Moreover, since Hi, H, € L_p, we have
wy,we € Hy, Hy such alph(w;) = alph(ws) = B. It follows that wjws € H and since
alph(wywy) = B, that H € L_p. <

Proof of Proposition 31

Let p > 1 and let £ > ((p+2)|A|)!4 — 1, we have to prove that K, ¢ is a BX(<)-cover of A*.
We prove separately that the union of all languages in K, ; is A* and that each language in
K, ¢ is definable in BY;(<). Note that we only need ¢ to be larger than ((p + 2)|A|)l4! — 1
for the first result, definability in BX; (<) is independent from the choice of £. We begin by
proving that K, ¢ is a cover of A*. We state this result in the next lemma.

» Lemma 34. Let p > 1 and let £ > ((p+ 2)|A)AI — 1. Then,

J K=4a

KEprz

Proof. Let p > 1 and let £ > ((p+2)|A|)!4l —1. We have to prove that for any w € A*, there
exists a language in K, ;, that contains it. In other words, we want to find an unambiguous
template T of length less than ¢ such that w belongs to the p-implementation of T. First
observe that if w = ¢, then w belongs to the p-implementation of the empty template.

We now assume that w # . We begin with an intermediary result. Given m > 1, we say
that w admits a good decomposition of length m if w can be decomposed as w = w1y -+ - Wy,
such that for all ¢, w; is of one the two following types:
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1. w; =a; € A or,
2. there exists B; = {b1,...,b,} C A such that w; € (B}b1B}by--- B;b, B} )PT2.

Claim There exists £/ < £ such that w admits a good decomposition of length ¢'.

Before we prove the claim, we use it to construct an unambiguous template 1" such that
w belongs to the p-implementation of 7" and conclude the proof of Lemma 34. Using the
claim, we obtain a good decomposition of length ¢ < ¢ of w. Observe that we may assume
without loss of generality that this decomposition satisfies the following property. For all i,
if w; is of type 2, then there exist b;, b, € B; such that,

if w;—1 (resp. w;y1) is of type 1, then a;—1 € B; (resp. a;+1 € B;).
if w;_q (resp. w;41) is of type 2, then b; & B;_1 (resp. b}, & B;y1).

Indeed, otherwise we can simply merge pairs of factors w;, w;+1 to get an even smaller good
decomposition of w. Consider the template T = tq,...,ty defined as follows. For all i,
t; = a; if w; is of the type 1 and t; = (b, B;, b)) if w; is of type 2. It follows from our
hypothesis on the good decomposition that T is unambiguous and it is immediate from the
definition of good decompositions that w is a p-implementation of T. Since ¢/ < /¢, this
terminates the proof of Lemma 34.

It remains to prove the claim. Let B = alph(w). We proceed by induction on |B| and
prove that that w admits a good decomposition of length smaller than ((p + 2)|B|)/Zl — 1
(which suffices by choice of £). Observe first that if |B| = 1, then B = {b} and w = b™ for
some m. If m < p+ 1, then we are finished as w admits a good decomposition of length m
in which each factor is a letter. Otherwise, m > p+2 and w € (b*bb*)P+2. Tt follows that w
admits a good decomposition of length 1.

Assume now that |B| > 2. We prove that for any m > ((p + 2)|B|)!?l, if w admits a
good decomposition of length m, then w also admits a good decomposition of length strictly
smaller than m. This suffices since w admits a good decomposition of length |w| in which
each factor is a single letter. Let w = wj ---w,, be the good decomposition of w and let
m' = ((p+ 2)|B|)/BI=1. Observe that by definition m > (p + 2)|B|m’. We consider two
cases.

In the first case, we assume that there exists ¢ such that alph(w;t1wit2 - Witm) =
C C B. By induction hypothesis, w;1w; 12 - - - W; 1, admits a good decomposition of length
smaller than ((p + 2)|C|)I¢l — 1 < m’. We may now replace the factor w;1w;ia -+ Wiy
in the good decomposition of w with this new decomposition to obtain a new good decom-
position of w of length strictly smaller than m.

Otherwise, we know that for all ¢, alph(w;i1wiyo ... wirm) = B. it follows that w can
be redecomposed into (p + 2)|B| factors w = w - - -wy,  such that for all , alph(w}) = B.
We conclude that w € (B*by B*bg - - - B*b,, B*)P*? with {by,...,b,} = B. In other words, w
admits a good decomposition of length 1 and we are finished. <

It now remains to prove that each language in K, ; is definable in BY;(<). We do this
in the next lemma.

» Lemma 35. Let p > 1 and let T be an unambiguous template. Then K, 1, the p-
implementation of T, is definable in B (<).

Proof. We adopt a ‘piecewise testable point of view’: we prove that K, r is a piecewise
testable language which is equivalent to being BY; (<)-definable.
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If T has length 0, K, 7 = {¢} which is the language of words that do not admit any
word of length 1 as a piece. Therefore, K, 1 is piecewise testable. Otherwise T =t1,...,t;
for some ¢ > 1. We construct a word v € A* and a finite set of words U C A* such that
K, r is the language of all words w € A* such that v is a piece of w while there exists no
word in U which is a piece of w. It will then be immediate that K, r is piecewise testable.
We begin by constructing v. For all ¢ < £, we associate a word v; to t; as follows:

if t; is a letter a € A, then v; = a.
if t; is a triple (b, B,b’) with B C A and b,b € B, then v; = b(by---b,)P (with
B ={by,...,b,}).

We define v = vy - - - vg. Note that by definition of K, 7, v is piece of all words in K, 7.
We now define U as the following set,

U={ue A" ||u| <|v|+2 and for all w € K, 1, u is not a piece of w}

Finally, we define H as the language of all words w such that v is a piece of w and no
word in U is a piece of w. By definition, H is a piecewise testable language. We prove that
H = K, r which terminates the proof of Lemma 35. We start with the simpler K, 7+ C H
inclusion. Let w € K, 1, by definition of K, 1, v is a piece of w. Moreover, by definition of
U, no word of U is a piece of w. It follows that w € H and therefore that K, + C H.

It now remains to prove that H C K, r. Let w € H. Proving that w € K, 7 amounts
to proving that w can be decomposed as w = wy - - - wy such that for all 7, either ¢; = a and
w; =aort; = (b,B,b) and w; € IT,(b, B,b'). In particular, note that this is where we use
the fact that our template 7" is unambiguous. The construction is based on the following
lemma.

» Lemma 36. For alli < {—1, there exists a decomposition of w as w = wy -+ w; - w, such
that:

1. ift; = (b, B, V), then the first letter of w; does not belong to B.
2. Vi1V is a piece of w.
3. for all j < i, either t; = a and w; = a or t; = (b, B,V') and w; € I, (b, B,V).

Before proving the lemma, we use it to finish the proof of Lemma 35. By applying
Lemma 36 for ¢ = ¢ — 1, we obtain a decomposition w = w; - - - we—1 - wy_; of w such that:

1. if ¢y_1 = (b, B, V'), then the first letter of w; does not belong to B.
2. vy is a piece of wy_;.
3. forall j < ¢ —1, either t; = a and wj = a or t; = (b, B,V') and w; € IT,(b, B, V).

One can now verify using the fact that 7" is unambiguous that either t, = a and w;,_, = a
or ty = (b, B,b") and wy_q € IT,(b, B,V’) (the argument is similar to the arguments used to
prove Lemma 36 and is left to the reader). We conclude that w € K, r which finishes the
proof. It now remains to prove Lemma 36.

This is an induction on i. The proof is quite tedious as there are many cases to consider
depending on the nature of consecutive elements ¢;,¢;41 in T. As all these cases are similar,
we only consider two cases: one for the induction base and one for the induction step. These
two cases are chosen to encompass all arguments that are need to treat the other ones (which
are left to the reader).

We begin with the induction base. When ¢ = 1, there are two cases depending on the

[P

nature of t;. We treat the case when t; = a. We prove that the first letter of w is an “a”.
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We proceed by contradiction. Observe that v; = a, hence the word v (which is a piece of
w € H) begins with an “a”. Therefore, if w does not begin with an “a”, it follows that bv is
a piece of w for some b # a. One may use the fact that 7" is unambiguous to verify that bv
is the piece of no word in K, r which means that bv € U. This is a contradiction since no
word in U can be a piece of w € H.

Assume now that ¢ > 1. By induction hypothesis, we obtain a decomposition w =
wy - wi—1 - wi_q of w that satisfies the conditions in the lemma. There are four cases
depending on the nature of ¢t;_1 and t;. We treat the case when t,_1 = (¢,C,¢') and
t; = (b, B,b') which is the most involved one. We define w; as the largest prefix of w}_,
such that w; € B* and we define w; as the corresponding suffix. It is immediate that
w = wi -+ -w; - w,. It remains to prove that this choice satisfies the three conditions of the
lemma. The first condition is immediate since w; was chosen as the largest prefix in B*.
For the second condition, we know that v;--- v, is a piece of w}_; = w;w}. Moreover, we
know from the fact that T' is unambiguous that the first letter of v;1; does not belong to
B. Since w; € B*, it follows that v;41---vg is a piece of w}. It now remains to prove the
third item. We prove that v; = b(by - - - b, )PV’ is piece of w;. Since w; € B*, it will follow
that w; € IT,(b, B,b’) = B*b(B*b1 B* - - - B*b,,B*)Pb' B*.

We begin by proving that w; is nonempty. Let b” be the first letter in wj ;. By
hypothesis, b ¢ C (since w,_; was constructed by induction, it satisfies Item 1 in the
lemma). We prove that b’ € B, it will then follow that b" is the first letter of w; since
it is the largest prefix of w;_; that belongs to B*. By contradiction assume that b” ¢ B.
By construction of wy, ..., w;—1 and w}_; (see Items 2 and 3 in the lemma), it follows that
v =wvy -1 b v vp is a piece of w. However, using the fact that T' is unambiguous
and b ¢ BUC, one may verify that v’ is the piece of no word in K, r. Therefore v/ € U
which is a contradiction since no word in U can be a piece of w € H. We conclude that
b € B and that w; = b’z for some x € B*. Moreover, we know that v € B\ C.

We are now ready to prove that v; is a piece of w;. By contradiction assume that w; is
not a piece of w;. Let d be the first letter of w.. By construction of w; as the largest prefix in
B*, we know that d ¢ B. Recall that v; = b(b; - - - b, )Pd’ and observe that ' # d since d ¢ B.
Since v; - - - vy is a piece of w,wj, if v; is not a piece of w;, we obtain that b”db’ - v; 1 - vy
is a piece of w}_; = w;w}. It follows that v = vy - v; - b"db - v 41 - vg is piece of w. In
particular this means that v/ € U since w € H. One can verify that this contradicts the fact
that T is unambiguous. We conclude that v; is piece of w; which terminates the proof. <«

E Proof of Theorem 17: FO?-Covering

This appendix is devoted to the proof of Theorem 17, i.e., of our covering algorithm for
FO?. We begin by presenting the algorithm in more details and introduce some terminology
that we will need for the proof.

» Definition 37 (Covering Algorithm for FOQ). Let L be a tame set of languages names. We
define Satpp:z(L) C 2 as the smallest subset of 2 which contains Zy,[L] and is closed
under the following operations:

1. Downset: Satpoz(L) = [ Satpoz(L).

2. Multiplication: if S, T € Satgg2(L), then S ® T € Satpo2(L).

3. For any B C A and any S,T € Satppoz(L) containing S,T such that alph(S) =
alph(T) = B, S¥ ® (L|B*) ® T¥ € Satppz2(L).
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It is immediate from the definition that Satpgz2(L) can be computed from L using a
lowest fixpoint algorithm. In the following theorem, we state that Satpg2 is a covering
algorithm for FO?.

» Theorem 38. Let L be a finite set of languages names that is both tame and alphabet
compatible. Then Tpg2[L] = Satpgz (L).

It now remains to prove Theorem 38: we follow the methodology presented in Sec-
tion 4: we first prove soundness: Zro2[L] 2 Satpo2(L) and then completeness: Satro2 (L) C

E.1 Soundness

In this section that our covering algorithm is sound. In other words, we prove the inclusion
Tro2|L] 2 Satpo2(L) in Theorem 38. By definition of Satpp2 (L), it suffices to prove that
TIro2|L] contains the set Z;4,[L] and that it is closed under the following operations:

1. Downset: Zpg2[L] = |Zpo2[L].

2. Multiplication: for S, T € Zpo2[L], we have S © T € Zp2[L].

3. For any B C A and any S, T € Zpo2[L] containing S, T such that alph(S) = alph(T) =
B, S¥ ® (L|B*) ® T¥ € Zpp2[L].

As usual, only one of these properties is specific to FO?. We know that Z [L] contains
Tirin|L] and is closed under downset for any boolean algebra € (see Fact 1). Hence, this is
true in particular for ¥ = FO?. Moreover, since FO? is a quotienting boolean algebra, we
also know from Lemma 13 that Zpoz2[L] is closed under multiplication. Therefore, we only
need to prove that Zpo2[L] is closed under the third operation.

To prove this, we use the classical equivalence associated to FO?. Recall that the quan-
tifier rank of a first-order sentence (and therefore in particular of an FO? sentence) is the
length of the longest sequence of nested quantifiers inside the sentence. Given two words
w,w € A* and k > 1, we write w =}, w’ to denote the fact that w and w’ satisfy the
same FO?-sentences of quantifier rank k. One can verify that for all k, 2, is an equivalence
relation of finite index and that each class can be defined in FOZ.

For all k£ > 1, we denote by Kj the partition of A* into equivalence classes of &;. By
definition K, is an FO?-cover of L for all k. We will need the following lemma.

» Lemma 39. For any FO*-cover H of L, there exists k such that T|L)(K}) C Z[L](H).

Proof. Since H is finite, there exists k such that all languages in H may be defined with
FO? sentences of rank k. Since all languages in H are unions of classes of 2, it is immediate
that Z[L](Kj) C Z|L)(H). <

We can now prove that Zpoz[L] is closed under the third operation in the definition of
Satpo2. Let B C Aand S, T € Zpp2[L] that contain S, T such that alph(S) = alph(T') = B,
we have to prove that S¥ ® (L|B*) ® T € Tpo2[L]. In other words, we have to prove that
for all FO*-covers H of L, we have S* ® (L|B*) ® T* € Z[L](H).

Let H be an FO?-cover of L and let k be as defined in Lemma 39 for H. That is
ZIL)(Ky) € Z[L](H). We prove that S* ® (L|B*) ® T € Z[L](Ky), which terminates the
proof. By hypothesis, S, T € Z[L](Ky). Hence, we have Kg, KT € K}, such that S C (L|Kg)
and T C (L|Kr). Consider the language,

K = (KS)(k+1)wB*(KT)(k+1)w
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with w as the idempotent power of 2¥. Do note that by “(Ks)(k+1)°”” in the expression
above, we mean the concatenation of (k + 1)w copies of the language Kg and not a tame
multiplication. It follows from Lemma 14 that,

(LIK) = ((L|Ks))* © (L|B") © (L|KT))*

Since S C (L|Kg) and T C (L|KT), it follows that S* ® (L|B*) ® T* C (L|K). Hence, if
we can find K’ € K such that K C K’, we will obtain that

§° 0 (L|B*) © T C (LK) C (LIK") € Z[L|(K)

This will mean that S @ (L|B*) ©T% € Z[L](K}) as desired. Since the languages of Ky, are
the equivalence classes of 2, proving that there exists K’ € Kj, such that K C K’ amounts
to proving that all words in K are Zj-equivalent. To do this, we use two classical properties
of the equivalence 2 that we state in the two lemmas below (whose proofs are based on
Ehrenfeucht-Fraissé games and left to the reader).

» Lemma 40. For all k € N, the =, is a congruence for concatenation: if wy = w} and
wq =y, wh, then wiwy =y wiw).

» Lemma 41. Let B C A and u,v € A* such that alph(u) = alph(v) = B. Finally, let
k,? € N such that £ > k. Then for any w,w’ € B*,

£, .

U wu =g ut

w'v®

Since S, T contain languages names S, T of alphabet B which are intersected by Kg and
K respectively, there exist u € Kg and v € Kt such that alph(u) = alph(v) = B. Let w
be any word in B* and let ¢ = (k + 1)w. We prove that all words in K = (Kg)‘B*(Kr)*
are ~j-equivalent to the word u‘wv’. By definition, a word in K = (Kg)*B*(Kr)* is of
the form v/w'v’ with v’ € (Kg)!, v' € (K1)’ and w' € B*. Observe that it follows from
Lemma 41 that,

£yl o~ L

wbwvt 2 wlw'vt

Moreover, since all words in Kg (resp. in Kt) are =-equivalent, it follows from Lemma 40
that «/ 22, u’ and v’ =, v*. Using Lemma 40 a second time, we obtain that,

u'w'v’ 2, ubw'vt 2 utwn®
We conclude that all words in K = (Kg)*B*(Kt)* are &-equivalent, which terminates the
proof.

E.2 Completeness

In this section, we prove the difficult direction of Theorem 38 which corresponds to com-
pleteness of our pointed covering algorithm for FO?. In other words, we prove that given
a tame and alphabet compatible set of languages names L, Tpo2[L] C Satpo2(L). More
precisely, we present a generic construction for building a FO?-cover K of L such that
Z[L}(K) C Satpo2(L). Since by definition, Zpo2[L] C Z[L](K), the result will follow.

In particular, recall that this generic construction is also a solution to the second stage of
the covering problem: it is a generic method for building an optimal FO?-cover of an input
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set of languages. Indeed, since we already know that Zpo2[L] C Satyoz2(L), the FO?%-cover
K that we construct satisfies,

Tro2[L] € Z[L|(K) € Satpo2(L) € Zro2 (L]

This means that the FO?-cover that we construct is actually optimal. We start with a few
facts that we will use in the construction.

Recall that since we work with an alphabet compatible set of languages names, all words
belonging to the same L € L have the same alphabet that we denote alph(L). An important
process in our construction will be to use induction and reduce the problem of covering L
to covering only (L|B*) = {L € L | alph(L) C B} for increasingly smaller subsets B of the
alphabet A. In particular, to simplify notations, we will simply write L for (L|B*). Let
us begin with an important observation,

» Fact 42. Let B C A, then the restriction of the tame multiplication of L to Lp remains
a tame multiplication. In particular, Lp is tame.

Proof. Immediate from alphabet compatibility. <
Furthermore the two following facts will prove useful.

» Fact 43. Let B,C C A such that C C B. Then,
Satpo2(Le) C Satpo:(Lp)
Proof. Immediate by definition since Zy.;»[Le| C Zyriw[Lis]- <

» Fact 44. Let B,C C A such that C C B and let K be a finite set of languages such that
all K € K satisfy K C C*. Then,

Z[Lg|(K) = Z[Lco](K)

Proof. Since C C B, we have Ly C L.. Therefore it is immediate that Z[L¢](K) C
Z|Lg](K) for any K. We prove the converse inclusion. Let H € Z[Lp](K). By definition,
H C (Lp|K) for some K € K. In particular, since K C C*, this means that all languages in
H € H satisfy H € L¢. Therefore, (Lp|K) = (Lo|K) which means that H € Z[L¢](K). <

We are now ready to start the construction. We state it in Proposition 45 below. Observe
that for all B C A, Satpp2(Lp) is a subsemigroup of 2& by definition. In particular, we use
the notation (Satpo2(Lp))! to denote the following monoid:

(Satpor(Lp))* = Satyoz(Lp) if Satpo2(Lp) is a monoid

FORRRBI ™ Satpoe (Lp)U{1} where 1 is an artificial neutral element, otherwise
» Proposition 45. Let B C A and Ty, T, € (Satpo2(Lp))!. Then there exists a FO*-cover
K of Lg such that,

T, @I[LBKK) O T, C Satpp2 (LB)

Before we prove Proposition 45, we use it to finish the proof of Theorem 38. We apply
Proposition 45 in the case when B = A and Ty, T, are both equal to the neutral element
of (Satpo2(Lp))'. We obtain a FO?-cover K of L = L such that, Z[L)(K) C Satpo2(L)
which terminates the proof.
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It now remains to prove Proposition 45. We let B, T, and T, be as in the statement of
the proposition. The proof is by induction on three parameters that we define now. The
first and most important parameter is the size of B. The other two also depend on T, and
T, respectively. Given Ry, Ry € (Satpoz(Lp))!, we say that,

R is left reachable from R if there exists Q € (Satpo2(Lp))! such that Ry € Q ® Ry.
R, is right reachable from Ry if there exists Q € (Satpgz2 (L))t such that Ry C R1 ©Q.

One may verify that left and right reachability are both preorder relations on the set
(Satpoz(Lp))t (this is because tame multiplications are compatible with inclusion). For
each R € (Satpo2(Lp))t, we call left index of R (resp. right index of R) the number of
elements that are left reachable (resp. right reachable) from R. We proceed by induction
on the following parameters listed by order of importance:

1. |B|
2. The right index of Ty.
3. The left index of T,..

We consider three cases depending on a property of T, and a property of T,. These
properties are based on the following fact.

» Fact 46. For allb € B, (Lg|{b}) € Satpo2(Lg).

Proof. Let H = (Lp|{b}). Since {b} is a singleton, all language in H contain the word b.
Therefore NgegH # 0 and H € Ty [Lg] C Satpg2 (Lp) by definition. <

We may now define the two properties that specify our three cases.

we say that Ty is right saturated by B if for all b € B, there exists Q € (Satpg2(Lp))*
such that T is right reachable from Ty ® Q ® (Lg|{b}).

we say that T, is left saturated by B if for all b € B, there exists Q € (Satpoz(Lp))*
such that T, is left reachable from (Lg|{b}) ® Q ® T,.

The base case happens when T, is right saturated and T, is left saturated. Otherwise
we use induction. We begin with the base case.

Base Case: T is right saturated and T, is left saturated

In this case, we simply define K = {B*} (which is clearly a FO*-cover of L). We use our
hypothesis to prove that it satisfies Ty ®Z[Lg](K) © T, C Satpo2(Lp). Since by definition,
T[L|(K) = {{Lp}, it suffices to prove that T,©Lp ®T, € Satpg2(Lp). There is a special
case when Ty = () or T, = (). In that case, Ty ® Lg ® T, = 0 € Satpo2z(Lp). Assume now
that Ty # () and T, # 0. We use the following lemma.

» Lemma 47. There exist Qu, Q, € Satpg2(Lp) containing Q¢, Q, such that alph(Q) =
alph(QT) = B; TZ g TZ O] QZ and Tr g Qr © Tr'

Before we prove the lemma we use it to conclude this case. Using a little algebra and the
fact that “®” is compatible with inclusion, we obtain Ty C T;©®(Q¢)* and T, C (Q,)*®T,..
In particular, observe that we obtain,

T, OLp®T, CTy(Qr” ®Lp®(Q,)“T,
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Moreover, since alph(Q,) = alph(Q,) = B, we know from the definition of Satpg2 (see
Operation 3) that,

(Q))* ©Lp © (Q,)“ € Satpo:(Lp)

Using closure under multiplication, we then obtain that, T, ® (Q¢)* ®Lp ® (Q,)* ® T, €
Satgoz(Lg). Since Ty OLpOT, C T¢(Q/)* ©Lp®(Q,)“T,, we use closure under downset
to conclude that Ty ® Lg ©® T, € Satpoz(Lp) which terminates the proof of this case. We
finish with the proof of Lemma 47.

Proof. We only prove the existence of Q, using the fact that T, is right saturated (the ex-
istence of Q,. is proved symmetrically using the fact that T, is left saturated). By definition
of right saturation, we know that for each b € B, there exists U,, V, € (Satpgz2(Lg))! such
that,

T, CT,0U,© <LB|{b}> OV, e SatF02(LB)

We define Qg = ep(Up @ (Lp|{b}) ® V}) (where the product is made in an arbitrarily
chosen order). By definition, we have Ty C Ty ® Q. It remains to prove that Q, contains
Q. of alphabet B. We prove an even stronger property: any Q¢ € Q. has alphabet B. This
suffices since there exists at least one @y € Q (by hypothesis Ty # () and T, C Ty ® Qg).
Observe that for any b € B, all languages names @, € U, ® (Lp|{b}) ® V, satisfy
b € alph(Q,) C B. By definition, any @y € Q, includes the concatenation of a sequence of
languages @ € Up © (Lp|{b}) ® V,, for each b € B. Therefore, alph(Q,) = B. <

We are now finished with the base case. It remains to treat the case when either T} is
not right saturated or T, is not left saturated. These two case are symmetrical. We consider
the case when T, is not right saturated. The second case is left to the reader.

Induction Case: T, is not right saturated

Since T, is not right saturated, this means that there exists some b € B such that for all
Q € Satpo2(Lp), Ty is not right reachable from T, ® Q ® (Lp|{b}). We use b to construct
our FO%-cover K of L.

Let C = B\ {b}. Using induction on the size of the alphabet, we obtain a FO*-cover H of
L¢ such that Z[L¢](H) C Satpo2(Le). Moreover, we may assume without loss of generality
that for all H € H, we have H C C*. Indeed, we can always restrict the languages H to
words belonging to C* with FO?. In particular, this means that Z[L¢|(H) = Z[Lp](H) (this
is Fact 44). Moreover, since Satpoz2(Le) C Satpo2 (L) (this is Fact 43), we obtain that,

I[Lp](H) C Satpo2(Lp) (2)

For each H € Hlet Ty = T, © (Lp|H) ® (Lp|{b}). Since Z[Lp|(H) C Satrg2(Lp), we
know that (Lp|H) € Satpoz(Lp) and therefore that Ty € Satpo2(Lp). By definition of b,
we know that T, is not right reachable from Tpg. In particular, it follows that Ty has a
right index that is strictly smaller than the right index of T,. Hence, we may use induction
to construct a FO%-cover K g of L such that,

Ty @I[LB](KH)QTT - Satpoz(LB) (3)

We are now ready to construct our FO?-cover K of L. We build the languages of K from
the languages of H and the languages in the sets K. We define,

K=HU J {HVK | K € Kg}
HeH
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It remains to prove that K is an FO?-cover of Lp and that T, ® Z|Lg|(K) ® T, C
Satro2(Lp). We begin by proving that all languages K € K are definable in FO?. This
is immediate by construction of H if K € H. Otherwise, K = HbK’ with H € H and
K' € Ky. Observe that by definition, H C C*, b€ B\ C, H is definable in FO? and K’ is
definable in FO?. Hence, since H C C* and b ¢ C, a word w belongs to HbK' if and only
if it satisfies the following three properties:

1. w contains a b.

2. the prefix of w obtained by keeping all positions that are strictly smaller than the position
with the leftmost b belongs to H.

3. the suffix of w obtained by keeping all positions that are strictly larger that the position
with the leftmost b belongs to K.

Therefore, it suffices to prove that these three properties can be expressed in F02(<). This
is clear for the first property. For the second and third properties, observe that one can
select the position with the leftmost b using the following FO? formula:

p(x) = Py(z) ATy (Py(y) Ny < )

Therefore a sentence for the second property above can be obtained from a sentence Wy
that defines H by restricting all quantifications to positions z that satisfy the formula
Jy ¢ < y A ¢(y). Similarly, a sentence for the third property can be obtained from a
sentence ¥y that defines L by restricting all quantifications to positions = that satisfy the
formula Jy y < x A p(y).

We now prove that K is covers of Lg. Let L € Lg and w € L, we need to find K € K
such that w € K. If L € L., w belongs to some H € H C K since H was constructed as
a cover of Lo, Otherwise, b € alph(L) = alph(w) and w can be decomposed as w = ubv
with alph(u) C C and alph(v) C B. Since L is tame, there exists L, € L¢ that contains u,
L, € Lp that contains b and L, € Ly that contains v such that L = L, ® Ly ® L,,. It follows
that u belongs to some H € H (H is a cover of L¢) and that v belongs to some K’ € Ky
(Kp is a cover of Lp). Hence w € HbK' which is a language of K and we are finished.

Finally, we have to prove that T; ® Z|[Lp|(K) ® T, C Satpo2(Lp). By definition of
Z[Lp|(K), it suffices to prove that for all K € K, T, ® (Lg|K) ©® T, € Satpo2(Lp). We
have two cases depending on K. If K € H, then (Lp|K) € Z[Lp|(H) C Satpo2(Lp)
(see (2)). Moreover, since Ty, T, € Satppz(Lp) it follows from closure under multiplication
that Ty ® (Lp|K) ® T, € Satpo2(Lp). Assume now that K = HbK’' for H € H and
K’ € Ky. Using Lemma 14, we obtain that,

(Lp|K) = (Lp|H) ® (Lp|{b}) © (Lp|K')

Recall that by definition, Ty = T, © (Lp|H) © (Lp|{b}). Therefore, T, ® (Lp|K)® T, =
Ty © (Lp|K') ® T,. Finally, since K’ € Ky, we have (Lp|K’) € Z[L|(Kg). It follows
from (3) that T, ® (Lp|K)® T, € Satpo2(Lp). This concludes the proof of Proposition 45.

F Proof of Theorem 18: Pointed Y,-Covering

This appendix is devoted to the proof of Theorem 18, i.e., of our pointed covering algorithm
for 35. We begin by presenting the algorithm in more details and introduce some terminology
that we will need for the proof.

Consider a finite set of languages names L that is both tame and alphabet compatible.
Recall that since L is alphabet compatible, alph(L) is well-defined for all L € L as the
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alphabet B shared by all words in L. Moreover, recall that for any B C A, we denote by
Lp the set {L € L | alph(L) C B}.

» Definition 48 (Pointed Covering Algorithm for 35). Let L be atame set of languages names
such that L is both tame and alphabet compatible. We define Sats, (L) C L x 2L as the
smallest subset of L x 2% containing Py [L] and closed under the following operations:

1. Downset: Sats, (L) = [Sats, (L).

2. Multiplication: if (5,S), (T, T) € Sats,(L) and S ® T is defined, then,
(SOT,SOT) e Sats, (L).

3. For any B C A and (S,S) € Sats, (L) such that alph(S) = B and S ® S is defined,
(8“,8¥ © (L|B*) ® S¥) € Saty, (L).

As usual it is immediate that Saty, (L) may be computed from L using a lowest fixpoint
algorithm. This terminates the presentation of our pointed covering algorithm for ¥5. We
state its correctness below.

» Theorem 49. Let L be a set of languages names such that L is both tame and alphabet
compatible. Then Ps,[L] = Sats, (L).

It now remains to prove Theorem 49. We follow the methodology presented in Section 4:
we first prove soundness (Px,[L] 2 Sats, (L)) and then completeness (Ps,[L] C Sats, (L)).

F.1 Soundness

In this section we prove the soundness of our algorithm, that is the inclusion Py,[L] D
Sats, (L) in Theorem 49. By definition of Sats, (L), we need to prove that Ps,[L] contains
Pirin|L] and that it is closed under the following operations:

1. Downset: Py, [L] = | Px,[L].

2. Multiplication: if (S,S), (T, T) € Ps,[L] and S ® T is defined, then,
(SOT,SOT) € Py, [L.

3. For any B C A and (S,S) € Sats, (L) such that alph(S) = B and S ® S is defined,
(5¥,8¥ ® (L|B*) ® S¥) € Ps,[L].

As usual, only one of these properties is specific to 3y. Since Py, [L] is a pointed imprint,
we already know that it contains Py, [L] (this is Fact 6) and that it is closed under downset.
Moreover, L is tame and X5 is a known quotienting lattice, hence we also know that Ps, [L]
is closed under multiplication (this is Lemma 13). It remains to prove that Py, [L] is closed
under the third operation. This is what we do now.

Recall that the quantifier rank of a first-order sentence (and therefore in particular of a
35 sentence) is the length of the longest sequence of nested quantifiers inside the sentence.
Given two words w,w’ € A* and k > 1, we write w <, w’ to denote the fact that all
Yo-sentences of rank k that are satisfied by w are satisfied by w’ as well. One may verify
that for all k, <j is a preorder. Moreover, the following set of languages is a finite set of
Yo-definable languages:

{ue A" JwSpu} |we A}
For all k£ € N, we denote by Py, the following L-pointed set:

Pr={(L{w|u<pw})|LeLandueclL}
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» Lemma 50. For any pointed Xy-cover Q of L, there exists k € N such that P[L](Py) C
PILI(Q).

Proof. Since the support H of @ is finite, there exists £ such that all languages in H may
be defined with X5 sentences of rank ¢. It suffices to choose k = /. |

We can now prove that Ps,[L] is closed under the third operation in the definition
of Sats, (L) and conclude the soundness proof. Let B C A, (S,S) € Ps,[L] such that
alph(S) = B, and S ® S is defined. We have to prove that (S¥,S“ @ (L|B*) ©® S¥) €
Ps,[L]. In other words, we have to prove that for all pointed Yg-covers @ of L, we have
(S“,8“ ® (L|B*) ®8¥) € P[L|(Q).

Let @Q be a pointed ¥a-cover of L and let k be as defined in Lemma 50 for . We prove
that (S¥,S“ ® (L|B*) ® S¥) € P[L|(IP), which terminates the proof since P[L|(PP;) C
PILI(@),

By hypothesis (S,S) € Pg,[L]. Hence, we have K € IPr(S) such that S C (L|K).
Consider the language,

2k+1 2k,+1w

H=(K)" “B*(K)
with w as the idempotent power of 2L. Observe that (L|H) = ((L|K))* ® (L|B*) ®
(LK) 2 8 ® (L|B*) ® S¥ (see Lemma 14). Hence, if we can find H' € Py(S¥)
such that H C H’, we will obtain that S* ® (L|B*) ® S* € (L|H') and therefore that
(S“,8% ® (L|B*) ® S¥) € P[L](IPy) as desired.

We begin by defining H' and then prove that it satisfies H C H’. Recall that by
definition, since (S, K) € Py, there exists u € S such that K = {w € A* | v S w}. In
particular, we know from the definition of tame multiplications that,

k42 k42
v = u2 w e S2 ey

By definition of P, we know that H = {w € A* | v < w} belongs to Py (S¥). It now
remains to prove that H C H’. By definition of H’, this amounts to proving that all w € H
satisfy v <p w. We use the two following lemmas (whose proof is based on Ehrenfeucht-
Fraissé games and left to the reader).

» Lemma 51. For all i > 1, the preorder <ii is a precongruence for concatenation: if
u Sgiu’ and v g v, then uwo Sp iu'v’.

» Lemma 52. Leti > 1, and let k,¢,r, 0, r" € N be such that £,7,0', 7 > 2% and let u,y € A*
such that alph(y) C alph(u). Then we have:

ubu” <y, u yu”
Let we H = (K)2k+l‘”B*(K)2k+l‘”. Since K is the language {w’ € A* | u < w'}, using
Lemma 51 one may verify that there exists y € B* such that,

2k+lw 2k+lw
yu Sk w

Furthermore, by definition, v = w2 and since u € S and B = alph(S), we have
alph(u) = B. Therefore, it follows from Lemma 52 that we have
v <k u2k+1w u2k+1w

~

We can now combine the two inequalities and obtain v <j w which terminates the proof.
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F.2 Completeness

In this section we prove the difficult direction in Theorem 49 which corresponds to com-
pleteness of our pointed covering algorithm for 5. More precisely, we prove that given a
tame and alphabet compatible set of languages names L, Px,[L] C Sats,(L). As usual,
this proof is also a solution to the second stage of the pointed covering problem: following
it yields a generic method for building an optimal pointed 3o-cover of an input tame set of
languages. We present a generic construction for building a pointed ¥s-cover IP of L such
that P[L](IP) C Sats, (L).

We begin with an overview of the construction. Consider the L-pointed set T that
contains all pairs (L, {w}) where L € L and w belongs to LN (AU {e}) (i.e. w belongs to
L and is either a single letter or the empty word). One can verify that T satisfies the two
following properties:

1. all languages in the support of T are definable in 35 (they are finite languages).
2. P[L)(T) C Satx, (L) (by definition, P[L](T) C Puw[L] C Sats, (L)).

However, observe as soon as some L € L contains a word with more than two letters, T is
clearly not a pointed Ys-cover of L. While T is not a pointed Xs-cover of L itself, we use
it to build one by relying on a new notion called “Q-decompositions”.

Q-Decompositions. Let Q be a L-pointed finite set of languages. Given L € L and w €
A*, we say that w admits a Q-decomposition for L if w may be decomposed as w = wy - - - wy,
such that there exist pairs (L1, Hy),...,(Ln, H,) € Q such that,

L=L1® - -0®L,.
for all i <n, w; € H;.

We write D, (Q) the language of all words w which admit a Q-decomposition for L. Observe
that the L-pointed set T above satisfies the following fact.

» Fact 53. Forall L € L, L CD.(T).

Proof. Let L € L and w € L. If w = ¢, then (L,{w}) € T and therefore w admits a T-
decomposition of length 1 for L. We conclude that w € Dy, (T). Otherwise let w = ay -+ - ay
be the decomposition of w as a concatenation of letters. Since w € L, by definition of tame
multiplications, we obtain Lq,...,L, € L such that a¢; € L; foralliand L=L;®---® L,.
By definition of T, it follows that (L;, {a;}) € T for all ¢ and therefore that w = a; - - - a, is
a T-decomposition of length n for L, i.e. w € D (T). <

We use induction to prove that if we have a L-pointed set @ of Ys-definable languages
such that P[L](Q) C Sats, (L) in hand (for example T), we can use it to build a new L-
pointed set of Xs-definable languages IP which still satisfies P[L](IP) C Sats, (L) and such
that,

for all L € L, P(L) covers Dz (Q) (i.e. DL(Q) € Ugepr)K)

In view of Fact 53 applying this result to T will yield the desired ¥5-cover IP of L such that
P[L](PP) C Sats, (L). Before we formally present this result, we introduce some terminology
that we will need.
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Preliminaries

Safe L-pointed sets. When constructing L-pointed sets of languages, it will be convenient
choose them so that they satisfy a specific property that we call “safe”. Given a L-pointed
finite set of languages Q, we say that Q is safe if and only if all pairs (L, H) € Q satisfy
H # 0 and H C (alph(L))*.

Parameters of L-pointed sets. In the proof, we rely on three parameters that can be
associated to the L-pointed set @ from which we start. Let H be the support of Q (i.e.
H={H | (L, H) < Q for some L € L}).

1. The alphabet of Q is the smallest set Ag C A such that alph(L) C Aqg for all L € LL
satisfying Q(L) # (0. Note that if Q is safe, we also have H C (Ag)* for all H € H.

2. Furthermore, we denote by Dec(Q) the set of all L € L for which Dy (Q) # 0.

3. Finally, we denote by Cov(Q) the language,

Coo(Q) = (|J H)u(|J D)4 (|J H)

HeH HeH HeH

We finish with a few facts about these parameters that can be verified from the definitions
and will prove useful.

» Fact 54. Let Q be a safe L-pointed set. Dec(Q) is the smallest sub-partial semigroup
of L which contains all L € L such that Q(L) # 0. Moreover, for all L € Dec(Q),
alph(L) C Aq. In particular, Aq = ULcpec()alph(L).

» Fact 55. Let Q be a safe L-pointed set, then Cov(Q) C (Ag)* and Cov(Q)Cov(Q) C
Cov(Q).

Main proof
We are now ready to start the proof. We start our induction in the following proposition.

» Proposition 56. Let Q be a safe L-pointed set of Yo-definable languages such that P[L](Q) C
Sats, (L). There exists a safe L-pointed set of Yo-definable languages P such that:

1. for all (L,K) € P, L € Dec(Q) and K C Cov(Q).
2. forall L € L, P(L) is a cover of Dp(Q).
3. PIL)(P) C Sats,(L).

Before we prove the proposition, we use it to finish the proof of Theorem 49. As we
observed, the L-pointed set T above is a L-pointed set of ¥s-definable languages such that
PL)(T) C Saty, (L). Moreover, one can verify from the definition that T is safe. Altogether,
we can apply Proposition 56 to obtain a new L-pointed finite set of ¥s-definable languages
P such that,

1. for all L € L, IP(L) is a cover of Dy, (T).
2. P[L)(P) C Sats, (L).

We may now combine these two items with Fact 53 to obtain that P is a pointed Xs-cover
of L such that P[L](IP) C Saty, (L) which terminates the proof of Theorem 49.

We now turn to the proof of Proposition 56. Let @QQ be as in the statement of the
proposition. The proof is by induction on the three following parameters of Q.
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1. |Dec(Q)|.
2. [(L|Cov(Q))]-
3. 1Q]

We separate the proof in two cases which depend on a property of Q that we define now.
We say that Q is saturated if and only if the two following properties hold for all (L, H) € Q:

{ 730 Dee(@) = Dec(t) . { Doc@) o (7} = Dec(@)
(LIH) © (L/Con(Q) = (L|Cov(®@)) (LICou(®@)) © (LIH) = (L|Cov(@))

The base case happens when @ is saturated. In that case, we construct @ directly
(i.e. we do not use induction). Otherwise, we refine the Q-decompositions and conclude by
induction.

Base Case: () is saturated.

In this case we construct P directly. The construction is based on the following lemma
(which is where we use our hypothesis that @ is saturated).

» Lemma 57. For all L € Dec(Q), (L, (L|Cov(Q))) € Sats,(L).

Before we prove the lemma, we first use it to construct P. We let P = {(L, Cov(Q)) |
L € Dec(Q)}. Note that by definition, the support K of P is the set K = {Cov(Q)}. Let
H be the support of @ and recall that,

Con(@) = (U mu(J mAay (U 1)

HeH HeH HeH

Observe that (Ag)* and UgeuH are definable in ¥y (by hypothesis in Proposition 56, all
H € H are definable in 33). Therefore, Cov(Q) is a concatenation of ¥o-definable languages
and and is itself a ¥5-definable language since ¥ is closed under concatenation. We now
use Lemma 57 to verify that @ is safe and satisfies the three conditions in Proposition 56.
We begin by proving that P is safe. Since by definition Cov(Q) C (Ag)* (see Fact 55), this
follows from the next fact.

» Fact 58. For all L € Dec(Q), alph(L) = Aq.

Proof. We prove that all L € Dec(Q) have the same alphabet (which must then be Ag
by Fact 54). Let L,L’ € Dec(Q). Since Q is saturated, we have (L1, Hy), (Lo, H2) € Q
such that L ® L; = L' and L’ ® Ly = L. We obtain that alph(L) C alph(L) Ualph(L,) =
alph(L’) and alph(L’) C alph(L’) U alph(L2) = alph(L). We conclude that alph(L) =
alph(L/). <

The first condition in Proposition 56 is immediate from the definition of IP. We prove
the second and third conditions. We start by proving that for all L € L, IP(L) is a cover of
D.(Q). I DL(Q) = 0, this is immediate. Otherwise let w € D (Q). By definition, we have
to prove that w € Cov(Q). By definition of Dy, (Q), w can be decomposed as w = wy - - - wy,
and for all ¢ there exists (L;, H;) € @ such that w; € H;. Hence, in particular, for all 4,
w; € UgepH. If n =1, then w € UgegH C Cov(Q). Otherwise, one can verify from the
fact that @ is safe that for all ¢, H; C (Ag)*. Therefore, we obtain,

we (|J B)(Ap) (| H) € Cov(Q)

HeH HeH
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We conclude that IP(L) is a cover of D (Q).

Finally, we prove that P[L|(P) C Saty,(L). Consider (L,L’) € P[L](P). By definition
of pointed imprints, we get K € K such that (L, K) € P and L' C (L|K). By closure under
downset in the definition of Saty,, it suffices to prove that (L, (L|K)) € Sats,(L). This
is immediate since by definition of K, K = Cov(Q) and (L, (L|Cov(Q))) € Sats, (L) by
Lemma 57.

It remains to prove Lemma 57. This is where we use the fact that Q is saturated. The
proof is based on the following fact which treats a special case.

» Fact 59. Let (S, H) € Q such that S ® S is defined. Then,
(5%, (L|Cov(R))) € Sats, (L)

Proof. By definition of pointed imprints, we know that (S, (L|H)) € P[L](Q) and therefore
(S, (L|H)) € Sats, (L) since P[L|(Q) C Sats,(L) by hypothesis in Proposition 56. Also
note that by Fact 54, S € Dec(Q) and therefore we know from Fact 58 that alph(S) = Ag.
Hence, we may use Operation 3 in the definition of Saty, to conclude that,

(5%, (LIH)* © (L|{(Ag)") © (L|H)¥) € Sats, (L)

By closure under downset, it now suffices to prove that (L|Cov(Q)) C (L|H)* ®(L|(Ag)*)®
(L|H)¥. We know from Fact 55 that (L|Cov(Q)) C (L|(Ag)*). Therefore, we obtain,

(LIH)* © (L|Cov(Q)) © (LIH)* C (LIH)* © (L|(Ag)") © (LIH)”

Moreover, using the fact that @Q is saturated (this is our hypothesis), we have (L|H)* ®
(L|Cov(R))o(L|H)* = (L|Cov(R)). We conclude that, (L|Cov(Q)) C (L|H)“®(L|(Ag)*)®
(L|H)* which terminates the proof. <

We may now use Fact 59 to finish the proof of Lemma 57. Let L € Dec(Q), we have
to prove that (L, (L|Cov(Q))) € Sats, (L). Let (S, H) € Q. Since Q is saturated, we know
that,

Dec(®Q) = {S} ® Dec(Q) = {S}* © Dec(Q) (4)

In particular, note that since Dec(Q) # () (it contains L), this means that {S}¥ #£ 0, i.e.
S © S is defined. In particular, we know from Fact 59 that (S“, (L|Cov(Q))) € Sats,(L).
Moreover, we obtain from (4) above that there exists L’ € Dec(Q) such that L = S*©L’. By
definition, of Dec(Q) there exists (L1, Hy), ..., (Ly, H,) € Q such that L; ®---® L, = L.
It follows that L = S* ® L1 ® --- ® L,. Furthermore, by definition of pointed imprints,
we have, (L;, (L|H;)) € P[L|(Q) for all 4, and since P[L](Q) C Sats, (L) by hypothesis in
Proposition 56, we obtain,

(L, (L|H;)) € Sats, (L) for all ¢
Using closure under multiplication in the definition of Saty, we obtain that,
(¥ ©L1®- O Ly, (LICov(Q)) © (L|Hy) © - -+ © (L|Hy)) € Sats, (L)

By definition, the first component of the pair above is equal to L and by saturation of Q, the
second component is equal to (L|Cov(Q)). We conclude that (L, (L|Cov(Q))) € Sats,(L)
which terminates the proof of the base case.



T. Place and M. Zeitoun 78:43

Induction Case: () is not saturated.

By hypothesis there exists (L, H) € Q such that one of the four following properties hold:

{L} © Dec(Q) # Dec(Q) or,

(LIH) ® (L|Cov(@)) = (L|Cov(Q)) or,
Dec(Q) @ {L} # Dec(Q) or,
(L|Cov(@)) ® (LIH) = (L|Cov(Q)).

In the remainder of the proof we denote by b = (Ly,, Hy) this pair and by symmetry we
suppose that one of the two following properties holds:

{Ly} © Dec(Q) # Dec(Q) (5)
(L|Hp) © (L|Cov(Q)) # (L|Cov(R)) (6)

Note that this means that we have two cases to treat depending on the property that holds.
However, both cases are similar. In particular, the construction of P is the same in both
cases. The only difference is the induction parameter that we use to conclude at the end of
the proof (it depends on the property that holds).

We begin by constructing two new L-pointed sets Q,, and Q,,. We define, Q,, = Q\{b}
and Q. = {b}. Observe that by definition, Q,,, Qs € Q and therefore, Aq,,, Aq., € Aq,
Dec(Q,r), Dec(Qsy) € Dec(Q) and (L|Cov(Q,r)), (L|Cov(QRsy)) C (L|Cov(Q)). For each
L € L, consider the three following languages,

1. Dz(Qpr), the language of all words which admit a Q,,-decomposition for L.

2. D(Qsy), the language of all words which admit a @Qg,~-decomposition for L.

3. INFy is the language of all words w € A* that admit a decomposition of the form
U1V1 -+ - UpVy such that for all ¢ there exist U;, V; € L satisfying,

for all 4, u; € Dy, (Qsu).
for all 4, v; € Dy; (Qpr)-
L=U060Vio - 0U,0V,.

Recall that given L € L, w € Dy (Q) if w can be decomposed as w = wy ... w, such
for all ¢ there exists (L;, H;) € @ such that w; € H; and L = Ly ® --- ® L,,. Observe
that we may sort the factors w; into two kinds: those such that (L;, H;) = b and those
such that (L;, H;) # b. We may then regroup the factors into maximal blocks such that all
factors in a block have the same kind. This means that each block of factors admits either
a Qp,-decomposition or a Qg,-decomposition. Altogether, we have the following fact.

» Fact 60. Let L € L, then any word w € Dr(Q) can be decomposed in one of the following
ways:

w = wywews such that there exist L1, Lo, Ly € L satisfying wi € Dr, (Qpr), we € INFL,,
w3 € DL3(qu) and L =L1 ® Ly ® Lgs.

w = wiwy such that there exist Ly, Lo € L satisfying w1 € D, (Qpr), we € INFL,, and
L=16 Lo.

w = waws such that there exist Lo, Ly € L satisfying we € INFr,, w3 € Dr,(Qsy) and
L=1Ly® Ls.

w = wiws such that there exist L1, Ly € L satisfying w1 € D, (Qpr), w3 € Dr,(Qsy)
and L = Ly ® L3.

w € Dr(Qpr), w € INFL, or w € Dp(Qsy)-
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The construction of IP is based on Fact 60 and the three following lemmas.

» Lemma 61 (Pointed Covering of the Prefixes). There exists a safe L-pointed set of Xo-
definable languages Py, such that:

1. for all (L,K) € Py, L € Dec(Q,,) and K C Cov(Qpy).
2. forall L € L, P, (L) is a cover of Dr(Qypr).
3. P[L|(P,,) C Sats, (L).

» Lemma 62 (Pointed Covering of the Suffixes). There exists a safe L-pointed set of 3o-
definable languages Py, such that:

1. for all (L,K) € Py, L € Dec(Qsy) and K C Hy, U H,Cov(Qsy).
2. for all L € L, Py, (L) is a cover of Dr(Qsy)-
3. P[L](P4,) C Sats, (L).

» Lemma 63 (Pointed Covering of the Infixes). There exists a safe L-pointed set of ¥o-
definable languages P, such that:

1. for all (L,K) € Py, L € Dec(Q) and K C Cov(Q).
2. for all L € L, Py, (L) is a cover of INF,.
3. PIL](P;,) C Sats,(L).

Before, we prove the three lemmas, we use them to conclude the proof of Proposition 56
and construct IP. We define,

{(Ll O Ly ® L3,K1K2K3) | (LhKl) € ]Ppr, (LQ,KQ) € P;, and (L37K3) S IPsu}
U {(LQ O] L3,K2K3) | (LQ,KQ) € P;, and (Lg,Kg) S IPSU}
P=uU {(Ll @Lg,KlKg) | (Ll,Kl) S ]Ppr and (L3,K3) S lPsu}
@] {(Ll O] LQ,KlKQ) | (Ll,Kl) € P, and (LQ,KQ) € lPln}
U P,,UP;, UP,,
Observe that all languages in the support K of IP are ¥5-definable: by definition they are
concatenations of ¥s-definable languages and Y is closed under concatenation. Moreover,
the fact that IP is safe can be verified from the fact that P, IP;, and Py, were safe. We
now explain why P satisfies the three conditions in Proposition 56.

We begin with the first condition. Let (L, K) € IP, we have to prove that L € Dec(Q)
and K C Cov(Q). We treat the case when (L, K) = (L1 ®Ls® L3, K1 Ko K3) with (L1, K;) €
P,., (L2, K3) € Py, and (L3, K3) € Py, (other cases are similar). By hypothesis in the
lemmas, we have Ly, La, Ly € Dec(Q). Hence L = L; ® Ly ® L3 € Dec(Q) (see Fact 54).
Moreover, we know that K1, Ko, K3 € Cov(Q). Hence K1 K2K3 C (Cov(Q))? C Cov(Q)
(see Fact 55) which terminates the proof.

The second condition (that IP(L) is a cover of D, (Q) for all L € L) can be verified from
Fact 60 and Item 2 in Lemmas 61, 62 and 63. Let us now prove that P[L](IP) C Saty,(L). By
closure under downset, we have to prove that for all (L, K) € P, (L, (L|K)) € Sats,(L). We
treat the case when (L,K) = (Ll ® Lo @Lg,KlKQKg) with (Ll, Kl) € IPpT, (LQ,KQ) € P,
and (Ls, K3) € Py, (other cases are similar). We know from Lemma 14 that, (L|K) =
(L|K71) ® (L|K3) ® (L|K3). moreover, by the third item in the three lemmas, we have,

(L1, (L|KY)) € PIL|(Py,) € Sats, (L)
(L2, (L|K3)) € P[L)(Pin) € Sats, (L)
(Ls, (L|K3)) € PIL](Psu) C Sats, (L)



T. Place and M. Zeitoun 78:45

Since L = Ly ® Ly ® L3 we conclude using closure under downset and multiplication that
(L|K) € Sats, (L) which terminates the proof.

It now remains to prove the three lemmas. By definition of Q,,, Lemma 61 is immediate
using induction on the third parameter in Proposition 56 (the size of Q). It remains to
prove Lemma 62 and Lemma 63. We devote a subsection to each proof.

Proof of Lemma 62

First observe that we cannot simply use induction on the size of ). There are two reasons
for this. First, it may happen that Q = Py, (i.e. b was already the only element in Q).
In that case, the size of @ has not decreased. Second, the first condition in Lemma 62 is
stronger than the corresponding one in Proposition 56.

Recall that Qs = {(Lw, Hp)}. There are two cases depending on whether Ly, ® Ly, is
defined. If Ly, ® Ly, is not defined then Dy, (Qs,) = Hp and Dy (Qs,) = 0 for L # Ly,.
In that case, we simply define P;, = Qs,. One can verify that this choice satisfies the
conditions of the lemma.

Otherwise, Ly, ® Ly, is defined and therefore (Ly,)" is defined for all n > 1. It follows
from a standard semigroup theory argument that there exists an integer m < |2%| such
that (Ly,)™ = (Lp)* and (L|H,)™ = (L|Hp)¥. Moreover, we may assume without loss of
generality that m > 2 (we will need this property to ensure that Item 1 in the lemma holds).
We define,

Pou = {(L, Hy) | k < 2m — 1} U{(Ly, Hy)'(alph(Ly))" H{') | k > 2m}

Note that in the expression above, L{f) denotes the tame multiplication of k copies of Ly,
whereas Hﬁ denotes the concatenation of k copies of Hy,.

It remains to prove that Py, satisfies the conditions in the lemma. P, is safe by
definition since Qg, was safe. Moreover, all languages in the support of P, are definable in
Yo as they are concatenations of ¥o-definable languages. We now verify the three conditions
in the lemma.

We begin with the first condition. Let (L, K') € P;,, we have to prove that L € Dec(Q)
and K C Hy U Hy,Cov(Qsy). We treat the case when (L, K) = (LY, H"(alph(Ly,))* H)
for £ > m. The other case is similar. That L{f) € Dec(Qyg,,) follows from Fact 54. Moreover,
observe that by definition, alph(Ly,) = Ag,, and by Fact 55, Hy, C (alph(Ly))*. Therefore,
since we chose m > 2, we have,

Hy'(alph(Ly))* H{' © Hy(Hy' ™ (alph(Ly)) " Hi') © HyCov(Qsu)

We now turn to the second condition. Let L € L, we have to prove that P, (L) is a
cover of D (Qqy). Let w € Dy (Qsy), we have to find K € Py, (L) such that w € K. By
definition, since (Ly,, Hy,) is the only element in @, there exists k& > 1 such that L = (Ly,)*
and w € Hf. If k < 2m — 1, then Hf € Py, (L) and we are finished. Otherwise, k& > 2m
and H{'(alph(Ly))*H* € Py, (L). Since Hy, C (alph(Ly))* (Qsy is safe), we obtain that
w € H(alph(Ly))*H.

We finish with the third condition. This amounts to proving that for all (L, K) € Py,
(L, (L|K)) € Sats,(L). If (L, K) = (L, Kf), then by Lemma 14, we obtain,

(L, (LK) = (L, (L|Kp)")

By hypothesis in Proposition 56 (L, (L|Kp)) € Sats,(L). Hence, we obtain by closure un-
der multiplication that (L, (L|K)) € Sats,(L). Otherwise, (L, K) = (LY, K" (alph(Ly,))*K")
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for some k > m. Let k' > 0 such that &k = m + k’. By choice of m, we have L = L,g”'k/ =
Ly © Lulf)/. Furthermore, using Lemma 14 again, we obtain,

(LK) = (L|Hp)* © (L|(alph(Ly))*) ® (L|Hp)*

(LK) = (L|Hp)* ® (L|(alph(Ly,))*) @ (L|Hy,)* ® (L|Hy,)*“

(LK) = (L|H)* ® (L|(alph(Ly))*) ® (L|Hp)* ©~Y @ (L|Hp)* © (L|Hy,)*

(LIK) < (L|Hp)* ® (L|(alph(Ly,))*) ® (L|Hy)* ® (L|Hy)*" (since Hy, C (alph(Ly))*)

Finally, using Operation (3) in the definition of Sats,, we know that,
(Ly,, (L|Hy)* @ (L|(alph(Ly,))") © (L|Hyp)“) € Sats, (L)
Therefore using closure under multiplication, we obtain that,
(Lf © L, (L|Hy)* © (L (alph(Lp))") © (LI Hy)* © (L|Hy)*) € Saty, (L)

By closure under downset we conclude that (L, (L|K)) € Sats,(L) which terminates the
proof of Lemma 62.

Proof of Lemma 63

The proof is by induction on either the first or the second parameter in Proposition 56 (that
is the size of Dec(Q) or the size of (L|Cov(Q))). The induction parameter that we use
depends on whether (5) holds or (6) holds for b = (Ly,, Hp,).

We use the L-pointed sets Py, and P, (obtained from Lemmas 62 and 61 ) to define
a new L-pointed finite set of Ys-definable languages $ to which we apply induction. We
define,

$ = {(Ll ® LQ,KlKQ) | (Ll,Kl) € ]Psu7 (LQ,KQ) S leT and L1 ® Loy is deﬁned}

We now state two simple facts about $. We use these two facts to connect $ to the L-pointed
set IP;, that we have to construct.

» Fact 64. Dec($) C Dec(Q) and Cov($) C Cov(Q)
Proof. Immediate using the definition, Fact 54 and Fact 55. |
» Fact 65. For all L € L, INr;, C D1 (9).

Proof. Let L € L and w € INF. By definition, w = ujv; - - - upv, such that for all ¢ there
exist U;, V; € L satisfying, u; € Dy, (Qsu), vi € Dy, (Qpr) and L=U1 0 V1 ©--- 0 U, O V,.
For all i, let w; = u;v;, we prove that w = w; - - - w, is a $-decomposition of w for L which
exactly says that w € D ($). By definition of P, and Py, in Lemmas 61 and 62 (see
Item 2), for all 7, there exists K;, K| such that (U;, K;) € Py, (V;K]) € P,,, u; € K; and
v; € K|. It follows that w; = u;v; € K;K]. Moreover, by definition of 8, (U;0V;, K;K]) € $.
We conclude that w € D (%). <

An immediate consequence of Facts 64 and 65 is that it suffices to construct our L-pointed
set of Yo-definable languages IP;,, in Lemma 63 so that:

1. for all (L, K) € Py, L € Dec($) and K C Cov(3).
2. for all L € L, P;,(L) is a cover of D (3$).
3. 'P[LK]me) - Satgz (L)
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This is what we do now. As expected we are going to apply induction in Proposition 56
to 8. To that end we first need to verify that $ satisfies the conditions required to be an
input in Proposition 56. That $ is safe can be verified from the definition (this is because
this was the case for P, and P, ). Moreover, the support of $ contains only Yo-definable
languages (they are all the concatenation of two Xo-definable languages). Finally, we prove
that P[L)($) C Sats, (L) in the following fact.

» Fact 66. P[L|(%) C Saty, (L)

Proof. Let (L,L’) € P[L](%). By definition, L' C (L|G) for some G € $(L). By closure
under downset, it suffices to prove that (L, (L|G)) € Sats,(L). By definition of $, we have
(L1, K1) € Py, and (Lo, K3) € Py, such L = Ly ® Ly and G = K1 K. In particular, using
the second item in Lemmas 61 and 62, we obtain that,

(L1, (L|KY)) € PIL](Psu) € Sats, (L)
(La, (L|K2)) € PIL|(Py,) € Sats, (L)

Using closure under multiplication in Sats, and Lemma 14, we conclude that, (L, (L|G)) €
Sat22 (L) . |

It now remains to prove that $ has strictly smaller induction parameters than @ and
to use this fact to apply induction in Proposition 56 to construct the desired L-pointed set
P;n. We use the two following lemmas.

» Lemma 67. Dec($) C {Lp} © Dec(Q).
» Lemma 68. (L|Cov(3%)) C (L|Hy) ® (L|Cov(Q)).

Before proving Lemma 67 and Lemma 68, we use them to conclude the proof of Lemma 63.
Recall that we know from our choice of b that either (5) holds (i.e. {Lp} ® Dec(Q) <
Dec(Q)) or (6) holds (i.e. (L|Hp) ® (L|Cov(Q)) € (L|Cov(Q))). If (5) holds, it follows
from Lemma 67 that we may apply induction on the first parameter (the size of Dec(Q))
in Proposition 56. Otherwise, if (6) holds, it follows from Lemma 68 that we may apply
induction on the second parameter (the size of (L|Cov(Q))) in Proposition 56. In both cases
we get a L-pointed set P;;, that satisfies the conditions of Lemma 63 as desired.

We finish with the proofs of Lemma 67 and Lemma 68. We begin with Lemma 67.
Let L € Dec(%). By definition, there exists (L1, G1),...,(Ln,Gpn) € B such that L =
L, ®---©® L, We prove that for all 4, L, € {Lp} © Dec(Q) which suffices to conclude
that L € {L,} © Dec(Q®). Let ¢ < n. By definition of $, there exists (L}, K}) € P,
and (L], K}') € Pp, such that L, = L, ® L. Moreover, we know from the first item in
Lemmas 61 and 62 that L] € Dec(Qs,) € Dec(Q) and L] € Dec(Q,,) € Dec(Q). By
definition of Qg,, since L, € Dec(Qsy), we know that L}, = (Ly)™ for some m > 1 and we
conclude that L; € {Ly} ® Dec(Q) which terminates the proof of Lemma 67.

We now prove Lemma 68. Let G be the support of $. Recall that by definition, we have,
Cou($) = (|J ®)u(lJ O)s)(J @)
GeaG GeG GeaG

Moreover, we know that for all G € G, there exists (L, K) € Py, and (L', K’) € P, such
that G = KK'’. We may combine this fact with the first item in Lemmas 61 and 62 to
conclude that,

U G € H,Cov(Qau)Cov(Q,r) € HiCov(Q)Cov(Q)
GeG
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Moreover, we know from Fact 55 that Cov(Q)Cov(Q) C Cov(Q). We then obtain,
Cov(8) C H,Cov(Q) U H,Cov(Q)(Ag) HrCov(RQ)

It then follows from Fact 55 that Cov(Q)(Ag)*H,Cov(Q) C Cov(Q) and therefore that
Cov(%) C Hyp,Cov(Q). Using Lemma 14, we conclude that (L|Couv(3%)) C (L|Hy,)®(L|Cov(Q))
which terminates the proof.
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