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ABsSTRACT. The dot-depth hierarchy of Brzozowski and Cohen classifies the star-free
languages of finite words. By a theorem of McNaughton and Papert, these are also the
first-order definable languages. The dot-depth rose to prominence following the work of
Thomas, who proved an exact correspondence with the quantifier alternation hierarchy of
first-order logic: each level in the dot-depth hierarchy consists of all languages that can
be defined with a prescribed number of quantifier blocks. One of the most famous open
problems in automata theory is to settle whether the membership problem is decidable for
each level: is it possible to decide whether an input regular language belongs to this level 7

Despite a significant research effort, membership by itself has only been solved for low
levels. A recent breakthrough was achieved by replacing membership with a more general
problem: separation. Given two input languages, one has to decide whether there exists a
third language in the investigated level containing the first language and disjoint from the
second. The motivation for looking at separation is threefold: (1) while more difficult, it
is more rewarding, as solving it requires a better understanding; (2) being more general,
it provides a more convenient framework, and (3) all recent membership algorithms are
actually reductions to separation for lower levels.

We present a separation algorithm for dot-depth two. A key point is that while dot-depth
two is our most prominent application, our theorem is more general. We consider a family
of hierarchies which includes the dot-depth: the concatenation hierarchies. They are built
via a generic construction process. One first chooses an initial class, the basis, which serves
as the lowest level in the hierarchy. Then, further levels are built by applying generic
operations. Our main theorem states that for any concatenation hierarchy whose basis
contains finitely many languages, separation is decidable for level one. In the special case
of the dot-depth, this can be lifted to level two using previously known results.

1. INTRODUCTION

Concatenation hierarchies. Many fundamental problems about regular languages raised
in the 70s [Pinl7b| led to considerable advances, not only in automata theory but also in logic
and algebra, thanks to the discovery of deep connections between these areas that led to the
problems’ solutions. Even if some of these questions are now well understood, a few others
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remain wide open, despite a wealth of research work spanning several decades. This is the
case for the fascinating dot-depth problem [PinI7al, which has two elementary formulations:
a language-theoretic one and a logical one. The language-theoretic one is the older of the two.
It takes its roots in a theorem of Schiitzenberger [Sch65| (see also [DKRHI6l, [DGOS]), which
gives an algorithm to decide whether a regular language is star-free, i.e., can be expressed
using union, complement and concatenation, but without the Kleene star operator. This
celebrated result was highly influential for three reasons:

e First, Schiitzenberger precisely formalized the objective of “understanding the expres-
sive power of a formalism” through a decision problem called membership, which asks
whether an input regular language belongs to a class under study.

e Next, he developed a methodology for tackling it, which he applied to membership
for the class of star-free languages.

e Finally, McNaughton and Papert [MPT1] established that star-free languages are
exactly the first-order definable ones.

This work highlighted the robustness of the notion of regularity, underlining the ties between
automata theory and logic, and revealing new links with algebra. It also established
membership as the reference problem for investigating classes of languages.

Schiitzenberger’s theorem led Brzozowski and Cohen to define the dot-depth hierar-
chy [BCT1], an infinite classification [BK78]| of all star-free languages counting the number of
alternations between concatenations and complements needed to define them. This definition
is a particular instance of a generic construction process, which was formalized later and
named concatenation hierarchies. Any such hierarchy has a single parameter: a “level 0
class” (its basis). Then, one uses two operations, polynomial and Boolean closure, to build
two kinds of classes: half levels 1/2, 3/2, 5/2...and full levels 1, 2, 3...Given a class of
languages C, its polynomial closure Pol(C) is the least class of languages containing C and
closed under union and marked concatenation (K, L — KalL, where a is a letter). Its Boolean
closure Bool(C) is the least class containing C and closed under union and complement. For
any full level n, the next half and full levels are built as follows:

o Level n + % is the polynomial closure of level n.
e Level n+ 1 is the Boolean closure of level n + %

Thus, a concatenation hierarchy is fully determined by its basis. In the paper, we are
interested in hierarchies with a finite basis.

The most prominent hierarchies of this kind in the literature are the dot-depth and
the Straubing-Thérien hierarchy [Str81, [Thé81]. They acquired this status when it was
discovered [Tho82| [PP86| that each of them coincides with the quantifier alternation hierarchy
within an appropriate variant of first-order logic. These two variants have the same overall
expressiveness but slightly different signatures (which impacts the properties that one can
define at a given level of their quantifier alternation hierarchies).

These correspondences motivated a research program to solve membership for all levels
of both hierarchies, thus also characterizing the alternation hierarchies of first-order logic.
However, progress has been slow. Until recently, the classes that were solved for both variants
are only level 1/2 [Arf87, [PW97], level 1 [SimT75), Kna83| and level 3/2 [Arf87, PWIT, [GS00].
See [DGKOS]| for a survey. Following these results, membership for level 2 remained open for
a long time and was named the “dot-depth two problem”.
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Separation. Recently [PZ14] [Plal5, [Plal8], solutions were found for levels 2, 5/2 and 7/2.
The key ingredient is a new problem stronger than membership: separation. Rather than
asking whether an input language belongs to the class C under investigation, the C-separation
problem takes as input two languages, and asks whether there exists a third one from C
containing the first and disjoint from the second. While the interest in separation is recent,
it has quickly replaced membership as the central question. A first practical reason is that
separation proved itself to be a key ingredient in obtaining all recent membership results.
See [PZ15bl [PZ18b| for an overview. A striking example is provided by a crucial theorem
of [PZ14]. It establishes a generic reduction from Pol(C)-separation to C-membership which
holds for any class C. Combined with a separation algorithm for level 3/2 and a little extra
work, this yields a membership algorithm for level 5/2.

However, the main reason is deeper. The primary motivation for considering such
problems is to thoroughly understand the classes under investigation. In this respect, while
harder, separation is also far more rewarding than membership. On one hand, a membership
algorithm for a class C only applies to languages of C: it can detect them and build a
description witnessing membership. On the other hand, a separation algorithm for C is
universal: it applies to any language. Indeed, one may view separation as an approximation
problem: given an input pair (L, L) one wants to over-approximate L; by a language in
C, and Lo serves to specify what a satisfying approximation is. This is why we look at
separation: it yields a more robust understanding of the classes than membership.

The state of the art for separation is the following: it was shown to be decidable for levels
1/2, 1, 3/2 and 5/2 in the Straubing-Thérien hierarchy [CMM13), [PvRZ13| [PZ14] [Plal5,
Plal8|. These results can be lifted to dot-depth using a generic transfer theorem [PZI15al
PZ17al. Notice the gap between levels 3/2 and 5/2: no algorithm is known for level 2. This is
explained by the fact that obtaining separation algorithms presents very different challenges
for half levels and for full levels. Indeed, it turns out that most separation algorithms rely
heavily on closure under marked concatenation, which holds for half levels by definition, but
not for full levels.

Contributions. Our main result is a separation algorithm for level 2 in the Straubing-
Thérien hierarchy. Furthermore, by the aforementioned transfer theorem [PZ15al, [PZ17a],
this can be lifted to separation for dot-depth 2. A crucial point is that this separation result
is actually an instance of a generic theorem, which applies to any finite class C satisfying a
few standard properties (namely closure under Boolean operations and quotients). It states
that for such a class C, Bool(Pol(C)) has decidable separation. This has two important
consequences,

e In any hierarchy whose basis is such a class, level 1 has decidable separation.
e In the specific case of the Straubing-Thérien hierarchy, this extends to level 2 since it
is also level 1 of another finitely based concatenation hierarchy [PS85].

This generic result complements others recent results in a natural way. It has been shown
in [Plal8| that Pol(C)- and Pol(Bool(Pol(C)))-separation are decidable for any finite class C
satisfying the aforementioned hypotheses. Combined with our results, this implies that for
finitely based concatenation hierarchies, separation is decidable for all levels up to 3/2.

Remark 1.1. Our proof argument exploits a theorem of |Plal8| about the simpler class
Pol(C). However, the techniques that we use here are very different from the ones used
in [Plal8|, which rely heavily on the fact that Pol(C) and Pol(Bool(Pol(C))) are closed under
concatenation (again, this is not the case for BPol(C)).
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Being generic, our approach yields separation algorithms for a whole family of classes.
Moreover, it serves to pinpoint the key hypotheses which are critical in order to solve
separation for dot-depth 2. Let us also stress that we obtain new direct proofs that separation
is decidable for level 1 in both the dot-depth and Straubing-Thérien hierarchies. This is of
particular interest for dot-depth 1 since the previous solution was indirect, as it relied on a
transfer result from [PZ15al [PZ17a].

Finally, a key point is that all our results are presented and proved using a general
framework that was recently introduced in [PZ18a). It is designed to handle the separation
problem and present the solutions in an elegant manner. In fact, this framework considers a
third decision problem which is even more general than separation: covering. Given a class C,
C-covering takes two objects as input, a single regular language L and a finite set of regular
languages L. It asks whether there exists a C-cover of L (i.e., a finite set of languages in
C whose union includes L) such that no language in this C-cover intersects all languages in
L. It is simple to show that separation is the special case of covering when the set L is a
singleton. Our main theorem actually states that Bool(Pol(C))-covering is decidable for any
finite class C satisfying mild hypotheses.

Organization. The paper is organized as follows. Section [2] gives preliminary definitions. In
Section , we introduce concatenation hierarchies and state our generic theorem: BPol(C)-
covering is decidable for every finite quotient-closed Boolean algebra C. The remainder of
the paper is devoted to presenting the algorithm. In Section [4] we recall a framework which
was designed in [PZI18a] to handle the covering problem. Then, we use this framework to
formulate our algorithm for Bool(Pol(C))-covering in Section |5 The remaining sections are
devoted to the correction proof of this algorithm.

This is the journal version of [PZI7b]. The main result (i.e., that BPol(C)-separation is
decidable for every finite quotient-closed Boolean algebra C) has been generalized to BPol(C)-
covering. Moreover, both its presentation and its proof have been completely reworked. Our
results are now formulated using the general framework designed to handle separation and
covering problems which was introduced in [PZ18a].

2. PRELIMINARIES

In this preliminary section, we provide standard definitions for the objects which are investi-
gated in the paper. Moreover, we present the separation and covering problems.

2.1. Words, languages and classes. For the whole paper, we fix an arbitrary finite
alphabet A. Recall that A* denotes the set of all words over A, including the empty word €.
We let AT = A*\ {e}. If u,v € A* are words, we write u - v or uv the word obtained by
concatenating v and v.

A subset of A* is called a language. We shall denote the singleton language {u} by w.
It is standard to generalize the concatenation operation to languages: given K, L C A*, we
write K L for the language KL = {uv | u € K and v € L}. Moreover, we shall also consider
marked concatenation, which is less standard. Given K, L C A*, a marked concatenation of
K with L is a language of the form Kal for some letter a € A.

A class of languages C is simply a set of languages. In the paper, we work with robust
classes which satisfy standard closure properties:
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e A lattice is a class C closed under finite union and finite intersection, and such that
) € C and A* € C.

e A Boolean algebra is a lattice closed under complement.

e Finally, a class C is quotient-closed when for all L € C and all w € A*, the following
two languages belong to C,

w_lLd:ef{uEA*\wueL} and Lw_ld:ef{ueA*]uweL}

All classes considered in the paper will be (at least) quotient-closed lattices. Moreover,
they are all included in the class of reqular languages. These are the languages that can be
equivalently defined by monadic second-order logic, finite automata or finite monoids. Let us
briefly recall the definition based on monoids, which we shall use.

A monoid is a set M equipped with an associative multiplication (usually denoted by “-”)
which has a neutral element (usually denoted by “1,,”). Recall that an idempotent within
a semigroup S is an element e € S such that ee = e. Observe that A* is a monoid when
equipped with word concatenation as the multiplication (the neutral element is €). Hence,
given a monoid M, we may consider morphisms « : A* — M. Given such a morphism, we say
that a language L C A* is recognized by o when there exists ' C M such that L = o~ (F).
It is well-known that the regular languages are exactly those which can be recognized by a
morphism « : A* — M where M is a finite monoid.

Remark 2.1. Whenever we consider a morphism o : A* — M in the paper, the monoid M
will be finite. For the sake of avoiding clutter, this will be implicit from now on.

2.2. Separation and covering. In the paper, we investigate specific classes of languages
which are part of concatenation hierarchies (introduced in Section[3). We do so by relying on
two decision problems: separation and covering. The former is standard while the latter was
introduced in [PZ18al]. Both of them are parametrized by an arbitrary class of languages C.
Let us start with the definition of separation.

Separation. Given three languages K, L1, Lo, we say that K separates Ly from Lo if
L C K and Ly N K = (). Given a class of languages C, we say that L; is C-separable from
Lo if some language in C separates Ly from Lo. Observe that when C is not closed under
complement, the definition is not symmetrical: L; could be C-separable from Lo while Lo is
not C-separable from L. The separation problem associated to a given class C is as follows:

INPUT: Two regular languages L1 and L.
OUTPUT: Is L, C-separable from Lo?

Separation is meant to be used as a mathematical tool in order to investigate classes
of languages. Intuitively, obtaining a C-separation algorithm requires a solid understanding
of C.

Remark 2.2. The C-separation problem generalizes another classical decision problem: C-
membership which asks whether a single reqular language L belongs to C. Indeed, L € C if
and only if L is C-separable from A*\ L.

Covering. Our second problem is more general and was introduced in [PZ18al. Given a
language L, a cover of L is a finite set of languages K such that,

LgUK.

KeK
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We speak of universal cover to mean a cover of A*. Moreover, if C is a class, a C-cover of L
is a cover K of L such that all K € K belong to C.

Covering takes as input a language L1 and a finite set of languages Lo. A separating
cover for the pair (L1, Ls) is a cover K of L such that for every K € K, there exists L € Ly
which satisfies KN L = (). Finally, given a class C, we say that the pair (L1, Lg) is C-coverable
when there exists a separating C-cover. The C-covering problem is now defined as follows:

INPUT: A regular language L and a finite set of regular languages Lo.
OUTPUT: Is (L1,Ls) C-coverable?

It straightforward to prove that covering generalizes separation (provided that the class
C is a lattice) as stated in the following lemma (see Theorem 3.5 in [PZ18a] for the proof).

Lemma 2.3. Let C be a lattice and L1, Ly two languages. Then Ly is C-separable from Lo,
if and only if (L1,{L2}) is C-coverable.

In the paper, we shall not work with covering directly. Instead, we use a framework
which is designed to handle these problems and was introduced in [PZ18a]. We recall it in
Section [l

2.3. Finite lattices. In the paper, we work with classes built from an arbitrary finite lattice
(i.e., one that contains finitely many languages) using generic operations (polynomial closure
and Boolean closure, see Section . Here, we present standard results about such classes
that will be important later.

Canonical preorder relations. Consider a finite lattice C. It is classical to associate a
canonical preorder relation over A* to C. Given w,w’ € A*, we write w <¢ w'’ if and only if
the following holds:

Forall LeC, welL = w €L.

It is immediate from the definition that <¢ is transitive and reflexive, making it a preorder.

Example 2.4. Consider the class AT which contains all Boolean combinations of languages
A*aA*, for some a € A (“AT” stands for “alphabet testable”: L € AT if and only if
membership of a word w in L depends only on the letters occurring in w). Clearly, AT is
a finite Boolean algebra. In that case, <aT s an equivalence relation which we denote by
~ar: w ~ar Wi and only if w and w' have the same alphabet (i.e., contain the same set
of letters).

We shall use several results about the relation <¢c. We omit the proofs which are simple
and available in [Plal§].

The first lemma is where we use the hypothesis that C is finite. We say that a language
L C A* is an upper set (for <¢) when for any two words u,v € A*, if u € L and u <¢ v,
then v € L. Furthermore, given u € A*, we let T¢cu C A* be the least upper set containing
u feu={ved |u<ev}

Lemma 2.5. Let C be a finite lattice. Then, for any L C A*, we have L € C if and only if
L is an upper set for <c¢. In particular, <c¢ has finitely many upper sets.

Let us complete these definitions with a few additional useful results. First, as we
observed for AT in Example when the finite lattice C is actually a Boolean algebra, it
turns out that <¢ is an equivalence relation, which we shall denote by ~¢.
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Lemma 2.6. Let C be a finite Boolean algebra. Then for any alphabet A, the canonical
preorder <c is an equivalence relation ~¢ which admits the following direct definition:

w ~c w' if and only if forall L€C, weL & w €L

Thus, for any L C A*, we have L € C if and only if L is a union of ~¢-classes. In particular,
~¢ has finite index.

Another important and useful property is that when C is quotient-closed, the canonical
preorder <¢ is compatible with word concatenation.

Lemma 2.7. A finite lattice C is quotient-closed if and only if its associated canonical
preorder <¢ is compatible with word concatenation. That is, for any words w,v,u’, v,

u<ed and v<ev = wv<ouv.

C-compatible morphisms. We use these notions to define special monoid morphisms. We
fix a finite quotient-closed Boolean algebra C for the definition.

By Lemma 2.6, ~¢ has finite index and the languages in C are exactly the unions of
~c-classes. Moreover, since C is quotient-closed, we know from Lemma [2.7] that ~¢ is
a congruence for word concatenation. It follows that the quotient set A*/~¢ is a finite
monoid and the map w — [w]¢ is a morphism from A* to A*/~¢. Consider an arbitrary
morphism « : A* — M. We say that « is C-compatible when, for every s € M, there exists
a ~c-class denoted by [s]¢ such that a=!(s) C [s]c (i.e., [w]c = [s]c for every w € A* such
that a(w) = s).

Remark 2.8. Given s € M, the ~c-class [s]¢ is determined by o when a=1(s) # 0 ([s]c =
[w]e for any w € a~(s)). If a=Y(s) = 0, we may choose any ~c-class as [s]c. When we
consider a C-compatible morphism, we implicitly assume that the map s [s|c is fized.

We prove that we may assume without generality that all our morphisms are C-compatible:
any regular language L is recognized by a C-compatible morphism which recognizes L.

Lemma 2.9. Let C be a finite quotient-closed Boolean algebra. Given a regular language
L C A*, one may compute a C-compatible morphism o : A* — M recognizing L.

Proof. Since L is regular, we may compute a finite monoid N and a morphism §: A* - N
(not necessarily C-compatible) recognizing L. Since we know that the quotient set A*/~¢
is a finite monoid, the Cartesian product M = N x (A*/~¢) is a finite monoid for the
componentwise multiplication. It now suffices to define the morphism « : A* — M by
a(w) = (B(w), [w]c) for any w € A*. Clearly, « is a morphism which recognizes L and one
may verify that it is C-compatible. []

3. CLOSURE OPERATIONS AND MAIN THEOREM

In this section, we define the family of classes that we investigate in the paper and present a
few results about them. Then, we state our main theorem and discuss its consequences.
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3.1. Closure operations. Consider a class C. The Boolean closure of C, denoted by Bool(C)
is defined as the least Boolean algebra containing C. We have the following lemma which
can be obtained from the definitions (this amounts to verifying that quotients commute with
Boolean operations).

Lemma 3.1. Let C be a quotient-closed lattice. Then Bool(C) is a quotient-closed Boolean
algebra.

The second operation that we shall consider is slightly more involved. Given a class C,
the polynomial closure of C, denoted by Pol(C), is the least class containing C which is closed
under both union and marked concatenation:

for all K,L € Pol(C) and a € A, K UL € Pol(C) and KaL € Pol(C).

While this is not obvious from the definition, when the input class C is a quotient-closed
lattice, its polynomial closure Pol(C) is a quotient-closed lattice as well (the difficulty is to
prove that Pol(C) is closed under intersection). This was originally proved by Arfi [Arf87]
(see also [Pinl3] or [PZ18b| for recent proofs).

Theorem 3.2 (Arfi [Arf87]). Let C be a quotient-closed lattice. Then, Pol(C) is a quotient-
closed lattice closed under concatenation and marked concatenation.

In the paper, we consider classes of the form Bool(Pol(C)) built by applying polynomial
closure and Boolean closure successively to some arbitrary quotient-closed Boolean algebra C.
For the sake of avoiding clutter, we shall write BPol(C) for Bool(Pol(C)). Note that by
Lemma [3:] and Theorem [3:2] we have the following corollary.

Corollary 3.3. Let C be a quotient-closed lattice. Then, BPol(C) is a quotient-closed
Boolean algebra.

A key remark is that classes built with Boolean closure (such as BPol(C)) are not closed
under concatenation. This contrasts with polynomial closure in which closure under (marked)
concatenation holds by definition. This is an issue, as most of our techniques designed for
handling separation and covering rely heavily on concatenation. We cope with this problem
by using the following weak concatenation principle which holds for any class that is the
Boolean closure of another class which is itself closed under concatenation.

Lemma 3.4. Let G be a lattice closed under concatenation. Consider L, L' € G and let
K, K’ be Bool(G)-covers of L and L' respectively. There exists a Bool(G)-cover H of LL'
such that for every H € H, we have H C KK’ for some K € K and K' € K'.

Proof. Every language in K U K’ is a Boolean combination of languages in G and L, L' € G.
Therefore, there exists a finite lattice C C G which satisfies the two following properties:

(1) L,L’ € C and,

(2) every language K € K UK’ belongs to Bool(C).

We define F as the least lattice such that HH' € F for every H,H' € C. Since C C G and G
is a lattice closed under concatenation, we know that F is a finite lattice such that F C G.
It follows that Bool(F) is a finite Boolean algebra such that Bool(F) C Bool(G).

Consider the canonical equivalence ~ g, (F) associated to Bool(F) (it compares words
belonging to the same languages of Bool(F), see Section . Since L, L' € C, it is immediate
by definition of F that we have LL' € F C Bool(F). Therefore, Lemma [2.6 implies that LL’
is a union of ~p,yr)-classes. We let H be the set consisting of all these ~p,q(F)-classes.
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By definition, H is a Bool(F)-cover of LL" and therefore a Bool(G)-cover as well since
Bool(F) C Bool(G). It remains to prove that for every H € H, we have H C KK’ for some
K e K and K' € K. We fix H € H for the proof. We use the following fact.

Fact 3.5. Consider a finite language G C H. Then, there exists K € K and K' € K’ such
that G C KK'.

Let us first admit Fact and apply it to finish the main proof. For every n € N, we let
Gy C H be the finite language containing all words of length at most n in H. Clearly, we
have,

H = U G, and G, CGpyqforallneN
neN

For every n € N, Fact yields K,, € K and K/, € K’ such that G,, C K,K/,. Since K
and K’ are finite sets, there exist K € K and K’ € K’ such that K,, = K and K|, = K’ for
infinitely many n. Since G, C G,1 for all n, it follows that G,, C KK’ for every n € N.
Finally, since H = |J,,cr G, this implies H € KK’ finishing the proof.

It remains to prove Fact . Consider a finite language G C H and let G = {w1, ..., wy,}.
We exhibit K € K and K’ € K’ such that G C KK'.

By definition, H is a ~poe(r)-class included in LL'. This implies that w1, ..., w, € LL'
and W1 ~Bool(F) " ~Bool(F) Wn- Using these equivalences, we first prove the following claim
which involves the canonical preorder <¢ associated to the finite lattice C.

Claim. For every u,v € A* such that w, = uv, there exist ui,...,Un,v1,...,0, € A" such
that w; = w;v; for everyi <n, u <cuyp <¢ - <o Up and v e vy <o -+ <¢ Un.

Proof. We prove the existence of uq,v; € A* such that wy = wiv1, v <¢ up and v <¢ v1
using the hypothesis that w, = uv and wy, ~peyF) w1. One may then iterate the argument
to build ug, ..., u, € A* and vy, ..., v, € A* since w1 ~pooy(F) *** ~Bool(F) Wn-

Consider the languages U = T¢u and V' = f¢v (the upper sets of w and v for <¢).
By Lemma [2.5] we have U,V € C. Therefore, we have UV € F by definition of F.
Clearly, wy, = uv € UV. Therefore, wy, ~poyF) w1, implies that wy € UV. This yields
a decomposition w; = ujv; with u; € U and v; € V. By definition of U,V this implies
u <¢ up and v <¢ vy, finishing the proof. L]

Since w, € LL’, it admits at least one decomposition w, = uv with u € L and v € L'.
Moreover, since wy is a finite word, it admits finitely many decompositions wy; = ujv; with
u1,v1 € A*. Therefore, a repeated application of the claim together with the pigeon-hole
principle yield uq, ..., Uy, v1, ..., v, € A* such that w; = u;v; for every ¢ < n and,

u Lo ur K¢ 0t e Un e UL v <o v K¢ K¢ Un K¢ V1

Since u € L, v € L and L,L' € C by definition of C, we get that u; € L and v; € L' by
definition of <¢. Therefore, since K and K’ are covers of L and L’ respectively, there exist
K €K and K’ € K’ such that u; € K and v; € K'.

Moreover, one may verify from the definitions that for every =,y € A*, = <¢ y and
y <c z imply that z ~p,y ) y. Therefore, the above implies that,

U1 ~Bool(C) """ ~Bool(C) Un U1 ~Bool(C) """ ~Bool(C) Un
Therefore, since K, K’ € Bool(C) by definition of C, it is immediate that ui,...,u, € K
and v1,...,v, € K'. Altogether, we obtain that G = {ujv1,...,u,v,} € KK, finishing the
proof. ]
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Finally, we shall need the following variant of Lemma [3.4] which considers marked
concatenation instead of standard concatenation. The proof is identical to the one of
Lemma [3.4] and left to the reader.

Lemma 3.6. Let G be a lattice closed under marked concatenation. Consider L, L' € G and
a € A and let K, K’ be Bool(G)-covers of L and L' respectively. There exists a Bool(G)-cover
H of LaL’ such that for every H € H, we have H C KaK' for some K € K and K' € K'.

3.2. Main theorem. We may now state the main theorem of the paper: whenever C is a
finite quotient-closed Boolean algebra, B Pol(C)-separation and BPol(C)-covering are both
decidable.

Theorem 3.7. Let C be a finite quotient-closed Boolean algebra. Then, separation and
covering are decidable for BPol(C).

Before we detail the applications of Theorem [3.7] let us make an important observation.
This result completes an earlier one presented in [Plal8] which applies to classes of the form
Pol(C) and Pol(BPol(C)) (when C is a finite quotient-closed Boolean algebra). Let us recall
this result.

Theorem 3.8 (|[Plal8]). Let C be a finite quotient-closed Boolean algebra. Then, separation
and covering are decidable for Pol(C) and Pol(BPol(C)).

An important point is that while BPol(C) is an intermediary class between Pol(C) and
Pol(BPol(C)), the proof of Theorem involves ideas which are very different from those
used in [Plal8| to prove Theorem This is not surprising and we already mentioned
the reason above: unlike Pol(C) and Pol(BPol(C)), the class BPol(C) is not closed under
concatenation in general. This difference is significant since most of the techniques we have
for handling covering rely heavily on concatenation. In practice, this means that Boolean
closure is harder to handle than polynomial closure, at least with such techniques.

However, we do reuse a result of [Plal8| to prove Theorem More precisely, it turns
out that the arguments for handling BPol(C) (in this paper) and PBPol(C) (in [Plal8]) both
exploit the same sub-result for the simpler class Pol(C) (albeit in very different ways). This
sub-result is stronger than the decidability of Pol(C)-covering and is proved in [Plal8]. We
recall it in Section[7] However, it is important to keep in mind that from this preliminary result
for Pol(C), the arguments for BPol(C) and Pol(BPol(C)) build in orthogonal directions.

Remark 3.9. This discussion might seem surprising. Indeed, by definition, Pol(BPol(C)) is
built from BPol(C) using polynomial closure. Hence, intuition suggests that one needs some
knowledge about the latter to handle the former. Howewver, this is not the case as Boolean
closure can be bypassed in the definition of Pol(BPol(C)). Specifically, one may prove that
Pol(BPol(C)) = Pol(co-Pol(C)) where co-Pol(C) is the class containing all complements of
languages in Pol(C). This is exactly how Pol(BPol(C)) is handled in [Plal8].

The remaining sections of the paper are devoted to proving Theorem We rely on a
framework which was designed in [PZ18al for the specific purpose of handling the covering
problem. We recall it in Section [4] The algorithm for BPol(C)-covering is presented in
Section [5] The remaining sections are then devoted to the correction proof of this algorithm.
However, let us first conclude the current section by detailing the important applications of
Theorem
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3.3. Applications of the main theorem. Classes of the form BPol(C) are important:
they are involved in natural hierarchies of classes of languages, called concatenation hierarchies.
Let us briefly recall what they are (we refer the reader to [PZ18b] for a detailed presentation).
A particular concatenation hierarchy depends on a single parameter: an arbitrary quotient-
closed Boolean algebra of regular languages C, called its basis. Once the basis is chosen, the
construction is uniform. Languages are classified into levels of two kinds: full levels (denoted
by 0, 1, 2,...) and half levels (denoted by 1/2, 3/2, 5/2,...):
e Level 0 is the basis (i.e., our parameter class C).
e Each half level n + %, for n € N, is the polynomial closure of the previous full level,
i.e., of level n.
e Fach full level n+ 1, for n € N, is the Boolean closure of the previous half level, i.e.,
of level n + %

The generic process is depicted in the following figure.

OPOl‘l \1P0l\§ . POZ\E
"2 Bool 2 [ 2

Hence, a reformulation of Theorem is that for any concatenation hierarchy whose
basis is finite, separation is decidable for level one. There are two prominent examples of
finitely based hierarchies:

e The Straubing-Thérien hierarchy [Str81l [Thé81], whose basis is the class {0}, A*}.
e The dot-depth hierarchy of Brzozowski and Cohen [BCT7I], whose basis is the class
{0,{e}, AT, A*}.

Consequently, Theorem [3.7] implies that separation and covering are decidable for level
one in these two hierarchies. These are not new results. By definition, level one in the
Straubing-Thérien hierarchy is exactly the class of piecewise testable languages. For this class,
separation has been solved in [CMM13| [PvRZ13| and covering has been solved in [PZ18a]. For
dot-depth one the decidability of covering and separation was originally obtained indirectly.
Indeed, it is known [PZ17a] that separation and covering for any level in the dot-depth
hierarchy reduce to the same problem for the corresponding level in the Straubing-Thérien
hierarchy. Therefore, while the decidability of separation and covering for dot-depth one is
not a new result, an advantage of Theorem is that we obtain a new direct proof of this
result.

However, these are not the main applications of Theorem It turns out that the
theorem also applies to level two in the Straubing-Thérien hierarchy. Indeed, it is known
that this level is also level one in another finitely based concatenation hierarchy.

Recall the class AT presented in Example it contains all Boolean combinations of
languages A*aA*, for some a € A. It is straightforward to verify that AT is a finite quotient-
closed Boolean algebra. The following theorem was shown in [PS85] (see also [PZ18a] for a
recent proof).

Theorem 3.10 ([PS85|). Level two in the Straubing-Thérien hierarchy is exactly the class
BPol(AT).

In view of Theorem we obtain the following immediate corollary of Theorem

Corollary 3.11. Separation and covering are decidable for level two in the Straubing- Thérien
hierarchy.
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Finally, this result may be lifted to dot-depth two using again the generic transfer
theorem proved in [PZ17al. Hence, we obtain the following additional corollary.

Corollary 3.12. Separation and covering are decidable for dot-depth two.

Remark 3.13. Logical characterizations of these two hierarchies are known (see [Tho82]
for the dot-depth hierarchy and [PP86| for the Straubing-Thérien hierarchy). Each of them
corresponds to a quantifier alternation hierarchy within a particular variant of first-order logic
over words. The two variants differ by the set of predicates which are allowed in sentence
(they have the same overall expressive power, but this changes the levels in their respective
quantifier alternation hierarchies). We refer the reader to [PZ18b| for details and a recent
proof of these results.

In particular, level two in the Straubing- Thérien hierarchy corresponds to a logic denoted
by BYXo(<) and dot-depth two corresponds to another logic denoted by BXa(<,+1). Hence,
our results also imply that covering and separation are decidable for these two logics.

4. FRAMEWORK: RATING MAPS AND OPTIMAL COVERS

In this section, we present the framework which we use to formulate our covering algorithm
for BPol(C) (when C is a finite quotient-closed Boolean algebra) announced in Theorem
The framework itself was designed and applied to several specific classes in [PZ18a]. Moreover,
it was also used in [Plal8] to formulate algorithms for Pol(C)- and Pol(BPol(C))-covering.
Here, we recall the part of this framework that we shall actually need in the paper. We refer
the reader to [PZ18a] for a complete and detailed presentation.

Consider a lattice D. In D-covering, the input is a pair (L,L) where L is a regular
language and L a finite set of regular languages: we have to decide whether there exists
a D-cover of L which is separating for L. The main idea in the framework of [PZ18a] is
to replace the set L by a (more general) algebraic object called rating map. Intuitively,
rating maps are designed to measure the quality of D-covers. Given a rating map p and
a language L, we use p to rank the existing D-covers of L. This leads to the definition of
“optimal” D-cover of L. We are then able to reformulate D-covering with these notions.
Instead of deciding whether (L, L) is D-coverable, we compute an optimal D-cover for L
for a rating map p that we build from L. An advantage of this approach is that it yields
elegant formulations for the covering algorithms which are formulated with it. We refer
the reader to [PZ18al] and [Plal8| for examples (in addition to BPol(C) which is presented
in this paper). Another important motivation for using this framework is that in order to
handle BPol(C), we require a result for the simpler class Pol(C) which is stronger than
the decidability of covering (this result is proved in [Plal8]). The framework of [PZ18a] is
designed to formulate this result.

We start by defining rating maps. Then, we explain how they are used to measure the
quality of a cover and define optimal covers. Finally, we connect these notions to the covering
problem. Let us point out that several statements presented here are without proof. We
refer the reader to [PZ18al for these proofs.
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4.1. Rating maps. Rating maps involve commutative and idempotent monoids. We shall
write such monoids (R, +): we call the binary operation “+” addition and denote the neutral
element by 0r. Being idempotent means that for all » € R, we have r +r = r. Observe that
for every commutative and idempotent monoid (R, +), we may define a canonical ordering
< over R:

Forallr,se R, r<swhenr+s=s.

It is straightforward to verify that < is a partial order which is compatible with addition.
Moreover, we have the following fact which is immediate from the definitions.

Fact 4.1. Let (R,+) and (Q,+) be two commutative and idempotent monoids. Moreover,
let v: (R,+) = (Q,4) be a morphism. Then, v is increasing: for every s,t € R such that
s <t, we have y(s) < (t).

Example 4.2. For any E, it is immediate that (27 U) is an idempotent and commutative
monoid. The neutral element is ). Moreover, the canonical ordering is set inclusion.

When manipulating the subsets of a commutative and idempotent monoid (R, +) we
shall often need to apply a downset operation. Given S C R, we write | gS for the set,

IrS ={r € R|r <s for some s € S}.

We extend this notation to Cartesian products of arbitrary sets with R. Given some set X
and a subset S C X x R, we write |gS for the set,

IrS = {(x,r) € X x R | there exists s € R such that r < s and (z,s) € S}.

We may now define rating maps. A rating map is a morphism p : (247,U) — (R, +)
where (R, +) is a finite idempotent and commutative monoid called the rating set of p. That
is, p is a map from 24" to R satisfying the following properties:

(1) p() = Or.

(2) For all K1, Ky C A*, p(Kl U KQ) = p(Kl) + p(Kg).

For the sake of improved readability, when applying a rating map p to a singleton set
K = {w}, we shall write p(w) for p({w}). Additionally, we write p. : A* — R for the
restriction to p to A*: for every w € A*, we have p,(w) = p(w) (this notation allows us to
write p;1(r) C A* for the language of all words w € A* such that p(w) = r).

Most of the statements involved in our framework make sense for arbitrary rating maps.
However, we shall often have to work with special rating maps which satisfy additional
properties. We present them now.

Nice rating maps. A rating map p : 24" — R is nice when, for every language K C A*,
there exist finitely many words wy,...,w, € K such that p(K) = p(w1) + - -+ + p(wg).

Observe that in this case, p is characterized by the canonical map p. : A* — R. Indeed,
for every language K, we may consider the sum of all elements p(w) for w € K: while it
may be infinite, it boils down to a finite one since R is commutative and idempotent. The
hypothesis that p is nice implies that p(K) is equal to this sum.

Multiplicative rating maps. A rating map p : 24" — R is multiplicative when its rating
set R has more structure: it needs to be an idempotent semiring. Moreover, p has to satisfy
an additional property connecting this structure to language concatenation. Namely, it has
to be a morphism of semirings.

A semiring is a tuple (R, +,-) where R is a set and “+” and “-” are two binary operations
called addition and multiplication, such that the following axioms are satisfied:
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e (R,+) is a commutative monoid (the neutral element is denoted by Og).

e (R,-) is a monoid (the neutral element is denoted by 1g).

e Multiplication distributes over addition: 7 - (s +¢) = (r-s)+ (r-t) and (r+s) -t =

(r-t)+ (s-t) for every r,s,t € R.

e The neutral element of (R, +) is a zero for (R,-): Og-r =r-0r = Og for every r € R.
We say that a semiring R is idempotent when r + r = r for every r € R, i.e., when the
additive monoid (R, +) is idempotent (on the other hand, there is no additional constraint
on the multiplicative monoid (R, -)).

Example 4.3. A key example of infinite idempotent semiring is the set 24" of all lan-
guages over A. Union is the addition (with ) as neutral element) and concatenation is the
multiplication (with {} as neutral element).

Clearly, any finite idempotent semiring (R, +, ) is in particular a rating set: (R, +) is
an idempotent and commutative monoid. In particular, one may verify that the canonical
ordering “<” on R, is compatible with multiplication as well.

We may now define multiplicative rating maps: as expected they are semiring morphisms.
Let p: 24" — R be a rating map. By definition, this means that the rating set (R, +) is
a finite idempotent commutative monoid and that p is a monoid morphism from (24", U)
to (R,+). We say that p is multiplicative when the rating set R is equipped with a second

binary operation “-” such that (R, +,-) is an idempotent semiring and p is also a monoid
morphism from (24°,-) to (R, ). In other words, the two following additional axioms hold:
(3) p(e) = 1n.

(4) For all Ky, Ky C A*, we have p(K1K2) = p(K7) - p(K2).

Remark 4.4. A key point is that the rating maps which are both nice and multiplicative are
finitely representable. As we explained above, a nice rating map p : 2*° — R is characterized
by the canonical map p. : A* — R. Moreover, when p is multiplicative as well, py is finitely
representable: it is a morphism into a finite monoid. Thus, we may consider algorithms
taking nice multiplicative rating maps as input. Let us point out that the rating maps which
are not nice and multiplicative remain important. We often deal with them in our proofs.

4.2. Imprints and optimal covers. We now explain how we use rating maps to measure
the quality of covers. This involves an additional notion: “imprints”. Consider a rating map
p:24" — R. For any finite set of languages K, the p-imprint of K (denoted by Z[p](K) C R)
is the following set:
II(K) = Lafp(K)| K €K} C R
= {r € R| there exists K € K such that r < p(K)}.

When using this notion, we shall have some language L C A* in hand: our goal is to find
the “best possible” cover K of L. Intuitively, p-imprints measure the “quality” of candidate
covers K (the smaller the p-imprint, the better the quality).

This leads to the notion of optimality. Let D be an arbitrary lattice. Given a language L,
an optimal D-cover of L for p is a D-cover of L which has the smallest possible p-imprint
(with respect to inclusion). That is, K is an optimal D-cover of L for p if and only if,

Z[pl(K) C Z[p](K') for every D-cover K’ of L

Furthermore, in the special case when L = A*, we speak of optimal universal D-cover for p.
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In general, given an arbitrary language L, there are infinitely many optimal D-covers
of L for p. However, there always exists at least one (this requires the hypothesis that D is a
lattice, see Lemma 4.15 in [PZ18a] for the proof).

Lemma 4.5. Let D be a lattice. Then, for any rating map p : 24" — R and any language
L C A*, there exists an optimal D-cover of L for p.

A key point is that the proof of Lemma is non-constructive: given L and p : 24" — R,
computing an actual optimal D-cover of L for p is a difficult problem in general. As seen
below, getting such algorithm (in the special case when p is nice and multiplicative) yields a
procedure for D-covering. Before we can establish this connection precisely, we require a key
observation about optimal D-covers.

Optimal imprints. By definition, given a language L, all optimal D-covers of L for p have
the same p-imprint. Hence, this unique p-imprint is a canonical object for D, L and p. We
call it the D-optimal p-imprint on L and we denote it by Zp [L, p]:

Ip[L,p] =I[p](K) C R for every optimal D-cover K of L for p.

Additionally, in the particular case when L = A*, we shall speak of D-optimal universal
p-imprint and write Zp [p| for Zp [A*, p].

We complete these definitions with a few properties of optimal imprints. We start with a
straightforward fact which compares the optimal imprints on languages which are comparable
with inclusion. The proof is available in [PZ18al Fact 4.17].

Fact 4.6. Consider a rating map p : 2 — R and D a lattice. Let H, L be two languages
such that H C L. Then, Ip [H, p| C Ip [L, p].

More precisely, the following fact connects optimal imprints with union of languages.

Fact 4.7. Let p : 24" — R be a rating map and consider two languages H, L. Then, for
every lattice D, we have Ip [H U L, p| = Ip [H, p| UZp [L, p].

Proof. We already know that Zp [H,p] € Ip[HUL,p| and Ip[L,p| C Ip[H UL, p] by
Fact [4.6] Therefore, the inclusion Zp [H, p| UZp [L,p] C Ip[H UL, p] is immediate. We
prove the converse one. Let r € Zp [H U L, p]. We let Ky and K, as optimal D-covers of H
and L respectively (for p). Clearly, Ky UKy, is a cover H U L. Therefore, r € Zp [H U L, p|
implies that r € Z[p](Kyg UKy). Hence, there exists K € Ky UK/ such that r < p(K).
Then, either K € Ky which implies r € Z[p|(Kg) = Zp [H, p] or K € K, which implies
r € Z[p|(Kr) = Ip[L, p]. Altogether, we get r € Ip [H, p] U Zp [L, p|, finishing the proof.[]

4.3. Connection with the covering problem. Finally, we explain how rating maps are
used for handling the covering problem.

Given a lattice D, it turns out that the D-covering problem reduces to another problem
whose input is a nice multiplicative rating map. Let us point out that two reductions of
this kind are presented in [PZ18al. The first one is simpler but restricted to classes D which
are Boolean algebras. On the other hand, the second one applies to all lattices but requires
working with more involved objects.

In the paper, we investigate classes of the form BPol(C) which are Boolean algebras.
Hence, we shall mostly work with the first variant whose statement is as follows (we refer
the reader to [PZ18a] for the proof).
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Proposition 4.8 ([PZ18al]). Let D be a Boolean algebra. Assume that there exists an
algorithm for the following computational problem:

Input: A nice multiplicative rating map p : 24" — R.

Output: Compute the D-optimal universal p-imprint, Ip [p].
Then, D-covering is decidable.

Additionally, we shall need in Section |§| to apply a theorem of [Plal§| for classes of
the form Pol(C) (which are lattices but not Boolean algebras) as a sub-result. Thus, we
also recall the terminology associated to the generalized reduction which holds for arbitrary
lattices, since we need it to state this theorem.

When working with an arbitrary lattice, one needs to consider slightly more involved
objects. Given a lattice D, a map a : A* — M into a finite set M (in practice, a will be a
monoid morphism but this is not required for the definition) and a rating map p : 24" 4 R,
we write Pg[p] for the following set,

Pilol ={(s,r) € M x R|r €Ip[a(s),p]} CM xR

We call Pg[p] the a-pointed D-optimal p-imprint. Clearly, it encodes all sets Zp [a‘l(s), p]
for s € M. The following statement is [Plal8, Proposition 5.18].

Proposition 4.9. Consider a lattice D and some finite quotient-closed Boolean algebra C.
Assume that there exists an algorithm for the following computational problem.:
Input: A C compatible morphism o : A* — M and
a mice multiplicative rating map p : 2 — R.
Output: Compute the a-pointed D-optimal p-imprint, PH[p].
Then, D-covering is decidable.

5. CHARACTERIZATION OF BPol(C)-OPTIMAL IMPRINTS

We present a generic characterization of BPol(C)-optimal imprints which holds when C is a
finite quotient-closed Boolean algebra. For the sake of avoiding clutter, we assume that the
finite quotient-closed Boolean algebra C is fixed for the whole section.

Given a nice multiplicative rating map p : 24" — R, we want to characterize the set
Tgpoi(c) [p) € R. An important point is that we do not work directly with this set. Instead,
we characterize the family of all sets Zgpycy [D, p] € R where D C A* is a ~c-class. A key
point is that this family of sets record more information that just the set Zgpyc) [p]. Indeed,
by Fact [£.7] we have,

Ispoc) [P] = Ieprac) [A%, p] = U Ispac) [D,p]-
DeA*/~¢c
For the sake of convenience, we shall encode this family as a set of pairs in (A*/~¢) x R.
Given a multiplicative rating map p : 24" — R, we define:

pIC?Pol(C) [p] ={(D,r) € (A"/~c) x R|r € TIpo(c) (D, pl}.

When p is nice, we characterize 77% Pol(C) [p] as the greatest subset of R satisfying specific
properties. From the statement, it is straightforward to obtain a greatest fixpoint procedure
for computing P%POZ(C) [p] from p. In turns, this allows to compute Zgpy(c) [p] using the
above equality. By Proposition , this yields an algorithm for BPol(C)-covering, thus
proving our main result: Theorem [3.7]
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Remark 5.1. This characterization is rather unique among the results that have been obtained
for other classes in [PZ18a] and [Plal8|. Typically, optimal imprints are characterized as
least subsets, not greatest ones.

Notation. In our statements, we shall frequently manipulate subsets of (A*/~¢) x R. When
doing so, the following notation will be convenient. Given S C (A*/~¢) X R and D € A*/~¢,
we write,

S(D)={reR|(D,r) € S}

In particular, observe that ngol(c) [pl(D) = Ippoyc) [D, p] by definition.

Given a multiplicative rating map p : 24" — R we define a notion of BPol(C)-saturated
subset of (A*/~¢) x R (for p). Our theorem then states that when p is nice, the greatest
such subset is exactly P, 0l(C) [p].

Remark 5.2. The definition of BPol(C)-saturated sets makes sense regardless of whether p
18 mice. However, we need this hypothesis for the greatest one to be ngol(c) [p].

The definition is based on an intermediary notion. For every set S C (A*/~¢) x R, we
associate another set R C (A*/~¢) x R x 2%, For the definition, we need to recall a few
properties. Given a word w € A*, we denote its ~¢ class by [w]c. Moreover, since C is closed
under quotients, Lemma yields that the equivalence ~¢ is a congruence. We denote by “s”
the multiplication of ~¢-classes in the monoid A*/~¢. Additionally, since R is a semiring,
2% is one as well for union as addition and the natural multiplication lifted from the one of
R (for U,V €2B, UV ={qr |q€ U and r € V}).

We may now present our definition. Consider a set S C (A*/~¢) x R. We define RS as
the least subset of (A*/~¢) x R x 2F (with respect to inclusion) which satisfies the following
properties:

e Trivial elements. For every w € A*, we have ([w]c, p(w), {p(w)}) € RE.

o Multiplication. For every (C,r,U),(D,q,V) € RY, we have (C« D,qr,UV) € RE.

o S-restricted closure. For every triple of idempotents (E, f, F') € Rg, we have
(E,f,F-S(E)-F)eRL.

We are ready to define the BPol(C)-saturated subsets of (A*/~¢) x R. Consider a set
S C (A*/~c) x R. We say that S is BPol(C)-saturated for p if and only if the following
property holds for every (D,r) € S:

we have rq,...,r € R such that r <r; +--- + 7 and for every i < k,

there exists U; € 2% satisfying (D, r;, U;) € Rg and v +---+ 1, € LrU; (5-1)

We now state our characterization of BPol(C)-optimal imprints. We do so in the following
theorem.

Theorem 5.3. Let p : 24" — R be a nice multiplicative rating map. Then, ngol(c) [p] is
the greatest BPol(C)-saturated subset of (A*/~¢) X R for p.

It is immediate from Theorem that given as input a nice multiplicative rating map
p: 24 — R, one may compute Igpoc) [p)- Indeed, computing the greatest BPol(C)-
saturated subset of (A*/~¢) x R is achieved with a greatest fixpoint algorithm. One starts
from the set Sy = (A*/~¢) x R and computes a sequence Sy 2 S; D So O --- of subsets.
For every n € N, S,,41 is the set of all pairs (D, r) € S, satisfying for S = S,,. That is,

we have rq,...,7; € R such that r <r; +--- 4+ r; and for every i < k,
there exists U; € 2 satisfying (D,r;, U;) € Rgn and r1 +---+ 1, € LrU;
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Clearly, Sp+1 C ), for every n € N. Therefore, the computation eventually reaches a fixpoint

which is the greatest BPol(C)-saturated subset of (A*/~¢) x R by definition. Let us point

out that the computation of 5,11 from S,, involves computing Rgn which is achieved with a

least fixpoint procedure by definition.
Altogether, it follows that Theorem yields an algorithm for computing Pg Pol(C) (0]

(and therefore, Zppoycy [p] as well by Fact |4.7)

and a least fixpoint.

which alternates between a greatest fixpoint

Remark 5.4. The hypothesis that p is nice in Theorem [5.5 is mandatory: the result fails
otherwise. This is actually apparent on the definition of BPol(C)-saturated sets. One may
verify from the definition of R that for every triple (D,q,U) € R% there exists a word
w € A* such that D = [w]c and ¢ = p(w). Therefore, it follows from that every
r € R which belongs to a BPol(C)-saturated subset must satisfy r < p(wy) + - - - + p(wy) for
some words w1, ..., w, € A*. Intuitively, this means that BPol(C)-saturated subsets only
depend on the image of singletons. Therefore, using the notion only makes sense when p is
characterized by these images: this is exactly the definition of nice rating maps.

This might seem to be a minor observation. Indeed, by Proposition [[.8, being able to
compute Lgpy(c) [p] from a nice multiplicative rating map suffices to meet our goal: getting
an algorithm for BPol(C)-covering. Actually, it does not even make sense to speak of an
algorithm which takes arbitrary multiplicative rating maps as input since we are not able to
finitely represent them. However, from a theoretical point of view, the fact that we only manage
to get a description of Tgpeyc) [p] when p is nice is significant. In the proof of Theorem
we use a theorem of [Plal8| as a sub-result. Specifically, this theorem is a characterization
of Pol(C)-optimal pointed imprints: given a C-compatible morphism o« : A* — M and a
multiplicative rating map 7 : 24" — Q, it describes the set 7’1‘301@ [T]. A key point is that this
characterization does not require T to be nice. This is crucial: in the proof of Theorem
we consider auziliary rating maps (built from p) which need not be nice. Altogether, this
means that we are able to handle Pol(C) for all multiplicative rating maps and this is crucial
in order to handle BPol(C) but we are only able to do so for nice multiplicative rating maps
(the situation is similar for Pol(BPol(C)) as shown in in |[Plal8|). This explains why the
results presented in this paper and in [Plal8| cannot be lifted to higher levels in concatenation
hierarchies (at least not in a straightforward manner).

We turn to the proof of Theorem It spans the remaining four sections of the paper.
Given a nice multiplicative rating map p : 24" — R, we have to show that P]%Pol(C) [p] is the

greatest BPol(C)-saturated subset of (A4*/~¢) x R for p. The main argument involves two
directions which are proved independently. They correspond to soundness and completeness
of the greatest fixpoint algorithm computing 73% Pol(C) [p].

e The soundness argument shows that P§ Pol(C) [p] contains every BPol(C)-saturated
subset (this implies that the greatest fixpoint procedure only computes elements of
P}%Pol((}) [p]). We present it in Section

e The completeness argument shows that P& Pol(C) [p] itself is BPol(C)-saturated (this
implies that the greatest fixpoint procedure computes all elements of 77% Pol(C) [p]).
We present it in Section [9]

When put together, these two results yield as desired that 77% Pol(C) [p] is the greatest BPol(C)-
saturated subset of R, proving Theorem [5.3]
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However, before we may start presenting the main argument, we require some additional
material about rating maps. For both directions, we shall introduce auxiliary rating maps
(built from p) and apply a characterization of Pol(C)-optimal imprints to them (taken
from [Plal8]). These auxiliary rating maps are built using generic constructions which are
not specific to Theorem We present them in Section [§ Then, we recall the Pol(C)-
theorem of [Plal8| in Section [7| (actually, we slightly generalize this theorem since we shall
apply it for rating maps that are more general than the ones considered in [Plal§]).

6. NESTING OF RATING MAPS

In this section, we present two generic constructions. Both of them build a new rating map
out of an already existing one and a lattice D. The constructions are new: they do not

appear in [PZ18al (however, one of them generalizes and streamlines a technical construction
used in [Plalg]).

Remark 6.1. As announced, we shall later rely on these constructions in the proof of
Theorem|[5.5 (we use them in the special cases when D is either Pol(C) or BPol(C)). However,
this section is independent from Theorem[5.3: all definitions are presented in a general context.

We first present the constructions and then investigate the properties of the output
rating maps they produce.

6.1. Definition. We present two constructions. The first one involves two objects: a lattice
D and a rating map p : 247 — R. We build a new rating map &p [p] whose rating set is
(27 V).
gD[IO] : (2A*7 U) - (2R7 U)

K — Ipl[K,p]
The fact that &p[p] is indeed a rating map is shown below in Proposition . The second
construction involves an additional object: a map « : A* — M where M is some arbitrary
finite set (in practice, & will be a monoid morphism, but this is not required for the definition).
We build a new rating map ¢(%[p] with rating set (2M*£ U):

Gl s 24,0 = @M FU)
K = {(s,7) | r€Ip[at(s)NK,p|}.
Let us prove that these two maps are indeed rating maps. We state this result in the following
proposition.

Proposition 6.2. Consider a lattice D, a map « : A* — M into a finite set M and a rating
map p: 24" — R. Then, plp] and (Blpl are rating maps.

Proof. We start with &p[p]. It is immediate that &plp](0) = Zp [0, p] = 0. Moreover, we
obtain from Fact [£.7] that for every H, L C A*,

éplp(HU L) =Ip[HUL,p]=Ip[H, p]UIp L, p| = &plp](H) U &plp)(L).
We conclude that £p[p] is indeed a rating map. We turn to ($[p]. Clearly,
lol0) ={(s,r) [r€Ip [0, pl} ={(s,r) [r €0} = 0.
Moreover, given H, L. C A*,
@BIPHUL)={(s,r) | r€Ip[a~"(s) N (HUL)p|}.
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By Fact [£.7] this yields,
Bl(HUL)={(s,r) |7 €Ip[a~(s)N H,p] ULp [a~ (s) N L, p]}

This exactly says that (3[p](H U L) = (3[p](H) U (5[p](L), finishing the proof that (3[p] is
a rating map. L]

A crucial observation is that the rating maps £p[p] and (3[p] are not nice in general,
even when the original rating map p is. Let us present a counter-example.

Example 6.3. Let D be the Boolean algebra containing all languages which are either finite
or co-finite (i.e., their complement is finite). Moreover, let T = {0,1} and R = 27. We
define a nice rating map p : 24" — R as follows (actually, it is simple to verify from the
definition that p is also multiplicative). Since we are defining a nice rating map, it suffices to
specify the evaluation of words: for any w € A*, we let p(w) = {0} is w has even length and
p(w) = {1} if w has odd length. We show that the rating map &p|p] : 247 — 28 is not nice.

By definition, £p[p](A*) = Ip [A*, p|. Recall that D contains only finite and co-finite
languages. Moreover, covers may only contain finitely many languages. Hence, it is immediate
that if K is an optimal D-cover K of A* for p, then there exists K € K containing a word
of even length and a word of odd length. Therefore p(K) = {0,1} by definition of p and it is
immediate that Eplp](A*) = Z[p](K) = {{0,1}, {0}, {1},0} = R.

Now observe that for any w € A*, {w} € D by definition (it is a finite language). Hence,
{{w}} is a D-cover of {w} and since &plp|(w) = Ip [{w}, p], we know that Eplpl(w) =
{{0},0} is w has even length and {plp)(w) = {{1},0} if w has odd length. Altogether, we
obtain that,

U olel(w) = {{0}. {1},0} # £plpl(4)
weA*
We conclude that {plp| is not nice.

Another important question is whether p[p] and ($[p] are multiplicative. The remainder
of the section is devoted to discussing this point.

6.2. Multiplication. When a : A* — M is a morphism into a finite monoid and p :
24" — R is a multiplicative rating map, (M, -) is a monoid and (R, +,-) is an idempotent
semiring. We may lift the multiplication of R to 2 in the natural way: for U,V € 2%,
UV ={qr|q € Uandr € V}. One may verify that (2%,U,-) is an idempotent semiring.
Similarly, we may lift the componentwise multiplication on M x R to 2M*® and (2M*E y,.)
is an idempotent semiring. Whenever we consider semiring structures for 2% and 2M>  this
is the additions and multiplications that we shall use.

Unfortunately, even though 2% and 2M*E are semirings, neither &p[p] : 247 — 2% nor
Bl 24" 5 9MXE are multiplicative: they are not monoid morphisms for multiplication.
However, it turns out that they behave almost as multiplicative rating maps when the class
D satisfies appropriate properties related to closure under concatenation. We formalize this
with a new notion: quasi-multiplicative rating maps.

Quasi-multiplicative rating maps. Consider an arbitrary lattice G and a rating map
p:(247,U) = (R, +) whose rating set is an idempotent semiring (R, +,-) (but p need not
be multiplicative). We say that p is G-multiplicative when there exists an endomorphism g,
of the monoid (R, +) satisfying the following properties,

(1) For every q,r,8 € R, p1,(q - ptp(r) - 8) = pp(qrs).
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(2) We have 1 < p(e).
(3) For every H, K € G and a € A, we have,

p(H) = pu(p(H))

p(HK) = py(p(H)- p(K))

p(HaK) = py(p(H) - pla) - p(K))
Observe that only the third axiom depends on G. When considering a G-multiplicative rating
map, we always assume implicitly that the endomorphism p, is fixed. Additionally, when G
is the class of all languages (i.e., G = 24"), we say that p is quasi-multiplicative.

Remark 6.4. When G is the class of all languages (i.e., for quasi-multiplicative rating
maps), Aa:iom@ can be simplified. Indeed, in that case, it is implied by Amom and the
following weaker variant:

(3) For every H, K C A*, we have p(H) = p,(p(H)) and p(HK) = pp(p(H) - p(K)).
Let us explain why this simplified axiom implies the original one. Given H, K C A* and
a € A, we know from Azxiom[]] that,

po(p(H) - p(a) - p(K)) = pp(pp(p(H) - p(a)) - p(K))
Using the replacement of Aziom[3, we then obtain,

tp(tp(p(H) - pla)) - p(K)) = pp(p(Ha) - p(K)) = p(HaK)
Altogether, we get p,(p(H) - p(a) - p(K)) = p(HaK).

Remark 6.5. Clearly, a true multiplicative rating map is always quasi-multiplicative. Indeed,
in this case, it suffices to choose p, as the identity; p,(r) = for allr € R.

Additionally, we shall need the following lemma which is a straightforward adaptation of
a result proved in [PZ18a| (see Lemma 5.8) to quasi-multiplicative rating maps.

Lemma 6.6. Let G be a quotient-closed lattice and p : 24" S Rbea G-multiplicative rating
map. For every H,L C A*, q € Ig [H, p] and r € Ig L, p|, we have p,(qr) € Zg [HL, p].

Proof. Let q € Zg [H, p] and r € Zg[L, p]. By definition, it suffices to prove that for every
G-cover K of HL, we have p,(qr) € Z[p](K). Let K be a G-cover of HL, we have to
find K € K such that p,(gr) < p(K). We use the following claim which is based on the
Myhill-Nerode theorem.

Claim. There exists a language G € G which satisfies the following two properties:
(1) For all u € H, there exists K € K such that G Cu K.
(2) r < p(G)

Proof. For every u € H, we let Q, = {u 'K | K € K}. Clearly, Q, is a G-cover of L since
K is a cover of HL and G is closed under quotients. Moreover, we know by hypothesis on G
that all languages in K are regular. Therefore, it follows from the Myhill-Nerode theorem
that they have finitely many quotients. Thus, while there might be infinitely many words
u € H, there are only finitely many distinct sets Q,. It follows that we may use finitely
many intersections to build a G-cover Q of L such that for every @) € Q and every u € H,
there exists K € K satisfying @ C u~'K. This means that all Q € Q satisfy the first item
in the claim, we now pick one which satisfies the second one as well.

Since r € Zg [L, p], and Q is a G-cover of L, we have r € Z[p](Q). Thus, we get G € Q
such that r < p(G) by definition. This concludes the proof of the claim. O
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We may now finish the proof of Lemma [6.6] Let G € G be as defined in the claim and

consider the following set:
G:{ﬂKU_1|KEK}.

veG
Observe that all languages in G belong to G. Indeed, by hypothesis on G, every K € K is
regular. Thus, it has finitely many right quotients by the Myhill-Nerode theorem and the
language (e K v~ ! is the intersection of finitely many quotients of languages in G. By
closure under intersection and quotients, it follows that [ o K v™! € G. Moreover, G is
a G-cover of H. Indeed, given u € H, we have K € K such that G C « 'K by the first
assertion in the claim. Hence, for every v € G, we have v € Kv~! and we obtain that
u € e Kv™!, which is an element of G.

Therefore, since q € Zg [H, p| by hypothesis, we have ¢ € Z[p](G) and we obtain G' € G
such that ¢ < p(G’). Hence, since r < p(G) by the second item in the claim, we have
qr < p(G") - p(G). Since p is quasi-multiplicative over G and G,G’ € G, it follows from
Axiom [3]in the definition of quasi-multiplicative rating maps that,

p(G'G) = pp(p(G') - (@)
Moreover, since fi, is an endomorphism of (R, +) and gr < p(G’) - p(G), we have,

polar) < pp(p(G') - p(G))
Altogether, we get p,(¢r) < p(G’'G). Finally, observe that G'G C K for some K € K.
Indeed, if w € G'G, we have w = uv with u € G’ and v € G. Moreover, G’ = (.o Kv™!
for some K € K by definition of G. Hence, u € Kv~! which yields w = uv € K. Altogether,
we get that 11,(qr) < p(G'G) < p(K), which concludes the proof. O

We now prove that when D is a quotient-closed lattice closed under concatenation, the
rating map (B[p] is quasi-multiplicative provided that o is a morphism and p is already
quasi-multiplicative (actually, this is also true for £p[p] as well but we do not need this
result). This result is tailored to the situation in which we shall later use ($[p]: D = Pol(C).

Lemma 6.7. Let D be a quotient-closed lattice closed under concatenation, o : A* — M
be a morphism and p : 247 — R be a quasi-multiplicative rating map. Then, Blpl is
quasi-multiplicative for the following associated endomorphism 1ea ol of (2M*E ):

(1) = Lil(s. () | (5.7) €T} for every T € 257,

Proof. We already know from Proposition that (53[p] is a rating map. Hence, we have to

prove that the axioms of quasi-multiplicative rating maps hold for the endomorphism 1¢a [o]

of (2M*R 1) described in the lemma (it is clear from the definition that this is indeed an

endomorphism). For the sake of avoiding clutter, we write p for e lp)-

We start with the first axiom. Consider T,U,V € 2M*E e have to show that
wW(Tp(U)V) = u(TUV). Assume first that (s,7) € u(Tp(U)V). By definition of u, this
yields (s1,71) € T, (s2,72) € p(U) and (s3,r3) € V such that s = sysas3 and r < p,(rirars).
Since (s2,72) € p(U), we have (s2,74) € U such that ro < p,(r5). It follows that rirers <
T1p(7%)r2 and since p, is an endomorphism of (R, +), we obtain,

r < ,up(rlrzrg) < ,up(TlMp(Té)W)-
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Since p is quasi-multiplicative, the first axiom in the definition yields that pi,(rip,(rh)re) =
pp(rirhrs) and we get r < p,(rirhrs). Since (s1,71) € T, (s2,74) € U and (s3,r3) € V. This
yields (s,r) = (s1s283,7) € w(TUV).

Conversely, assume that (s,r) € u(TUV). By definition of u, we get (s1,r1) € T,
(s2,72) € U and (s3,73) € V such that s = sys253 and r < i, (r172r3). The first axiom in the
definition of quasi-multiplicative rating maps yields that p,(711,(r2)r2) = py(rirers). There-
fore, r < p,(rip,(r2)rs). Moreover, since (s2,72) € U, it is immediate that (s2, p,(72)) €
w(U) by definition of p. Altogether, this implies that (s,7) € u(Tu(U)V).

We turn to the second axiom. The neutral element of 2M*% for multiplication is
{(1ap,1Rr)}. Thus, we have to prove that {(1a7,1r)} € ($[p](¢). By definition,

Blel(e) = {(s,r) | r € Ip [a™'(s) N {e}. p] }.
Clearly, p(¢) € Ip [a~ (1) N{e}, p|]. Moreover, since p is quasi-multiplicative, we have
1z < p(e) and we get 1 € Zp [a~ (1ar) N {e}, p|} which yields (157, 1r) € ¢(3[p](¢), finishing
the proof.

It remains to handle the third axiom. Since we are proving that p is quasi-multiplicative,
Remark implies that it suffices to show that for every H, K C A*, we have ($[p](H) =
1(Cplpl(H)) and Cp[p](HK) = pu(Cplpl(H) - (plpl(K)). We start with the former.

Let H C A*. We prove that (3[p](H) = u(¢3lp](H)). For (s,r) € M x R, we show
that (s,7) € (3[p](H) if and only if (s,r) € u(¢Hlp](H)). Let K be an optimal D-cover
of HNa 1(s) for p. By definition, (s,7) € (&[p](H) implies that r € Z[p](K). Hence,
we have K € K such that r < p(K). By definition of K, we have (s, p(K)) € (3[p](H).
Moreover, since p is quasi-multiplicative, we get p(K) = p,(p(K)) which yields, r < p,(p(K)).
Altogether, we get (s,7) € pu(¢3[p](H)) by definition of p.

Conversely, assume that (s,7) € u(¢3[p](H)). By definition of y, we have (s,r’) €
C3[p](H) such that r < p,(r'). By definition of K, we have " € Z[p](K) and we get K’ € K
such that 7' < p(K’). Hence, since p, is an endomorphism and p is quasi-multiplicative,
we get 7 < p,(r') < pp(p(K')) = p(K'). This implies that r € Z[p](K) which yields
(s,7) € (3[p](H) by definition of K.

We turn to the second equality. Consider K1, Ky C A*, we show that (3[p](K1K2) =
H(CBIAKL) - CRIPI(E)).

We start with the inclusion p(¢3[p](K1) - (alpl(K2)) C (Bpl(K1K2). Let (s,r) €
1(CH[pl (K1) - ¢alp)(K2)). By definition of p we have (s1,71) € (3[p](K1) and (s2,12) €
CBlpl(K2) such that s = sysp and 7 < p,(rire). By definition of ($[p], this means that
r € Ip [Kl NaY(s1), p] and r9 € Ip [KQ NaY(s2), p} . Since D is a quotient-closed lattice,
the following is immediate from Lemma [6.6}

pp(rire) € Ip [(KiNa~'(s1)) - (K2 Na ' (s2)), p]
1
(

Observe that (K1 Na~1(s1)) - (KaNa~l(s2)) € K1KaNa t(s1)a"t(s2). Moreover, since
« is a morphism, it is clear that a~!(s1)a"!(s2) € a 1(s182) = a~!(s). Altogether, this
means that we have (K1 Na™1(s1)) - (KaNa~!(s3)) € K1 Ko Na~!(s). Therefore, we obtain
from Fact that p,(rire) € Ip [KlKg NaY(s), p]. Since r < pu,(r172), this yields that
r € Ip [K1Ko Nat(s), p] as well, which exactly says that (s,r) € (3[p](K1Kz2), concluding
the proof for the inclusion from left to right.

We finish with the converse inclusion. Let us point that this is where we use the
hypothesis that D is closed under concatenation. Let (s,7) € ([p](K1K2). We have to show
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that (s,7) € pn(¢B[pl(K1) - (Blp](K2)). By definition, we have r € Zp [K1 Ko Na~(s), p].
For every t € M and i € {1,2}, we define H; ; as an optimal D-cover of K;Na~!(¢). Consider
the following finite set of languages H,

H = {H; H> | there exists s1,s2 € M s.t. sysa =35, H € Hi 5, and Hy € Ha g, }

We prove that H is a D-cover of K1 KN a~!(s). Clearly all languages in H belong to D
since D is closed under concatenation by Theorem [3:2] Let us show that H is a cover of
K1KyNa™(s). Consider w € K1 K3 Na~1(s), we exhibit H € H such that w € H. Since
w € K1Ky, we have w = wyws with wy € K; and we € Ks. Let s1 = a(w) and s2 = a(ws).
Altogether, this means that w; € K1 Na~!(s1) and we € Ky Na~!(sy). Therefore, we have
Hy € Hy s, and Hy € Ho 4, such that wy € Hy and wo € Hy. This yields w € HyiH>. Finally,
s1s2 = a(w) = s which yields that H; Hy € H by definition.

We may now finish the argument and show that (s,r) € u(¢B[p](K1) - (Blp](K2)). Recall
that r € Ip [KlKg N ofl(s),p]. Thus, since H is a D-cover of K1Ks N a~!(s), we have
r € Z[p](H). It follows that there exists H € H such that r < p(H). By definition
of H, we have H = H;H, with Hy € Hy,, and Hy € Hy,, where s1,s3 € M satisfy
s1s0 = 5. Let ry = p(Hy) and rp = p(Hz). Since Hy,, and Hj g, are optimal D-covers
of K1 Na~!(s1) and Ko N a~!(sy) respectively, we have r; € Zp [Kl N a‘l(sl),p] and
re € Ip [KaNa~'(s2),p]. It follows that (s1,71) € ¢p[p](K1) and (s2,72) € CBlp](K2).
Consequently, (s,m172) = (s152,7172) € (B[p](K1) - (3[p](K2). Finally, by hypothesis and
since p is quasi-multiplicative, we have,

r < p(H) = p(H1Hs) = pp(p(H1) - p(Hz)) = pp(r1ra).
By definition of p, this yields that (s,r) € pu((3[p](K1) - (5lp](K2)) which concludes the
proof. ]

We now present a final result which applies to &p[p]. This lemma involves hypotheses
that are slightly different from those of the previous one. Moreover, it states a weaker result.
Under these hypotheses, £p[p] is not “fully” quasi-multiplicative: it is only G-multiplicative
for a particular lattice G (from which D is built). In this case as well, the result is tailored
to how we intend to use &p[p]. We consider the case when D = BPol(C) and G = Pol(C).
Note that this result is where we use the weak concatenation principle that we presented for
Boolean closure in Lemma [3.4]

Lemma 6.8. Let G be a quotient-closed lattice closed under comcatenation and marked
concatenation and let D = Bool(G). Moreover, let p : 24" — R be a multiplicative rating
map. Then, {plp] is G-multiplicative and the associated endomorphism Hepla OF (2R, U) is as
follows:

teplp)(T) = LrT  for every T € oft,

Proof. We already know from Proposition that {p[p] is a rating map. Hence, we have
to prove that the axioms of G-multiplicative rating maps hold for the endomorphism e[,
of (2% U) described in the lemma (it is clear from the definition that this is indeed an

endomorphism). The first axiom is immediate by definition: clearly, for every T, U,V € 2%,
we have [r(T'(JrU)V) = [r(TUV), by definition of y again.

We turn to the second axiom. The neutral element of 2% for multiplication is {1z}. Thus,
we have to prove that {1z} C &p[p|(e). By definition {plp](e) = Ip [{e}, p]. Therefore, we
have p(e) € &plpl(e). Since p is multiplicative, we have p(e) = 1g, which yields 1r € &{plp](e),
finishing the proof.
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It remains to prove the third axiom. There are three equalities to handle. First, by
definition, for every H C A*, we have &plp|(H) = Zp [H, p| and {rZp [H,p] = Ip[H,p].
Therefore, it is immediate that {plp](H) = Lréplp](H).

We turn to the second equality: we show that for every K1, Ky € G, we have {p[p] (K1 K2) =
Lr(&p[pl(K1) - Eplp](K2)). The right to left inclusion is immediate from the following fact
(it actually holds for every K, Ko C A*).

Fact 6.9. For every K1, K, C A*, we have Lr(Ep[p] (K1) - €plpl(K2)) C &plp)(K1K2).

Proof. Consider r € g (gp [p](K1) - &plp] (Kg)) By definition, we have r; € Zp [K7, p] and
ro € Ip [K2, p] such that r < rire. Since D is a quotient-closed Boolean algebra (it is the
Boolean closure of a quotient-closed lattice by definition) and p is a (true) multiplicative
rating map, Lemma yields,

rire € Ip [KlKg,p] .
Since imprints are closed under downset and r < ryry, this yields r € Zp [K; Ko, p]. This
exactly says that r € {p[p|(K1K2) finishing the proof. O

We now concentrate on the converse inclusion. Consider r € &{plp](K1K32). We show
that r € Lr(&p[p](K1) - €plp](K2)). Let us underline that for this inclusion, we do need
the hypothesis that K, Ko € G. We let Hj, Hy be optimal D-covers (for p) of K1 and K,
respectively. By definition, we have Z[p](H1) = &p|p](K1) and Z[p](Hz) = &p[p](K2). Since G
is closed under concatenation and D = Bool(G), we may apply Lemmato get a D-cover H
of K1 K> such that for every H € H, there exist Hy € Hy and Hy € Hy such that H C H{Ho
(note that this where we need the hypothesis that K, Ko € G, this is required to apply
Lemma [3.4)). By definition r € £p[p](K1K>2) means that r € Zp [K1 Ko, p|. Therefore, since
H is a D-cover of K1 Ko, we have r < p(H) for some H € H. The definition of H then yields
H, € H; and Hy € Hy such that H C H; Hs. This implies that r» < p(H) < p(H1) - p(H2).
Finally, p(H1) € &plp](K1) and p(Ha) € £p[p](K2) by definition of Hy, Hy. Consequently,
we get r € Lr(&p[p] (K1) - €plp](K2)), which concludes the proof of this inclusion.

Finally, it remains to prove that for every Ki, Ky € G, we have &p[p](Ki1aK2) =
Ir(Ep[p](K1) - Eplp)(a) - Eplp](K2)). The right to left inclusion is immediate from Fact
For the converse one, the proof is identical to what we did for proving that {p[p](K1 K2) =
Lr(ép[p)(K1) - €plp)(K2)). The only difference is that instead of using Lemma [3.4] one needs
to use Lemma the variant which considers marked concatenation (this is where we need
the hypothesis that G is closed under marked concatenation). The detailed proof is left to
the reader. 0]

7. CHARACTERIZATION OF Pol(C)-OPTIMAL IMPRINTS

In this section, we recall the theorem of [Plal§] for classes of the form Pol(C) (when C is a finite
quotient-closed Boolean algebra). It states a characterization of Pol(C)-optimal imprints:
for a C-compatible morphism « : A* — M and a multiplicative rating map p : 24" — R,
Pp ol(C) [p] is characterized as the least subset of M x R satisfying specific properties. When
used in the special case when p is nice, one obtains a least fixpoint procedure for computing
Proic) [p] from a and p, thus implying the decidability of Pol(C)-covering by Proposition
However, deciding Pol(C)-covering is not our motivation for recalling this theorem here: we
need the characterization in order to use it as a sub-result when proving Theorem [5.3]
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Unfortunately, there are technical complications. When we apply the characterization
as a sub-result, we shall do so for rating maps which are not multiplicative, only quasi-
multiplicative (as expected, we build them using the constructions presented in Section @
This case is not covered by the statement of [Plal8|, which only considers true multiplicative
rating maps. Consequently, we have to prove a generalization of this statement. We manage
to avoid redoing the whole proof: while this involves some technical work, we prove our
generalized statement as a corollary of the original one presented in [Plal§|. Additionally, we
take this opportunity to slightly tweak the original statement in order to better accommodate
the usage we shall make of the theorem later.

We first present the theorem and then focus on its proof. We fix an arbitrary finite
quotient-closed Boolean algebra C for the presentation.

7.1. Statement. Consider a C-compatible morphism « : A* — M and a rating map
p: 24" — R which is Pol(C)-multiplicative (there is no other constraint on p, in particular,
it needs not be nice). In particular, recall that since « is C-compatible, we know that for
every s € M, [s]c is well-defined as a ~c-class containing a~1(s). We say that a subset
S C M x R is Pol(C)-saturated (for o and p) when it satisfies the following properties:

(1) Trivial elements: For every w € A*, (a(w), p(w)) € S.

(2) Multiplication: For every (s1,71), (s2,72) € S, we have (sys2,7m172) € S.

(3) Pol(C)-closure: For every pair of multiplicative idempotents (e, f) € S, we have,

(e, f-p(lele) - f) € S.

Remark 7.1. This definition of Pol(C)-saturated subsets is slightly different from the one
used in [Plal8). Specifically, we removed one property: closure under downset (i.e., S = |[gS).
More precisely, we moved it to Theorem [7.3 below. This change is harmless and will be
conventent when we use this notion later.

We prove the following statement as a corollary of a theorem presented in [Plal8]
(specifically, Theorem 6.5).

Theorem 7.2 (|[Plal8|). Consider a C-compatible morphism o : A* — M and a Pol(C)-
multiplicative rating map p : 24" — R. Moreover, let S be the least Pol(C)-saturated subset
of M x R. Then,

Ppoicylpl = Lri(s, (7)) | (s,7) € S}

Recall that a (true) multiplicative rating map p : 24" 5 R is also quasi-multiplicative
for the endomorphism s, defined as the identity on R (see Remark . Thus, in this case,
Theorem [7.2| yields that Py o [p] = LrS where S is the least Pol(C)-saturated subset of
M x R. This is essentially the original statement of [Plal8]. When p is a nice multiplicative
rating map, it is clear that one may compute the least Pol(C)-saturated subset of M x R
with a least fixpoint algorithm. Therefore, we get an algorithm for Pol(C)-covering by
Proposition [£.9]

Remark 7.3. There is an important difference between Theoremfor Pol(C) and Theo-
remfor BPol(C): the latter is restricted to nice rating maps while this is not the case for
the former. As we explained in Remark[5.4), while it is easy to miss, this difference is crucial.
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7.2. Proof of Theorem We fix a C-compatible morphism « : A* — M and a rating
map p : 24" — R which is Pol(C)-multiplicative. Since p is Pol(C)-multiplicative, we
have a semiring structure (R, +,-) on R and an endomorphism p, of (R, +) satisfying the
appropriate axioms.

Our objective is to prove that if S is the least Pol(C)-saturated subset of M x R, then
Procylpl = Lr{(s, 1p(r)) | (s,7) € S}. As announced, we prove this result as a corollary of
the original theorem presented in [Plal8]. We proceed in two steps:

(1) First, we define a submonoid (@, +) of (R, +) and a multiplication “®” on @ (distinct
from “-” on R) such that (Q,+, ®) is a semiring. Then, we define a true multiplicative
rating map 7 : (247, U, -) = (Q, +, ®) which coincides with p over languages in Pol(C).

(2) We apply the theorem of [Plal8] to get a description of Pg ol(C) [7] and then use it to
prove the desired result for P3 ol(C) [p].

Step 1. Definition of the multiplicative rating map . Let us first present our
new multiplication “®” which we define on the whole set R. For every r,7’ € R, we let
r@1r" = py(rr’). Clearly, “®” is associative by Axiom [1]in the definition of quasi-multiplicative
rating maps.

Remark 7.4. In general, (R,®) is only a semigroup, not a monoid: there exists no neutral
element for “©”. We shall later define a submonoid (Q,+) of (R,+) such that Q is closed
under “©” and (Q,+,®) is a semiring.

The definition of our submonoid (@, +) of (R, +) is based on the following fact.

Fact 7.5. For every K C A*, there exists a unique element qx € R such that:
e for every H € Pol(C) satisfying K C H, we have qx < p(H).
e there exists K' € Pol(C) such that qx = p(K').

In particular, if K € Pol(C), then qx = p(K).

Proof. Let Rk C R be the set of all elements r € R such that r = p(H) for some H € Pol(C)
such that K C H. Note that since A* C Rk, we have R # (). For each r € Rk, we fix
H, € Pol(C) such that p(H,) = r. Finally, let K’ =y, Hr. Clearly, K’ € Pol(C) since
Pol(C) is a lattice by Theorem Hence, the properties described in the fact hold for
qx = p(K') by definition. O

In view of Fact [7.5] we define Q = {qx | K C A*}. Moreover, we define v : 24" — Q as
the following map:
v 24 5 Q
K — qK
We now have to verify that this definition satisfies the desired property. We do so in the
following lemma.

Lemma 7.6. The pair (Q,+) is a submonoid of (R,+). Moreover, (Q,+,®) is a semiring
and the map v : (247,U,-) = (Q, +,®) is a multiplicative rating map.

Proof. Sine Q C R, we may view 7 as a map from 24" to R. We show that this map is a
monoid morphism from (24", U) to (R, +) and a semigroup morphism from (24", ) to (R, ®).
Since 7 is surjective and (24", U, ) is a semiring, this implies the lemma.

We first show that 7 is a monoid morphism from (247,U) to (R, +). Clearly v(0) =
qp = p(0) = Or by Fact since ) € Pol(C). Consider H, K C A*. We show that
(H U K) =~(H) +~(K).
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First, we prove that y(H) 4+ v(K) < v(H U K). By definition in Fact [7.5 we have
L € Pol(C) such that HUK C L and v(H U K) = p(L). This implies that H C L and
K C L. Consequently, v(H) < p(L) and v(K) < p(L) by definition of ~. It follows that
Y(H) +v(K) < p(L) =~(H U K). It remains to show that v(H UK) < ~(H) +v(K). By
definition in Fact [7.5, we have H', K’ € Pol(C) such that H C H', K C K', v(H) = p(H’),
v(K) = p(K'). Hence, since p is a rating map, we have y(H) + v(K) = p(H') + p(K') =
p(H'"U K"). Moreover, H' U K" € Pol(C) by definition and it is clear that H UK C H' U K.
Hence, the definition of ~ yields that v(H U K) < p(H' UK') = v(H) 4 v(K), finishing the
proof for addition.

We turn to multiplication. We show that v is a semigroup morphism from (24", -) to
(R,®). Consider H, K C A*. We show that v(H) ® y(K) = v(HK).

We first show that v(HK) < v(H) ® v(K). By definition in Fact we have H', K’ €
Pol(C) such that H C H', K C K', v(H) = p(H'), v(K) = p(K'). Hence, by definition
of “©", v(H) ® v(K) = pp(p(H) - p(K)). Therefore, since p is Pol(C)-multiplicative and
H',K' € Pol(C), Axiom [3| in the definition of quasi-rating maps yields that v(H) ® v(K) =
p(H'K'). Finally, we have HK C H'K' and H'K' € Pol(C) (since Pol(C) is closed under
concatenation, see Theorem [3.2). Therefore, we get v(HK) < p(H'K’) by definition of .
Altogether, this yields y(HK) < ~v(H) ® v(K).

It remains to prove that v(H) ® v(K) < v(HK). Using Fact we get G € Pol(C)
such that KH C G and v(KH) = p(G). Consider the two following languages:

U, = m Gv™! and U, = m u G,
veEH ueU;
Since Pol(C) is a quotient-closed lattice (see Theorem and G € Pol(C), it follows from
the Myhill-Nerode theorem (which states that regular languages have finitely many quotients)
that Uy, Uy € Pol(C). Moreover, since KH C G, one may verify from the definitions that
K C U; and H C U,. Therefore, we have v(K) < p(Uy) and v(H) < p(Us) by definition of
7. Since (R, +,-) is a semiring and p, an endomorphism of (R, +), it follows that,

V(EK) ©y(H) = pp(v(K) -v(H)) < p1p(p(Ur) - p(U2))-
Moreover, since Uy, Us € Pol(C), and p is Pol(C)-multiplicative, it follows from Axiom |3|in
the definition of quasi-multiplicative rating maps that 1,(p(U1) - p(Uz2)) = p(U1Uz). Finally,

it is immediate by definition of Uy that U;U; C G. Therefore, we obtain p(U1Us) < p(G) =
~v(K H). Altogether, this yields v(K) ® v(H) < v(K H), finishing the proof. O

This concludes the presentation of v. We complete the definition with the following
lemma which connected Pg ;o) [p] €M xR to Praic) [ CSMxQCMxR.

Lemma 7.7. We have P3¢\ [p] = LePpy )]

Proof. We start with the left to right inclusion. Consider (s, 7) € Pp ¢ [p]. By definition,
we have r € Zpy(c) [oz_l(s), p]. Let K be an optimal Pol(C)-cover of a~1(s) for v. We have
Troc) [a™Y(s), p] € Z[p](K) which yields K € K such that r < p(K). Since K € Pol(C),
it is immediate by definition in Fact that v(K) = p(K). Moreover, since K is optimal
for 7y, we have v(K) € Zpy ) [a™!(s),~] which yields (s,v(K)) € Ppoc) [v]. Thus, since
r < p(K) =y(K), we have (s,7) € LrPp, )]

Conversely, assume that (s,7) € FRPEac) [v]. We have ¢ € @ such that r < ¢ and
(s,q) € Ppoic) [v]. It follows that ¢ € Zp,cy [@~'(s),7]. Let H be an optimal Pol(C)-cover of
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a1 (s) for p. We have Zpyc) [a~*(s),7] € Z[y](H) which yields H € H such that ¢ < (H).
Since H € Pol(C), it is immediate by definition in Fact that v(H) = p(H). Moreover,
since H is optimal for p, we have p(H) € Zpyc) [a™t(s), pﬂmd since r < ¢ < y(H) = p(H),
this implies that r € [rZpy () [oz_l(s),p] = Zpoi(c) [a‘l(s),p]. This exactly says that
(s,7) € 7)10501((:) [p]. ]

Step 2: Main argument. We may now apply the Pol(C)-theorem of [Plal8, Theorem 6.5]
to a and vy to get a description of PI%OZ(C) [v] € M x Q. This yields the following proposition:

Proposition 7.8 (Application of Theorem 6.5 in [Plal8|). Let P be the least subset of M x Q
satisfying the following properties:
(1) Trivial elements: For every w € A*, (a(w),v(w)) € P.
(2) Downset: P = |gP.
(8) Multiplication (for ®): For every (s1,q1), (s2,q2) € P, we have (s182,q1 ® q2) € P.
(4) Pol(C)-closure (for ®): For every pair (e, f) € P such that e is an idempotent of M
and f an idempotent of (Q,®), we have, (e, f ®y([e]lc) ©® f) € P.
Then, P ="Pp,c) [v]-

We are now ready to prove Theorem We fix S as the least Pol(C)-saturated subset
of M x R. Moreover, we let,

T = lr{(s,pp(r)) € M x R | (s,7) € S}.
We have to prove that Pp o [p] =T

We start with the inclusion P3¢ [p] € T. We actually show that Pp ;o [y] € T This
will imply that,
FRPpoic)l1] € IRT.
Since Pp, ¢ [Pl = JrRPpycy[7] by Lemma and T = |gT by definition, this yields as
desired that P]%OZ(C) [p] € T. We handle the proof in the following proposition.

Proposition 7.9. We have Py 0[] € T-

Proof. By Proposition , gol(c) [7] is the least subset of M x @ satisfying four properties.
Hence, it suffices to show that T satisfies these four properties. We leave the proof that T’
contains the trivial elements (as stated in the proposition) for last since we need the other
properties to prove this.

It is immediate by definition that T is closed under downset: we have |gT = T which
implies |oT = T since (@, +) is a submonoid of (R, +). Let us consider multiplication for
“@”. Let (s1,71),(s2,7m2) € T, we prove that (s1se,71 ® 1r2) € T. By definition, we have
(s1,71), (s2,75) € S such that 71 < p,(r}) and r2 < p,(r4y). Since S is Pol(C)-saturated, we
have (s1s2,7ri75) € S. Moreover, since p, is an endomorphism of (R, +), it follows from
Axiom [I] in the definition of quasi-multiplicative rating maps that,

1O 712 = pip(rir2) < pp(pp(r)pp(ry)) = pp(rir).
By definition of 7', this implies (s1s2,71 @ r2) € T. We now turn to Pol(C)-closure for “®”.
Consider a pair (e, f) € T such that e is an idempotent of M and f an idempotent of (R, ®).
We show that (e, f © v([e]¢) ® f) € T. By definition of T, we have (e,r) € S such that
f < pp(r). Since (R, ®) is a finite monoid, it is standard that there exists a number p > 1
such that 7P is an idempotent of (R,-). Thus, since S is closed under multiplication (it
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is Pol(C)-saturated) and e € M is an idempotent, we get (e,r?) € S. Moreover, since S
satisfies Pol(C)-closure, we get,

(e,7” - p(lele) - r*) €
Since [e]¢ € C C Pol(C), we have v([e]¢) = p([e]e) by definition in Fact Since f < pp(r)
and f is an idempotent of (R, ®), one may then verify from Axiom [l the definition of
quasi-multiplicative rating maps that f © y([elc) © f < p,(rP - p([e]c) - vP) which concludes
the proof: we obtain that (e, f © y(le]e) © f) € T.

It remains to show that (a(w),v(w)) € T for every w € A*. We start with a preliminary
fact that we require for this proof.

Fact 7.10. We have (11, p(g]c)) € T'.

Proof. We have (1p7,p(e)) = (a(e),p(e)) € S since S is Pol(C)-saturated (this is a trivial
element). Since (R,-) is a finite semigroup, there exists p > 1 such that (p(¢))P is an
idempotent of (R, ). By closure under multiplication for S, we get (1as, (p(€))?) € S. Clearly,
this is an idempotent and [157]¢ = [¢]¢c. Thus, Pol(C)-closure for S yields,

(Lar, (p(e))” - pl[ele) - (p(e))") € 5.

Consequently, we get,

(Lar, pp((p(€))” - p([ele) - (p(€))")) € T.
By Axiom [2]in the definition of Pol(C)-multiplicative rating maps, we know that 15 < p(e).
Thus, p(elec) < (p(e))? - p([ele) - (p(€))P and since p, is an endomorphism of (R, +), we
get that p(p([Ele)) < 1p((p(©))P - p([Ele) - (p(e))?). Since LxT = T by definition, this
yields (1ar, pp(p([ele))) € T. Finally, p,(p([elc)) = p([ele) by Axiom 3] in the definition
of Pol(C)-multiplicative rating maps (we have [¢]c € C C Pol(C)). Altogether, this yields
(1ar,p([€lc)) € T as desired. OJ

We may now prove that (a(w),y(w)) € T for every w € A*. We first consider the case
when w = €. By definition of v, we know that p and v coincide over languages in Pol(C).
Since [¢]¢ is such a language, Fact yields that (a(e),v([e]c)) € T. Moreover, € € [¢]¢
which implies that vy(e) < v([e]¢). Hence, since we already know that 7" is closed under
downset, we get (a(e),v(e)) € T as desired.

It remains to handle the case when w = a;---a, € AT for ay,...a, € A. This is a
consequence of the following fact.

Fact 7.11. For every a € A, (a(a),y(a)) € T.

Let us first use Fact to prove that (a(w),v(w)) € T. It is immediate from the fact
that (a(a;),v(a;)) € T for every i < n. Since we already established that T is closed under
multiplication (for ®) and « is a multiplicative rating map, we get,

(a(w),7(w)) = (a(a1) - -~ a(an),v(a1) © - - ©7(an)) € T
We finish with the proof of Fact
Proof of Fact[711] Since S is Pol(C)-saturated, we have (a(a;),p(a;)) € S. This yields
(@), pp(p(a;))) € T. Moreover, we established that (17, p([e]c)) € T in Fact Since

p is Pol(C)-multiplicative and [e]c € Pol(C), this yields that (17, p,(p([elc))) € T. Thus,
since we already established that T is closed under multiplication (for ®), we get,

(afai), wo(p([ele)) © pp(p(ai)) © po(p(lele))) € T.
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By definition of “®” and Axiom [I]in the definition of quasi-multiplicative rating maps, this
yields,
(a(ai), mp(p([ele) - plai) - p([e]e))) € T
Additionally, since p is Pol(C)-multiplicative and [¢]¢ € Pol(C), Axiom |3| yields,
(afas), p([elcailele)) € T.

Since [g]ca;[e]lc € Pol(C) and p and ~y coincide for such languages, we get,

(a(ai),v([e]eailele)) € T.
Finally, it is clear that a; € [¢]ca;[e]c. Hence, v(a;) < v([g]caile]c) and since we already
established that T is closed under donwset, we get («(a;),v(a;)) € T as desired. O
This concludes the proof of Proposition [7.9 ]

It remains to prove the inclusion T' C Pg ol(C) [p]. This is a consequence of the following
proposition.

Proposition 7.12. For every (s,r) € S, we have (s, u,(r)) € Ppoc) (o]

Let us first use the proposition to show that T' C Pp ¢, [p]. Consider (s,’') € T. By
definition, we have (s,7) € S such that " < p,(r). By Proposition it is immediate that
(8, 11p(r)) € Ppyycylpl- Moreover, it is clear that [rPp ;) lo] = Ppyclp]. Therefore, we
have (s,r') € Proic) [p], finishing the proof.

Proof of Proposition[7.19 Consider (s,r) € S. By definition, S is the least Pol(C)-saturated
subset of M x R. Therefore, (s,r) is built from trivial elements using multiplication and
Pol(C)-closure, we proceed by induction on this construction.

Assume first that (s,r) is a trivial element: we have w € A* such that s = a(w)
and r = p(w). By Proposition we know that (s,v(w)) = (a(w),y(w)) € Ppoic) [v]-
Moreover, y(w) = p(K) for some K € Pol(C) such that w € K by Fact Thus, since p is
Pol(C)-multiplicative, we have,

1p(1) = pp(p(w)) < py(p(K)) = p(K) = v(w)

Since Py e)[p] = LrRPpy ey [7] by Lemma this implies that (s, 1p(r)) € Ppy e lo]-

Assume now that the last operation used to build (s,7) € S is multiplication: We have
(s1,71), (52,72) € S such that (s,7) = (s152,7172). By induction, (s1,u,(r1)) € Ppoic) [p] and
(82, 1p(12)) € Pgol(c) [p]. By Lemma this yields q1, g2 € @ such that p,(r1) < q1, pp(r2) <
G2, and (s1,q1), (52, G2) € Ppyyc)[v]- Moreover, P oy[7] is closed under multiplication (for
©) by Proposition [7.8 which implies that (s152,¢1 © q2) € Ppy(¢, [v]. By Axiom [I|in the
definition of quasi-multiplicative rating maps, we have,

pp(rir2) = pp(pp(r1) - prp(r2)) < pp(@102) = @1 © g2
Hence, using Lemma again, we get (s1s2, pp(rir2)) € Proic) [p] which concludes the proof
for this case.

It remains to handle Pol(C)-closure. We have a pair of multiplicative idempotents
(e, f) € S such that (s,r) = (e, f - p([e]c) - f). By induction hypothesis, we know that
(e,1p(f)) € Praic) [p]. By Lemma this yields ¢ € @ such that u,(f) < ¢q and (e, q) €
,P}O—f’ol(C) [7]. Tt is standard that there exists a number ¢ > 1 such that the multiplication of
¢ copies of ¢ € Q with “®” is an idempotent g of (Q,®). Since Pgol(C) [v] is closed under
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multiplication (for ®) by Proposition we get that (e,g) € Ppoic) [v]. Additionally,
Pol(C)-closure (for ®) yields,

(evg © p([e]c) © g) € ,P%’ol(C) [’7]

Finally, since f is an idempotent of (R, -) and p,(f) < ¢, one may verify from Axiom [1}in
the definition of quasi-multiplicative rating maps that,

tp(r) = pp(f - p[ele) - f) < g © p(le]e) © g
Using Lemma this yields (s, p,(r)) € ) [p], finishing the proof. O

8. SOUNDNESS IN THEOREM [5.3]

We may now properly start the proof of Theorem In this section, we handle the soundness
direction of the statement. It is divided in two parts. First, we present a preliminary result
which applies to the Boolean closure operation in general, i.e. to classes of the form Bool(G)
when G is an arbitrary lattice. Then we apply this preliminary result in the special case
when G = Pol(C) (for C a finite quotient-closed Boolean algebra) to handle soundness in
Theorem

8.1. Preliminary result. We first introduce terminology that we need to state our result.
We fix a lattice G and let D = Bool(G). Moreover, we let p: 24" — R as a rating map.
Using induction, we define a rating map 7, : 24" — Q,, for every n € N. When n = 0,
the rating set Qo is (27, U) and 7y is defined as follows,
o: (24,0) = (2FL)
K o {pw)|we K}
It is immediate by definition that 7y is indeed a rating map (i.e. a monoid morphism).
Assume now that n > 1 and that 7,1 : 24" — Qn—1 is defined. Recall that p, : A* — R

denotes the canonical map associated to the rating map p. We define 7, as the rating map
¢ [Tn—1] presented in Proposition By definition, this means that for all n > 1, the
rating set Q,, of 7, is (212<@n-1 U).

We complete this definition with maps f,, : @, — 2 for n € N. In this case as well, we
use induction on n.

e Forn=0,let T € Qy = 2%. We let,
fo(D)=lg{ri+ - +rg|ri,....,r, €T}
e Forn>1,let T € Q, = 28*@n-1 We let,

B we have (r1,T1),..., (rk, Tx) € T such that
fu(T) = LR {T1+ + 7 | r14 -+ € fno1(T;) for every i < k

We have the following simple fact which is immediate from the definition.

Fact 8.1. For everyn € N and U, U’ € Q,, such that U C U’, we have f,(U) C f,(U").

We may now state the preliminary result that we shall use in our soundness proof for

Theorem (5.3
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Proposition 8.2. Consider a language L € G. Then, the following inclusion holds,

m fn(Tn(L)) - Z'Bool(g) [ng]
neN

Proof. The proof is based on the following more involved statement which is handled by
induction on n € N.

Lemma 8.3. Let n € N and L, Ky, ..., Ky, Ho,...,H, € G such that {K;\ H; | i <n} is a
cover of L. Then, for every s € fo,(12,(L)), there exists j < n such that s < p(K; \ Hj).

Before we prove the lemma, let us use it to prove the first property described in
Proposition 8.2} Let L € G be a language. We write S for the set,

§= () falma(L))
neN
We show that S C T,y g) [L, p]. First, we prove the following fact which describes a special
optimal Bool(G)-cover of L for p.

Fact 8.4. There exists n € N and Ky, ..., K,, Hy,...,H, € G such that {K; \ H; | i <n}
is an optimal Bool(G)-cover of L for p.

Proof. Let H be an arbitrary optimal Bool(G)-cover of L for p. Since Bool(G) = Bool(G),
each V € H is the Boolean combination of languages in G. We put it in disjunctive normal
form. Each disjunct is an intersection languages belonging to G, or whose complement
belongs to G. Since G is lattice, both G and the complement class co-G are closed under
intersection. Therefore, each disjunct in the disjunctive normal form of V is actually of the
form K \ H, where K, H both belong to G. We let K as the set of all languages K \ H
which are a disjunct in the disjunctive normal form of some V' € H. Clearly, K remains
a Bool(G)-cover of L since H was one. Moreover, it is immediate that Z[p](K) C Z[p](H)
since every language in K is included in a language of H. Hence, K remains an optimal
Bool(G)-cover of L for p since H was one. O

We let n € N and Ky, ..., Ky, Hy,...,H, € G be as defined in Fact 8.4 We may now
prove that S C Zp,yg)[L,p]. Let s € S. By hypothesis on S, we have s € fon(m2n(L)).
Therefore, since { K;\ H; | ¢ < n} is by definition a cover of L, it is immediate from Lemma 8.3]
that there exists j < n such that s < p(Kj; \ Hj). Since {K; \ H; | i < n} is an optimal
Bool(G)-cover of L for p, this implies that s € Zp,(g) [L, p] which concludes the main proof.

We turn to the proof of Lemma [8.3] The argument is an induction on n € N. We start
with the base case n = 0.

Base case. Consider L, Ky, Hy € G such that {K\ Ho} is a cover of L and let s € fo(m0(L)).
We have to show that s < p(Ky \ Hp). By definition of fy, we get r1,...,7, € 10(L) such
that s <7y + -+ + rg. Moreover, the definition of 7y yields that for every i < k, r; = p(w;)
for some w; € L Therefore, r; < p(L) for every i < k and since R is idempotent for addition,
s<ri+---+71, < p(L). Finally, since {K¢ \ Ho} is a cover of L, we have L C Ky \ Hyp and
we get s < p(Ko \ Hyp), finishing the argument for the base case.

Inductive step. We now assume that n > 1. Let L, Ky, ..., K,, Hy,...,H, € G such that
{K;\ H; | i <n}isacover of L and let s € fa,,(72,(L)). We have to exhibit j < n such that
s < p(K; \ Hj). Using the hypothesis that s € fa,(72,(L)), we prove the following fact.

Fact 8.5. There exists (r,U) € on(L) such that s € fon—1(U).
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Proof. By definition of fa,, the hypothesis that s € fa, (72, (L)) yields (7}, U}), ..., (r,, UL) €
Ton(L) such that 7 + - + 7 € fon_1(U]) for every i < k and s <7} +--- +71,. We let
(r,U) = (r},U]) € 12,(L). We have 1} + -+ 7}, € fo,_1(U) and s <7 +--- + .. Hence,

since fon,—1(U) is closed under downset (by definition), this implies s € fo,—1(U). [
Recall that by definition, 7o, is the rating map (g*mnfl [.] Hence, (r,U) € T9,(L) means
that,

U € Zg [yt (r) N Ly Ton—1]
By Fact this yields,
Ue Ig [L, ’7’2,171]
Since {K; \ H; | i <n}isacover of L, L, Ky,...,K, € G and G is a lattice, it follows that
{LNK;|i<n}isa G-cover of L. Therefore, since U € Zg [L, T2,,—1], we obtain some ¢ < n
such that U C 79,—1(L N Ky).

Furthermore, since s € fa,—1(U), we may unravel the definition of fo,_; which yields
(r1,U1),...,(rk, Ug) € U such that 71 + -+ + 1, € fopn_1)(Un) for every m < k and
s <7y + -+ 1k Note that by definition of f5(,_1), this also implies that s € fo;—1)(Um)
for every m < k. We now distinguish two sub-cases.

Sub-case 1: Assume that for every m < k, we have,

Py (rm) N (K¢ \ He) # 0
This means that for every m < k, we have wy, € K;\ Hy such that p(w,) = ry,. In particular,
Tm = p(wm) < p(Ke\ Hy) for every m < k. Finally, since R is idempotent for addition,

we get r1 + -+ 1, < p(Kp \ Hy). Since s <7y +--- 411, we get s < p(Ky \ Hy) and the
Lemma [8.3| holds for j = £ in this case.

Sub-case 2: Conversely, assume that there exists m < k such that,
pi(rm) O (K¢ \ He) = 0
This implies that K, N p;1(rn) € Ky N Hy. Recall that (ry,,Uy,) € U and that U C
Ton—1(L N Ky). Since 79,1 is the rating map Cg*@(n_l) [b] v definition, it follows that,
Un €1g [pﬂfl(rm) NLN Ky, Tg(n,l)]
Combined with the inclusion Ky N p; ! (ry,) € K, N H, and Fact this yields that,
Um € Ig [L N K¢ N Hy, To(n—1)]

Since G is a lattice, it is clear that {L N K, N H,} is a G-cover of L N K; N Hy. Thus, we
obtain that Uy, C Ty(,—1)(L N KN Hy). Therefore, since s € fo,—1)(Un) by definition of
Uy, we obtain from Fact that,

8 € forn—1)(To(n—1)(L N K¢ N Hy))
Finally, since {K; \ H; | i < n} was a cover of L, it is clear that {K; \ H; | i < n and i # ¢}
(of size n — 1) is a cover of LN Ky N Hy. Therefore, it follows by induction on n in Lemma
that there exists j < n (with j # ¢) such that s < p(K; \ H;), finishing the proof. O
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8.2. Soundness proof for Theorem We may now come back to our main objective:
soundness in Theorem [5.3] We fix a finite quotient-closed Boolean algebra C and a nice
multiplicative rating map p : 24" — R. We show that for every BPol(C)-saturated subset
S C (A*/~c) x R (for p), we have S C PJ%Pol(C) [p].

Remark 8.6. We do not use the hypothesis that p is nice for this direction. This is only
needed for completeness.

By Theorem Pol(C) is a lattice. Therefore, we may instantiate the definitions and
results presented at the beginning of the section for our nice multiplicative rating map
p: 24 = R in the special case when G = Pol(C) and D = BPol(C). We keep using the
same notations, we have the rating maps 7, : 24" — Q,, (as we prove below, they are now
quasi-multiplicative since G = Pol(C) and p is multiplicative) and the maps f, : Q, — 2%.

We complete Proposition with another one specific to this special case. In fact, the
proof of this second proposition is based on Theorem , the characterization of Pol(C)-
optimal imprints (we apply it to the rating maps 7,). Together, these two results imply
soundness in Theorem [£.3]

Proposition 8.7. Consider S C (A*/~¢) x R which is BPol(C)-saturated for p. Then, the
following inclusion holds for every D € A*/~¢,

neN
When put together, Proposition [8.2] and Proposition [8.7 imply soundness in Theorem
Indeed, consider a BPol(C)-saturated set S C (A*/~¢) x R. We show that § C P%POZ(C) [p].
This amounts to proving that for every D € A*/~¢, we have,

S(D) C P%Pol(c) [pl(D) = Ippoc) [D; p]
It is immediate from Proposition [8.7] that,
neN

Moreover, since D € A*/~¢, we have D € C which implies that D € Pol(C). Therefore,
Proposition [8.2] yields that,

ﬂ fn(Tn(D)) - IBPOZ(C) [D7 /0]

neN
Altogether, we get the desired inclusion: S(D) € Zgpy(c) [D, p]. This concludes the soundness
proof.

It remains to prove Proposition 8.7, We start with a few additional results about the

rating maps 7, that we are able to prove using our new hypotheses (i.e. p is multiplicative
and G = Pol(C)).

Preliminaries. Recall that p is multiplicative. Hence, R is a semiring (R, +,-). Since
Qo = 2" and Q,, = 28%Q—1 for all n > 1, we may lift the multiplication of R to all the rating
sets @y, in the natural way. It is simple to verify that (Q,, U, -) is a semiring for every n € N.
We first show that the rating maps 7,, are quasi-multiplicative for these multiplications.
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Lemma 8.8. The rating map 1 : 24" — Qo is multiplicative. Moreover, for every n > 1,
the rating map T, : 24" = Q, is quasi-multiplicative and the associated endomorphism o,
of (Qn,V) is as follows,

prn(T) = 4@ i (1 pir, s (V) | (V) € T} for every U € Qy = 27%n1

Proof. Recall that Qo = 2% and 10(K) = {p(w) | w € K} for every language K. It is
immediate that 7y is multiplicative since p is multiplicative by hypothesis. The result for
the rating maps 7, for n > 1 is then immediate from Lemma [6.7] using induction on n since
Pol(C) is a quotient-closed lattice closed under concatenation by Theorem |3.2 ]

We complete this result with two lemmas which connect the hypothesis that the rating
maps 7, are quasi-multiplicative with the maps f, : Q, — 2.

Lemma 8.9. For everyn € N and T € Q,,, we have f,(T) C fn(pir, (T)).

Proof. We proceed by induction on n € N. When n = 0, 7 is multiplicative and the endomor-
phism g, of (Qo,U) is the identity on Qy. Hence, the lemma is immediate. Assume now that
n > 1. Consider T € Q. Let r € f,(T') C R. By definition, we have (r;,T1), ..., (rg, Tx) € T
such that m + -+ r € fr_1(T;) for every i < k and r < 7y + -+ + r;. By definition of
fir, in Lemma [8.8 we have (71, pir,_,(T1)), - -, Pk, fir,_1 (Tk)) € pir,, (T). Moreover, since
ri+ -+ rg € foo1(T;) for every ¢ < k it is immediate by induction hypothesis that
ri4 -+ 7k € fuo1(pr,_, (T7)) for every i < k. Altogether, we obtain that r € f,,(ur-, (1)),
finishing the proof for the first inclusion. []

Lemma 8.10. For everyn € N and T, T" € Q.,, we have fp(T) - fo(T') C fu(T - T").

Proof. We proceed by induction on n € N. We first handle the case n = 0. Let r €
fo(T) - fo(T"). We have s € fo(T) and s’ € fo(T") such that r = ss’. By definition, this
yields r1,...,ry € Tand r,...,r}, € T' such that s <ry+---+rpand s <7+ 47, Tt
follows that ss’ < Zigk ngk’ rir;.. Since ’I“Z‘T;- €T T for every i < k and j < ¥/, it follows
that ss’ € fo(T - T").

Assume now that n > 1. Let r € f,(T) - fu(T'). We have s € f,,(T) and s’ € f,,(T") such
that r = ss’. By definition, this yields (r1,T1),...,(rx, T) € T and (r},T7), ..., (1}, T}) €
T' such that,

e s<ri+---+rgandri +---+rg € fr_1(T;) for every i < k.
o s’ <+ +rpand )+ 41y € fro1(T)) for every j < K.
Clearly, we have ss’ < Di<k ngk' rirg-. Moreover, for every ¢« < k and j < k/, we have,
DN rirh € faa(To) - faa(T))
i<k j<k’
By induction hypothesis, this yields,
DD riry € o (Ti- T)
i<k j<k’
Finally, it is immediate that for every ¢ < k and j < &', we have (i}, T; - T}) € T - T".
Altogether, this yields that ss’ € f,,(T - T") by definition. O
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Proof of Proposition We now turn to the main argument. We fix S C (4*/~¢) x R
which is BPol(C)-saturated (for p). We have to show that S(D) C f,(m(D)) for every
n € Nand D € A*/~¢. The argument is an induction on n € N.

Base case. We start with the case n = 0. Consider D € A*/~¢. We show that S(D) C
fo(to(D)). Consider r € S(D), i.e. (D,r) € S. Since S is BPol(C)-saturated, we know that
(D, r) satisfies . We have rq,...,r; € R such that r < ry +---+ r; and for every ¢ < k,
there exists U; € 2% satisfying (D, r;, U;) € R% and r + - - 4+ 1 € LrU;. Given i <k, one
may verify from the definition of R that since (D, r;, U;) € R% , we have w; € A* such that
[wile = D and p(w;) = r;. In particular, wy,...,w; € D and it is therefore immediate from
the definition of 7y that we have r1,...,7, € 79(D). Hence, since s < r; + -+ - 4+ 75, we obtain
that s € fo(70(D)) by definition of fy which concludes the proof.

Inductive step. We now assume that n > 1. The argument is based on the following lemma
which is where we use the characterization of Pol(C)-optimal imprints (i.e. Theorem [7.2)):
we apply it to the quasi-multiplicative rating map 7,—1. Moreover, this is also where we
apply induction on n in Proposition [8.7]

Lemma 8.11. For every (D,q,U) € Rg, there exists T € Qn_1 satisfying the two following
properties:
T € Zpoc) [px"(9) N D, 1] and LgU C fr_1(T)

We start by applying Lemma to complete the main proof. Consider D € A*/~¢. We
show that S(D) C fn(m(D)). Let r € S(D) (i.e. (D,r) € 5), we prove that r € f,(7,(D)).

Since S is BPol(C)-saturated, we know that (D, r) satisfies (5.1). We have r1,...,7, € R
such that » < r;+---+rg and for every ¢ < k, there exists U; € 2 1 satisfying (D, r;, U;) € Rg
and 1 + --- + 1 € LrU;. Therefore, we obtain from Lemma that for all ¢ < k, there
exists T; € Qn—1 such that T; € Tpy ) [p;Hr) N D, 7pq] and 71 + -+ + 1 € froo1(Th).
Recall that by definition, 7, is the rating map Czpf’Zl(c) [Tn_1] : 247 — (297-1)E. Thus, if we
unravel the definition, for every i < k, the hypothesis that T; € Zpy () [p;l(m) N D, Tn_l]
exactly says that,

(TZ', Uz) S Tn(D)

Since we also have r < ry + -+ 1 and r1 + -+ + 1 € fr_1(T;) for every i < k, it is
immediate by definition of f,, that r € f,,(7,(D)), finishing the proof of Proposition It
remains to prove Lemma [8.11]

Proof of Lemma[8.11. We first apply Theorem [7.2] and then use the result to prove the
lemma. Clearly, the Cartesian product (A*/~¢) X R is a monoid when equipped with
the componentwise multiplication. Let a : A* — (A*/~¢) X R be the morphism defined
by a(w) = ([w]e, p(w)). Clearly, a is a C-compatible morphism: for every pair (D,r) €
(A*/~c) X R, it suffices to define [(D,r)]¢c = D. Consequently, since we also know that 7,,_;
is quasi-multiplicative by Lemma [8.8] we may apply Theorem to obtain a description of
the set P ¢y [Th—1] € (A*/~¢) X R X Qn—1. Consider the least Pol(C)-saturated subset X

of (A*/~¢) X R X Qn_1 for a and 7,—1. Theorem [7.2] yields that,
Pracylmn-1] = 1Qn-1{(D, ¢, pir,, , (P)) | (D, q, P) € X} (8.1)

The proof of Lemma [8.11] is now based on the following lemma which we shall prove by
induction on the definition of RY.

Lemma 8.12. For every (D,q,U) € RY. There exists P € Qn—1 such that (D,q,P) € X
and U C fn_1(P).
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Let us first use Lemma to handle the main proof. Let (D, q,U) € R%. We have to
exhibit 7' € @n1 such that (D,q,T) € Py c)[mn-1] and [rU C frn_1(T).
Using Lemma [8.12] we get P € Q1 such that (D,q,P) € X and U C f,—1(P). In
view of , this yields,
(D, q, pr,,_, (P)) € ,Pgol(C) [Tn_l]

By definition of the set ’PIOéDol(C) [Tn—1] and of the morphism «, this exactly says that,

firy_1 (P) € Ipoey [px (@) N D, 1]
Moreover, Lemmayields that U C fp—1(P) C fo—1(ptr,,_, (P)). Finally, fn—1(pr,_,(P)) =
Irfn—1(ptr,_,(P)) by definition of f,,_; and we obtain, JrU C fn—1(pr, ,(P)). Hence, the
desired property holds for 7" = i, ,(P) and we are finished.

It remains to prove Lemma Consider (D,q,U) € R%. By definition of R%, we
know that (D, q,U) € T\’,g is built from trivial elements using two operations: multiplication
and S-restricted Pol(C)-closure. We proceed by induction on this construction. There are
three cases depending on the last operation used to build (D, q,U) € Rg.

Base case: trivial elements. In that case, there exists w € A* such that D = [w]c,
g = p(w) and U = {p(w)}. Since X is Pol(C)-saturated for p, and 7,_1, we know that
([wle, p(w), Tn—1(w)) € X. Hence, it remains to prove that U = {p(w)} C fr—1(mh—1(w)). It
will then be immediate that Lemma holds for P = 7,,—1(w). This is immediate from the
following fact.

Fact 8.13. For every m € N, we have p(w) € fm(Tm(w)).

Proof. This is a simple induction on m. When m = 0, we have p(w) € 19(w) by definition
of 9. It follows that p(w) € fo(7o(w)) by definition of fy. Assume now that m > 1. Recall
that 7, is ng*ol(c) [Tm_1] : 247 — 28X@m-1 by definition. Therefore,

Tm(w)(p(w)) = Zpoc) [p3 " (p(w)) N {w}, 1] = Zpaey {w}, Tm-1]
Thus, Tm—1(w) € Tm(w)(p(w)). Moreover induction yields p(w) € fr—1(Tm—1(w)). Therefore,
by definition of f,, we have p(w) € fp,(Tm(w)). [

Inductive case 1: multiplication. We have (Dy,7r1,U1) € Rg and (Dq,19,Us) € Rg
such that D = Dy« Do, ¢ = rir9 and U = U1Us. By induction, we obtain P, Py € Qp_1
such that (Dl,Tl,Pl),(DQ,TQ,Pg) (S X, U, C fn_l(Pl) and Uy C fn_l(Pg). Since X is
Pol(C)-saturated, it is closed under multiplication and we get,
(D,q,PLPy) = (D1« Da,r172, PLP) € X
Moreover, Lemma, yields that,
U=U1Uz C fo1(P1) - fo-1(P2) C fr1(P1P)

Altogether, it follows that Lemma [8.12 holds for P = P, Ps.
Inductive case 2: S-restricted closure. In that case, we have idempotents (E, f, F') € R’;
such that D =F, ¢= fand U=F-S(E)-F.

By induction, we get V € Q,—1 such that (E, f,V) € X and F C f,_1(V). Since

Qn—1 is a finite monoid, there exists a number n > 1 such that V™ is a multiplicative
idempotent of @,—1. Hence, since (E, f,V) € X which is closed under multiplication (it is
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Pol(C)-saturated), we get that (E, f, V") € X. We may again use the hypothesis that X is
Pol(C)-saturated to apply Pol(C)-closure and obtain,

(E, f,V" - 1_1(E)- V") e X
Since D = F and ¢ = f, it now remains to show that U = F-S(E)-F C f,—1(V"71,—1(E)-V"™).
It will then be immediate that Lemma holds for P = V"™ - 1,,_1(E) - V™. It is immediate
by induction in Proposition [8.7] that,

S(E) C fa-1(ma-1(E))
Moreover, since we already know that F' C f,,_1(V) is an idempotent by definition, it follows
from Lemma that,
F-S(E)-F=F"-S(E)-F"C fp (V" 11 (E)- V")
This concludes the proof of Lemma [8.12 L]

9. COMPLETENESS IN THEOREM [5.3]

In this section, we prove the completeness direction in Theorem [5.3] As for the soundness
proof, the section is divided in two parts. We start with a preliminary result which applies to
Boolean closure in general, i.e. to classes of the form Bool(G) when G is an arbitrary lattice.
We then use it in the special case G = Pol(C) to handle the completeness proof.

9.1. Preliminary result. We fix a lattice G and let D = Bool(G). Moreover, we let
p:24" — R as a nice rating map. Finally, we write 7 for the rating map &p|p] : 247 — 28
introduced in Proposition [6.2]

We may now state our preliminary result. Note that the statement involves the rating
map (g" [7]: 24" — 282" introduced in Proposition It is built from the canonical map
ps« + A¥ — R associated to p and the rating map 7 = {p|p).

Proposition 9.1. For every L € D and s € 7(L), we have r1,...,1, € R such that
(ris{r1+ - +r}) € GG TI(L) for everyi <k and s <1y + -+ 1%

Proof. We fix a language L € D and s € 7(L) for the proof. We exhibit r1,...,7, € R such
that (ri, {r1 + - +rg}) € (G [T](L) for every i <k and s <rp+ -+ + 7%

For every ¢ € R, we let H, as an optimal G-cover of LN p; !(q) for 7. Since D = Bool(G),
we have the following fact.

Fact 9.2. There exists a D-cover K of L such that for every K € K and every q € R, if
K Np;t(q) #0, then there exists H € H, such that K C H.

Proof. Let H=J qer Hyg and consider the following equivalence ~ defined on L. For every
u,v € L, we let u ~ v if and only if u € H < v € H for every H € H. We let K as the
partition of L into ~-classes. By definition, K is a cover of L. Moreover, it is a D-cover.
Indeed, by definition, K only contains Boolean combinations of I € D with languages in
H (which are in G and D = Bool(G)). It remains to show that K satisfies the property
described in the fact.

Let ¢ € R and assume that there exists w € K N p;(q). By definition of K, we have
K C L which means that w € LN p;1(q). Therefore, since Hy is a cover of LN p;!(q) by
definition, we have H € H, such that w € H. Consequently, K N H # (). Finally, since K is
a ~-class by definition of K, it follows from the definition of ~ that K C H. L]
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We let K as the D-cover of L described in Fact m By definition, we have L C |Jgex K.
Hence, since 7 = &p|p] is a rating map, it follows that,

(L)< | 7(K)
KeK

Consequently, since s € 7(L), we get some K € K such that s € 7(K). We let G as an
optimal D-cover of K for p. Since K € D, we may choose G such that G C K for all G € G.
By definition of G, we have Z[p|(G) = Zp [K, p] and since 7(K) = Zp [K, p] by definition,
we get that s € Z[p](G). Therefore, there exists G € G such that s < p(G).

Since p is nice by hypothesis, we have w1, ..., wy € G such that p(G) = p(w1)+- - -+p(wg).
We let 7; = p(w;) for every i < k. by definition, we have s < ry + -+ 4+ 1. Therefore, it
remains to show that (r;, {r1 +---+rx}) € (5" [7](L) for every i < k.

We fix ¢ < k for the proof. By definition, p(w;) = r; and w; € G C K. Hence,
w; € KN p;t(r;) and it follows from the definition of K in Fact that there exists
a language H € H,, such that K C H. Recall that r; + -+ + 7, = p(G). Moreover,
p(G) € Z[p](G) and we have Z[p|](G) = 7(K) by definition. Consequently,

T1—|—"'+TkET(K)QT(H)

Therefore, since H € H,,, we have {r1 +--- +ri} € Z[7](H,,). Recall that we defined H,,
as an optimal G-cover of L N p; !(r;) for 7. Hence, we obtain,

{7"1 4+ _A,_rk} c Ig [Lﬁp;l(rz’)ﬂ']

By definition of (5[], this yields that (r;, {r1 + -+ rr}) € (5" [7](L) which concludes the
proof. ]

9.2. Completeness proof for Theorem We may now come back to our main objec-
tive: completeness in Theorem [5.3] We fix a finite quotient-closed Boolean algebra C and a
C-compatible nice multiplicative rating map p : 24~ — R. We need to prove that Pg Pol(C) (]
is BPol(C)-saturated for p. Since, we already showed in the previous section that every
BPol(C)-saturated subset is included in ngol(c) [p], Theorem [5.3| will follow: ngol(c) [p] is
the greatest BPol(C)-saturated subset of R. For the sake of avoiding clutter, we shall write
S for PJCBPOI(C) [p] C (A*/~c) x R.

Remark 9.3. Contrary to the soundness direction, we do need the hypothesis that p is nice
here. This is required for applying the above preliminary result: Proposition [9.1]

By Theorem [3.2] Pol(C) is a lattice. Therefore, we may instantiate the definitions and
the result presented at the beginning of the section for our nice multiplicative rating map
p: 24" = R in the special case when G = Pol(C) and D = BPol(C). In particular, recall
that in this case, we write 7 for the rating map {gpo(c)[p]-

We complete Proposition [0.1] with another one specific to this special case. As for the
soundness direction, its proof if based on Theorem the characterization of Pol(C)-optimal
imprints. Together, these two results imply that S = Pg, Pol(C) [p] is BPol(C)-saturated for p.

Proposition 9.4. Let D € A*/~¢c and r € R. For every U € Lpyc) [DNp;t(r), 7], there
exists U' € 27 such that (D,r,U’) € R and U C [gU’.
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We first combine Proposition and Proposition to prove that S = 77% Pol(C) [p] is
BPol(C)-saturated for p and finish the completeness proof. Consider (D,r) € P%POZ(C) ],
we have to show that (D, r) satisfy . That is, we have to exhibit r1,...,rr € R such
that r < 71 + -+ ry, and for every i < k, there exists U; € 2 satisfying (D,r;,U;) € Rg
and r1 + -+ 1, € LrU;

Since D € A*/~¢, we have D € C C Pol(C). Moreover, (D,r) € Plg’gpol(c) [p] means that
7 € Ippoic) |D, p] by definition (i.e. r € 7(D) since 7 is {ppoi(c)lp]). Hence, we may apply
Proposition This yields r1,...,rr € R such that r <ry +---+ r, and for every i < k,
we have {r1+---+ 7} € Ipgcy [L N p; ' (ri), 7]. Then, we obtain from Proposition 9.4 that
for every i < k, there exists U; € 2% such that (D, r, U;) € Rg and 71 4+ --- + 1 € LRrU;.
Altogether, this is exactly the property stated in (5.1). This concludes the completeness
proof for Theorem It remains to prove Proposition |9.4

Proof of Proposition[9.f} We first apply Theorem and then use the result to prove the
proposition. Clearly, the Cartesian product (A*/~¢) X R is a monoid when equipped
with the componentwise multiplication. Let a : A* — (A*/~¢) x R be the morphism
defined by a(w) = ([w]¢, p(w)). Clearly, « is a C-compatible morphism: for every pair
(D,r) € (A*/~¢) x R, it suffices to define [(D,r)]c = D.

We also know that 7 = {gpei(c)[p] is Pol(C)-multiplicative By Lemma since Pol(C)
is a quotient-closed lattice closed under marked concatenation. Moreover, the associated
endomorphism of (2%, U) is the map V + |gV. Therefore, we may apply Theorem to get
a description of Pp oy [7]. Let X be the least Pol(C)-saturated subset of (A*/~¢) x R x 2%

for a and 7. Theorem [7.2] yields that,
Prac)m] = Lar{(D, 7, LrU) | (D,1,U) € X} (9.1)
Proposition is now a consequence of the following lemma.

Lemma 9.5. For every (D,r,U) € X, there exists U’ € 21 such that (D,r,U’) € R% and
U C [grU".

Let D € A*/~¢ and r € R. Consider U € Zpyc) [D N p;'(r),7]. We have to exhibit
U’ € 2! such that (D,r,U’) € R% and U C [gU'.

By definition of a and P3 ;) (7], U € Zpoycy [D N py (1), 7] exactly says that(D,r,U) €
P}%Ol(c) [7]. Hence, using (9.1)), we get V € 2 such that (D,r,V) € X and U C [gV. Then,
Lemma [9.5] yields U’ € 2% such that (D,r,U’) € R% and V C [gU’. It follows that
U C |rlrU" = | gRU" and Proposition is proved.

It remains to prove Lemma Consider (D, r,U) € X. By definition, X is the least
Pol(C)-saturated subset of (A*/~c) x R x 2% for a and 7. Hence, we know that (D,,U) is
built from trivial elements using multiplication and Pol(C)-closure. We proceed by induction
on this construction.

Base case: trivial elements. In that case, we have w € A* such that D = [w]¢, r = p(w)
and U = 7(w). Observe that {w} € BPol(C). Indeed, assume that w = a; - --a, with
aj---ap € A. Then, since A* € C (it is a Boolean algebra), we have,

{w} = A*a1 A" - a, A* N | A%\ U  A5A"---b.1A7 | | € BPol(C)
bl,---,bn+1€A
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Hence, {{w}} is a BPol(C)-cover of {w} and it is immediate that,

7(w) = Eppae) [Pl(w) = Ippac) {w}, p] = Lrip(w)}

Moreover, we have ([wle, p(w), {p(w)}) € RS by definition (it is a trivial element). Clearly,
Lemma [9.5] now holds for U’ = {p(w)}: U = |gU".

Inductive case 1: multiplication. In that case, we have (Dy,r1,U;), (D2,12,Us) € X
such that D = Dy« Dy, 7 = 7173 and U = U;Us. Using induction, we get U], U} € 2 such
that Uy C |rU], Us C LgUj and (Dy,r1,U7), (D2, r2,Us) € RE. Since RY is closed under
multiplication, we have,

(D,r,U1Uy) = (D « Do, 1179, U Uy) € R,

Moreover, since Uy C [gU] and Us C [gUJ, it is immediate that U Uy C | gr(U{US). Thus,
Lemma now holds for U’ = U{U} which concludes this case.

Inductive case 2: Pol(C)-closure. In that case, we have a triple of idempotents (E, f, F') €
X suchthat D=FE,r=f,and U =F -7(E) - F.

Using induction, we get V € 2F such that FF C |gV and (E, f,V) € Rg. Since 2% is a
finite monoid, there exists a number n > 1 such that V"™ is a multiplicative idempotent of
2R Moreover, since Rg is closed under multiplication, we have (E, f, V") € Rg which is a
triple of idempotents. Hence, we may apply S-restricted Pol(C)-closure in the definition of
Rg. This yields,

(E,f,V"-S(E)-V") e RE
We prove that U C [ (V™ - S(E)- V™). Since we have D = F and r = f, it will follows that
Lemma holds for U’ = V" - S(E) - V™, finishing the proof.

By definition, S = ngol(c) [p] which means that S(E) = Zgpec) [E,p]. Moreover,
since 7 is {ppoi(c)[p] by definition, we also have 7(E) = Zgpgc) [, p]. Thus, 7(E) = S(E).
Moreover, we also know that F' C | gV. Hence, since F' € 2 is an idempotent, this yields,

U=F-7(E)-FC({gV)" - S(E) - (lgV)" C Lr(V"-S(E)-V")
This concludes the proof of Proposition [9.4] O

10. CONCLUSION

We proved that separation and covering are decidable for all classes of the form BPol(C)
when C is a finite quotient-closed Boolean algebra. This yields separation and covering
algorithms for a whole family of classes. Arguably, the most important one is the level two in
the Straubing-Thérien hierarchy (which corresponds to the logic BYs(<)). Moreover, using
a known transfer theorem [PZ17a], this result can be lifted to dot-depth two.

An interesting consequence of our results is that since we proved the decidability of
separation for the level two in the Straubing-Thérien hierarchy, the main theorem of [PZ14]
is an immediate corollary: membership for this level is decidable. However, the algorithm
of [PZ14] was actually based on a characterization theorem: languages of level two in the
Straubing-Thérien hierarchy are characterized by a syntactic property of a canonical recognizer
(i.e., their syntactic monoid). It turns out that one can also deduce this characterization
theorem from our results (this does require some combinatorial work however). In fact, one
may generalize it to all classes BPol(C) when C is a finite quotient-closed Boolean algebra.
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Finally, the main and most natural follow-up question is much harder: can our results be
pushed to higher levels within concatenation hierarchies? For now, we know that given any
finite quotient-closed Boolean algebra C, Pol(C), BPol(C) and Pol(BPol(C)) have decidable
covering (the former and the latter are results of [Plal8]). Consequently, the next relevant
levels are BPol(BPol(C)) and Pol(BPol(BPol(C))).
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