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Abstract. In this paper we introduce so-called asymptotic logics, logics
that are meant to reason about weights of elements in a model in a way
inspired by topology. Our main subject of study is Asymptotic Monadic
Second-Order Logic over infinite words. This is a logic talking about w-
words labelled by integers. It contains full monadic second-order logic
and can express asymptotic properties of integers labellings.

We also introduce several variants of this logic and investigate their
relationship to the logic MSO+U. In particular, we compare their ex-
pressive powers by studying the topological complexity of the different
models. Finally, we introduce a certain kind of tiling problems that is
equivalent to the satisfiability problem of the weak fragment of asymp-
totic monadic second-order logic, i.e., the restriction with quantification
over finite sets only.

1 Introduction

In this paper we consider logics that are able to express asymptotic properties
about structures whose elements are labelled by weights. We call such logics
‘asymptotic logics’. In general, these logics refer to a structure 2 together with
a labelling function d, called the ‘weight map’, that maps elements or tuples of
elements to non-negative reals. A typical example of such an object is a metric
structure, i.e., a structure 2 equipped with a distance map d : Uy X Ugy — [0, 00).
In general, we refer to such structures as ‘weighted structures’.

We are interested in the formalisation of properties of asymptotic nature over
weighted structures. Typical examples, in the case of a metric structure, are:

— Continuity of a function f:

(V) (Ve > 0)(36 > 0)(Vy) [d(m,y) <0 —=d(f(x), fly) < 5] )
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— Uniform continuity of f:
(Ve > 0)(30 > 0)(Vz)(Vy) [d(z,y) < & — d(f(x), f(y)) <e] -
— Cauchy convergence of a sequence (a;);er:
(Ve > 0)(3k)(Vi, j > k)[d(ai,a;) < €] .

— Density of aset Y:  (Va)(Ve > 0)(3y € V) [d(z,y) <¢] .

Inspecting the syntax of these formulae, we note the following properties. First,
there are two sorts: the objects that live in the universe of the structure, such
as elements, series, functions, etc...., and the objects living in R that are used
to refer to distances. The map d is the only way to relate these two sorts, and
all tests in which elements of R are involved are comparisons with variables
g,d. More interesting is the remark that if a variable, say e, ranging over R is
quantified universally, it is always used as an upper bound, i.e, positively in a test
of the form d(—) < e (positively in the sense that an even number of negations
separate the quantifier from its use). Dually, if it is quantified existentially, it is
always used as a lower bound, i.e., positively in a test of the form d(—) > €. In
particular, this is the case for the test d(z,y) < ¢ in the sentences expressing
continuity and uniform continuity, since it occurs in the left hand-side of an
implication.

This syntactic property witnessed in the above examples can be turned into a
definition. An asymptotic formula is a formula in which it is possible to quantify
over quantities Je, V¢, and the only way to use the map d is in tests of the form
d(—) > ¢ positively below Je and d(—) < § positively below V4.

This restriction captures the intuition that variables ranging over RT are
always thought as ‘tending to 0’ or ‘to be very small’. In other words, they
are only used to state properties of a topological nature. Our objective is to
understand the expressive power and the decidability status of logics to which
we have added this asymptotic capability.

Link with topological logics. Of course, logics as described above are related to
topological notions, and as such these logics are not very far from the topological
logics as studied in the seventies and eighties. These were logics (variants of first-
order logic) in which it is possible to quantify over open sets. There are several
variants. Flum and Ziegler introduced a logic in which it is possible to quantify
over open sets, but it is only allowed to test the membership in these sets under
a positivity assumption with respect to the quantifier [11] (in a way very similar
to our case). Rabin proved, as a consequence of the decidability of the theory of
the infinite binary tree that the theory of the real line (R, <) with quantification
over open sets is decidable [15]. On the other hand, Shelah and Gurevich showed
that monadic formulas over Cantor space equipped with an ‘is open’ predicate
is undecidable [12].

Our approach is slightly different. Our base object is not, as above, a topology
of open sets, but a weight map d. Of course, if d is required to be a distance,



it induces a topology. However, there is no such assumption in general (and d
may even be non-binary). Nevertheless, we can consider the topology over the
non-negative reals in which the open sets are the neighbourhoods of 0 (as well
as () of course). Then the quantifiers Ve, 34,...can be replaced by quantifiers
ranging over open sets, and tests of the form d(—) < € by membership tests of
d(—) in an open set. Furthermore, these tests respect the positivity assumption
as defined by Flum and Ziegler. However, this relationship of our logic with those
from the literature does not seem to help with solving the questions raised in
the present paper.

Monadic second-order logic and asymptotic monadic second-order logic. In this
paper, we consider the asymptotic variant of monadic second-order logic, though
certainly this notion of asymptoticity can be combined with other formalisms.
Let us recall that monadic second-order logic is the extension of first-order logic
by set quantifiers. There is a long history of works dealing with the decidabil-
ity of monadic second-order logic over some classes of structures, the prominent
examples being the results over w by Biichi [7] and over the infinite binary tree
by Rabin [15]. These results can be regarded as foundations for a theory of
‘regular languages’ of infinite words and trees. We are interested in knowing
whether this logic can be ‘made asymptotic’ while keeping these strong decid-
ability properties. We have good hopes that — at least some of — these results
can be generalised to more general ones, in which monadic logic is extended with
asymptotic capabilities.

Before continuing, let us formalise what is ‘asymptotic monadic second-order
logic’ (AMSO for short). The first aspect is that weight maps range over the
elements of the structure, and not tuples. This is a design choice, our goal be-
ing to concentrate our attention on the simplest situation. The second aspect is
cosmetic: instead of considering quantities ranging over RT, we consider quan-
tities ranging over N. Essentially, this amounts for weights to exchange d(—)
with [1/d(—)] and, for quantifiers Je, V& ranging over RT, to exchange them
for Ir, Vs ranging over N. As a consequence, existentially quantified numbers
are used as upper bounds, while universally quantified ones are used as lower
bounds. Hence, the syntax of ‘asymptotic monadic second-order logic’ is the one
of MSO, extended by number quantifiers 3r, Vs ranging over N and by predicates
of the form d(x) < r and d(x) > s, where z is a first-order variable, under the
assumption that there is an even number of negations between the quantifier
and the use.

Let us give some examples. The structure here is w and f : w — N is a weight
map. The convention is that variables x, y, z range over elements of w, upper case
variables XY, Z over subsets of w, and r, s over N.

— f is bounded: 3sVz[f(x) < s].

— f tends to oo: Vrixz(Vy > x)[f(y) > r].

— f takes infinitely many values infinitely many times:
VrasVe(Jy > x)[r < f(y) < 9] .

The subject of this paper is to analyse the expressive power of AMSO, as
well as its variants, and study its decidability status.



Link with MSO+U. A logic closely related to AMSO is MSO+U [1, 3]. MSO+U is
monadic second-order logic extended by a quantifier UX ¢(X) stating that ‘there
are arbitrarily large finite sets X satisfying ¢(X)’, i.e., UX@(X) is equivalent
to Vs3X[|X| > s A ¢(X)]. Thus, MSO+U can be regarded as a fragment of an
asymptotic logic, if the weight map is chosen to be ‘the cardinality map’ that
associates to each set its size (and, say, 0 for infinite sets).

So far, the precise decidability status of MSO+U is unknown. The most
expressive decidable fragment over infinite words corresponds (essentially) to
Boolean combination of formulas in which the U-quantifier occurs positively [3]
(in fact a bit more). On the negative side, it is known that over infinite trees
MSO+U is undecidable [4] under the set-theoretic assumption V' = L. This proof
is inspired from the undecidability proof of MSO over the real line by Shelah
[16], and it is absolutely not adaptable to infinite words as such. Hence, there
is a very large gap in our knowledge of the decidability of MSO+U. The case
of the weak fragment of MSO+U, i.e., where set quantifiers do only range over
finite sets, has been positively settled in [5,6] over infinite words and trees. In
terms of the expressive power, this weak fragment still falls in the classes that
are understood from [3].

In some sense, this paper can be seen as an attempt to better understand the
logic MSO+U. This is also the subject of another branch of research: the theory
of regular cost functions [8, 10, 9]. However, that approach concentrates on how
to measure the cardinality of sets (the quantifier U involves such a computation),
and does not give any asymptotic analysis of quantities.

Contributions of the paper. In this paper, we study AMSO and some of its
variants over infinite words. These variants are: BMSO in which number quan-
tifiers are replaced by a boundedness predicate; EAMSO which extends AMSO
with quantification over weight functions; and EBMSO that combines these two
modifications. We also study the weak fragment WAMSO of AMSO, and its
‘number prenex’ fragment AMSO"P. The contributions are in several directions:
expressive power, topological complexity, and decidability.

Concerning the expressive power we show that EAMSO is equivalent to
EBMSO, AMSO is equivalent to BMSO, and WAMSO is equivalent to AMSO™P.
All other pairs of logics can be separated. However, more interestingly, we can
show that as far as the decidability of satisfiability is concerned, AMSO, BMSO,
EAMSO, EBMSO and MSO+U are all equivalent, and WAMSO is equivalent to
AMSO"P. We are hence confronted with only two levels of difficulty.

Concerning topological complexity, we perform an analysis in terms of de-
scriptive set theory. We prove that AMSO reaches all levels of the projective
hierarchy, while WAMSO reaches all finite levels of the Borel hierarchy. This
separates the two classes. In particular, this shows that — as far as topological
complexity is concerned — WAMSO is far simpler than AMSO, and at the same
time far more complex than any variant of MSO known to be decidable (for
instance the weak fragment of MSO+U remains at the third level of the Borel
hierarchy).



On the decidability front, the case of MSO+U is notoriously open and diffi-
cult, and as explained above (in particular, it is known to be undecidable over
infinite trees, though this gives no clue about the infinite word case). AMSO
is not easier. In this paper, we advocate the importance of the weak fragment
WAMSO as a logic of intermediate difficulty. Though we have to leave its decid-
ability status open as well, we are able to disclose new forms of tiling problems
that are equivalent to the decidability of the satisfiability of WAMSO. This
provides a promising line of attack for understanding the decidability status of
AMSO and MSO+U.

We believe that these numerous results perfectly describe how the asymptotic
notions relate to other notions from the literature, the prominent one being
MSO+U. In particular we address and answer the most important questions:
expressive power, topological complexity, and — in some very preliminary form —
decidability. We are finally convinced that the tiling problems that we introduce
deserve to be studied on their own.

Structure of the paper. In Section 2, asymptotic monadic second-order logic is
introduced as well as several fragments. Some first results are proved: the weak
fragment is introduced and it is shown to be equivalent to the number prenex-
form of AMSO. The extended version of asymptotic monadic second-order logic
(EAMSO) is introduced and its relation to MSO+U is established. Section 2.3
characterises our logics in terms of Borel complexity. In Section 3, we introduce
certain tiling problems and we show their equivalence with the satisfiability
problem for WAMSO.

2 Asymptotic monadic second-order logic and variants

In this section, we quickly recall the definition of monadic second-order logic
and we introduce the new asymptotic variant AMSO (which happens to be
equivalent to another formalism, called BMSO, see below). We then introduce
the weak fragment WAMSO, mention some of its basic properties. We conclude
with a comparison of the expressive power of these logics.

We assume that the reader is familiar with the basic notions of logic. We
consider relational structures 2 = (U, Ry, ..., R;) with universe U and relations
Ri,...,R;. A word (finite or infinite) over the alphabet X' is regarded as a
structure whose universe is the set of positions and where the relations consist
of the ordering < of positions and unary relations a, for each a € X, containing
those positions carrying the letter a.

Monadic second-order logic (MSO) is the extension of first-order logic (FO)
by set variables X,Y, ... ranging over sets of positions, quantifiers 3X, VX over
such variables, and membership tests x € Y.

2.1 Weighted structures and asymptotic monadic second-order logic

The subject of this paper is asymptotic monadic second-order logic. This logic ex-
presses properties of structures whose elements have a weight which is a natural



number. Formally, a weighted structure is a pair (2, f) consisting of a relational
structure 20 with universe U and a tuple of functions f; : 4 — N called weight
functions. A weighted finite word (resp. a weighted w-word) corresponds to the
case where 2l is a finite word (resp., an w-word).

Asymptotic monadic second-order logic (AMSO) extends MSO with the fol-
lowing constructions:

— quantifiers over variables of a new type, number variables (written r, s,t, . ..)
that range over natural numbers, and

— atomic formulae f(z) < r where z is a first-order variable and r a number
variable. These formulae must appear positively inside the existential quan-
tifier binding r, i.e., the predicate and the quantifier are separated by an
even number of negations. As a commodity of notation, the dual predicate
f(x) > r can be used positively below the universal quantifier Vr.

Ezxample 1. Tt is possible to express in AMSO that:

— the weights in a structure are bounded:  Frvz[f(z) < r|,

— an w-word has weights tending to infinity:  Vs3z(Vy > x)[f(y) > 5],

— infinitely many weights occur infinitely often in a weighted w-word:
VsIrVe(Jy > x)[f(y) > s A fly) <r].

On the other hand, the formula Vr3z[f(xz) < r] is ill-formed since it does not
respect the positivity constraint separating the introduction of r and its use.

There is an alternative way to define this logic, in a spirit closer to MSO+U:
the logic BMSO extends MSO with boundedness predicates of the form f[X] < oo
where X is a set variable. Such a predicate holds if the function f restricted to
the set X is bounded by some natural number. Hence f[X] < oo can be seen
as a shorthand for the AMSO formula 3Ir(Vz € X)[f(z) < r]. It follows that
BMSO is a fragment of AMSO. In fact, both logics are equivalent, as shown by
the following theorem.

Theorem 2. AMSO and BMSO are effectively equivalent over all weighted struc-
tures.

Finally, let us mention an important invariance of the logic AMSO. Two functions
f,9:U — N are equivalent, noted f = g, if they are bounded over the same sub-
sets of their domain (this is expressible in BMSO as VX (f[X] < 0o +» g[X] < 00)).
We extend this equivalence to weighted structures by (A, f) ~ (B, g) if A and
B are isomorphic, and f; ~ g; for all i.

Proposition 3. ~-equivalent weighted structures have same AMSO-theory.

This is obviously true for the logic BMSO, and hence also for AMSO according to
Theorem 2. In fact, Proposition 3 also holds for the logic EAMSO introduced in
Section 4 below and, more generally, for every logic that would respect syntactic
constraints similar to AMSO in the use of weights. An immediate consequence
is that there is no formula defining f(x) = f(y) in AMSO or its variants. This
rules out all classical arguments yielding undecidability in similar contexts of
‘weighted logics’.



2.2 The weak and the number prenex fragments of AMSO

The use of quantifiers over infinite sets combined with number quantifiers in-
duces intricate phenomena (the complexity analysis performed in Section 2.3
will make this obvious: AMSO reaches all levels of the projective hierarchy).
There are two ways to avoid it. Either we allow only quantifiers over finite sets,
thus obtaining WAMSO (which defines only Borel languages), or we prevent the
nesting of monadic and number quantifiers by requiring all number quantifiers
to be at the head of the formula, thereby obtaining the number-prenex fragment
of AMSO, named AMSO"P. We will see that these two logics have the same ex-
pressive power. To avoid confusion, let us immediately point out that WAMSO
and WMSO+U, the weak fragment of MSO-+U, are very different logics. This
is due to the fact that the syntax of AMSO is not the one of MSO+U, and as
a consequence assuming the sets to be finite has dramatically different effects.
In particular, we will see that WAMSO inhabits all finite levels of the Borel
hierarchy, while it is known that WMSO+U is confined in the third level [13].

Weak asymptotic monadic second-order logic (WAMSO) is obtained by re-
stricting set quantification to finite sets (the syntax remains the same). We will
write 3¥ X and V¥ X when we want to emphasize that the quantifiers are weak,
i.e., range over finite sets. Let us remark that, as usual, the weak logic is not
strictly speaking a fragment of the full logic since, in general, AMSO is not able
to express that a set is infinite. However, on models such as words, w-words, or
even infinite trees, the property of ‘being finite’ is expressible, even in MSO.

It turns out that, in a certain sense, weak quantifiers commute with number
quantifiers.

Lemma 4. There exists a WAMSO-formula (X, r) such that, for every se-
quence Qt of number quantifiers, every WAMSO-formula Qt p(X,t), and all
weighted w-words w,

wE I XQtp(X, 1) iff wkEIrQEFX[p(X, ) Ap(X,7r)] .

By this lemma, it follows that we can transform every WAMSO-formula into
number-prenex form, i.e., into the form Qfy, where Qf is a sequence of number
quantifiers while ¢ does not contain such quantifiers. However, this translation
adds new number variables in the formula. The fragment of AMSO-formulae in
number prenex form is denoted AMSO"P. For weak quantifiers, we obtain the
logic WAMSO™ in the same way.

Theorem 5. The logics WAMSO, AMSO™ and WAMSO"? effectively have the
same expressive power over weighted w-words.

2.3 Separation results

To separate the expressive power of the logics introduced so far, we employ
topological arguments. One way to show that a logic is strictly more expressive
than one of its fragments is to prove that it can define languages of a topological
complexity the fragment cannot define. In our case we use the Borel hierarchy
and the projective hierarchy to measure topological complexity.



Theorem 6. Languages definable in AMSO strictly inhabit all levels of the pro-
jective hierarchy, and not more. Languages definable in WAMSO strictly inhabit
all finite levels of the Borel hierarchy, and not more.

This is proved using standard reduction techniques. We obtain the following
picture:

Bool(X9) all Borel levels of finite rank all projective levels

—
MSO = WMSO ¢ WAMSO = AMSO"™ C AMSO

=

As an immediate consequence, we obtain the corollary that AMSO is strictly
more expressive than WAMSO and AMSO"P, that AMSO"P is strictly more
expressive than MSO, and that WAMSO is strictly more expressive than WMSO.

3 Weak asymptotic monadic second-order logic and tiling
problems

We have introduced in the previous sections several logics with quantitative capa-
bilities. The analysis performed shows that WAMSO (or equivalently AMSO™"P)
offers a good compromise in difficulty in the quest for solving advanced logics like
MSO+U. Indeed, in terms of Borel complexity, it is significantly simpler than
other logics like AMSO and EAMSO, and hence MSO+U. Despite its relative
simplicity, this logic is, still in terms of Borel complexity, significantly more com-
plex than any other extensions of WMSO known to be decidable over infinite
words, e.g., WMSO+U* and WMSO+R?® [2,5]. Both of these logics can define
Boolean combinations of languages at the third level of the Borel hierarchy.

In this section, we develop techniques for attacking the satisfiability problem
of WAMSO over weighted w-words, though we are not able to solve this problem
itself. Our contribution in this direction is to reduce the satisfiability problem
of WAMSO to a natural kind of tiling problem, new to our knowledge, the
decidability of which is unknown, even in the simplest cases. As a teaser, let us
show the simplest form of such tiling problems:

Open problem 7 Given two regular languages K and L over an alphabet X
where K is closed under letter removal, can we decide whether, for every n,
there exists a X -labelled picture of height n such that all rows belong to L and
all columns to K?

Note that this problem would clearly be undecidable if K was not required to
be sub-word closed. In the remainder of the section, we first introduce these
problems in a more general setting (a multidimensional version of it), and give
the essential ideas explaining why the decidability of satisfiability for WAMSO
reduces to such tiling problems.

4 The weak fragment of MSO+U, where set quantifiers range over finite sets.
5 An extension of WMSO with an unusual recurrence operator. Adding this operator
to MSO yields a logic equivalent to MSO+U.



3.1 Lossy tiling problems

A picture p : [h] x [w] — X is a rectangle labelled by a (fixed) finite alphabet X
where h € N is the height and w € N the width of the picture. For 0 < i < w,
the ith column of the picture is the word p(0,7)p(1,4)...p(h — 1,%). A band
of height m in a picture is obtained by erasing all but m-many rows from a
picture. We regard bands of height m as words over the alphabet Y. Formally,
for 0 < j1 < jo < -+ < jm < h, the band for rows ji,...,Jjm is the word
(r(j1,0), ..., p(Jm,0)) ... (p(j1,w=1), ..., p(jm,w—1)). Our tiling problems have
the following form. Fix an alphabet X' and a dimension m € N.

Input: A column language K C A* and a row language L C (A™)*, both regular.
Question: Does there exist, for all h € N, a picture p of height h such that

— all columns in p belong to K,
— all bands of height m in p belong to L?

Such a picture is called a solution of the tiling system (K, L).

Of course, in general such problems are undecidable, even in dimension m =
1. Consequently, we consider two special cases of tiling systems: monotone and
lossy ones. A tiling system (K, L) is lossy if K is closed under sub-words: for all
words u, v and all letters a, uav € K implies uv € K. A tiling system (K, L) is
monotone if there exists a partial order < on the alphabet X' (which we extend
component-wise, i.e., letter-by-letter, to X* and to (X™)*) such that v < v and
u € L implies v € L, and uabv € K implies ucv € K, for some ¢ with ¢ > a
and ¢ > b. Consequently, if we have a solution p of a lossy tiling system, we can
obtain new solutions (of smaller height) by removing arbitrarily many rows of p.
For a monotone tiling system, we obtain a new solution by merging two rows.

Ezample 8. (a) Counsider the one-dimensional lossy tiling problem defined by
L = a*ba* and K = a*b’a*. There are solutions of every height n: take a picture
that has label a everywhere but for one b in each row, and at most one b per
column (see Figure 1 (a)). The width of such a solution is at least n.

abaaaaa bcccccec dbaalclbaalc alllllll1l
baaaaaa abccccece cla bald|labalc blllalll
aabaaaa aabcccec cla a blc|a a bld blalblal
aaaaaab aaaabeceec babababa
aaaabaa aaaaaab

(a) (b) () (d)

Fig. 1. Some solutions to tiling problems

(b) A similar example uses the languages L = a*bc* and K = a*b’c*. Again,
there exist solutions for all heights n, and the corresponding width is at least n



too. However, the solution is more constrained since it involves occurrences of b
letters to describe some sort of diagonal in the solution (see Figure 1 (b)).

(¢) More complex is the system with L = (ca*ba*)*d(a*ba*c)* and K =
a*b’a*+c*d’ ¢*. There are also solutions of all heights, but this time, the minimal
width for a solution is quadratic in its height (see Figure 1 (c)).

(d) Our final example is due to Pawel Parys. It consists of L = al*+(b1*al*)™
and K = b*a’1*. All solutions of this system have exponential length (see Fig-
ure 1(d)).

Theorem 9. The satisfiability problem for WAMSO and the monotone tiling
problem are equivalent. Both reduce to the lossy tiling problem.

Conjecture 10. Monotone tiling problems and lossy ones are decidable.

This is the main open problem raised in this paper, even in dimension one. In
the remainder, we will sketch some ideas on how to reduce the satisfiability of
WAMSO to lossy tiling problems.

3.2 From w-words to finite words

Using Ramsey arguments in the spirit of Biichi’s seminal proof [7], we can reduce
WAMSO over w-words to the following question concerning sequences of finite
words. Consider a formula Qtp(f) in AMSO" and a sequence @ = uy, Uz, ... of
weighted finite words. We say that u (Qf)-ultimately satisfies ¢(t) if

Qt[u; |= ¢(f) for all but finitely many i] .

The limit satisfiability problem for AMSO™ is to decide, given a formula Qto(t),
whether ¢(?) is (Q?)-ultimately satisfied by some sequence .

Lemma 11. The satisfiability problem for AMSO™ and the limit satisfiability
problem for AMSO™ can be reduced one to the other. Furthermore, the prefiz of
number quantifiers is preserved by these reductions.

Of course, the interesting reduction is from satisfiability of AMSO"" on infinite
words to limit satisfiability. We follow here an approach similar to Biichi’s tech-
nique or, more precisely, its compositional variant developed by Shelah [16]. Tt
amounts to use Ramsey’s Theorem for chopping w-words into infinitely many
pieces that have the same theory. However, in this weighted situation, this kind
of argument requires significantly more care.

A typical example would be to solve the satisfiability of the AMSO"P-formula
¢ = VsIvVa(Jy > z)[s < f(y) < r] stating that there are infinitely many
values that occur infinitely often (Example 1). It reduces to solving the limit
satisfiability of the formula ¢ := Vs3Irdy[s < f(y) < r]. A limit model for this
formula would be the sequence (in which we omit the letters and only mention the
weights) @ = 0,01,012,0123, .. .. Indeed, for all s, fixing r = s+ 1, the formula
Jy[s < f(y) < r] holds for almost all u;. If we concatenate this sequence of words,
we obtain the weighted w-word 0010120123... which satisfies ¢. Conversely,



every w-word satisfying ¢ can be chopped into an infinite sequence of finite
weighted words that satisfy ¢ in the limit. In fact, this last reduction is more
complex since it requires us to take care of the values contained in the finite
prefixes. This is just an example, since in general the reduction is ‘one-to-many’
and involves regular properties of the finite prefixes.

4 Extended asymptotic monadic logic

In this section we prove that the decidability problem for AMSO over w-words
is equivalent to the corresponding problem for MSO+U. To do so we introduce
an extension of AMSO called eztended asymptotic monadic second-order logic
(EAMSO). This logic extends AMSO by quantifiers over weight functions. Inside
a quantifier 9f we can use the function f in the usual constructions of AMSO.
Note that variables for weight functions are not subject to any positivity con-
straint. Only number variables do have to satisfy such constraints.

Ezample 12. Let Lg be the language of w-words over the alphabet {a, b, c} such
that, either there are finitely many occurrences of the letter b, or the number of a
appearing between consecutive b tends to infinity. Consider the EAMSO-formula

Y = 3fVrIsTuVavz[(w <z < z Ab(x) Ab(2)) —
Jy(z <y <zAaly) Ar < fly) <s)] .

This formula defines Lg as follows. It guesses a weight function f and expresses
that, for every number r, there exists a number s such that, ultimately, every
two b-labeled positions @ < z are separated by an a-labeled position y with
weight in (r, s]. It is easy to see that, if the number of a in an w-word separating
consecutive b tends to infinity, the weight function f defined by

0 if the letter at x is not a
f(x) = ¢ r if z is the r-th occurrence of the letter a after the last
occurrence of the letter b or the beginning of the word

witnesses that the w-word is a model of 1. One can show that the converse also
holds, i.e., an w-word satisfies ¥ if and only if the number of a occurring between
b tends to infinity (or there are finitely many occurrences of b).

The interesting point concerning EAMSO is that we can prove that, as far as
satisfiability over infinite words is concerned, this logic is essentially equivalent
to both AMSO and MSO+U. Let us recall that MSO+U is the extension of MSO
with a new quantifier UX ¢ which signifies that ‘there exists sets of arbitrarily
large finite size such that ¢ holds’. For instance, it is straightforward to define
the above language Lg in MSO+U.

Theorem 13. (a) For every MSO+U-sentence, we can compute an EAMSO-
sentence equivalent to it over w-words. Conversely, for every EAMSO-sentence,



there effectively exists an MSO+U-sentence such that the former is satisfiable
over w-words if, and only if, the latter is.

(b) For every EAMSO-sentence, we can compute an AMSO-sentence such
that the former is satisfiable over w-words if, and only if, the latter is.

To compare the expressive power of EAMSO and AMSO, we again employ
topological arguments. It is easy to show that, over w-words without weights,
AMSO collapses to MSO and, therefore, defines only Borel sets. However, accord-
ing to Theorem 13, EAMSO is at least as expressive as MSO+U which reaches
all levels of the projective hierarchy [13], even over non-weighted w-words. Con-
sequently, EAMSO is strictly more expressive than AMSO.
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Appendices

In the remainder of this document we present the proofs that had to be omitted
from the main part due to space considerations. These appendices follow the
structure of the main part of the paper. Appendix A presents the proofs missing
from Section 2, Appendix B the ones missing from Section 2.3, and Appendix C
the ones missing from Section 3.

A Logics

We successively provide complementary proofs for AMSO in Section A.1, for
WAMSO and AMSO™ in Section A.2, and for EAMSO in Section A.3.

A.1 Some more on AMSO

The positivity assumption on the use of number variables results in the fact
that whenever some number r makes a formula 3rp true, then all larger values
would also make the formula true. A consequence of this is that some syntactic
transformations are valid in formulae, that are not allowed for general logics.

Proposition 14. In AMSO the following equivalences hold:

Irdse(r,s) = Jre(r,r), (Fre) A (Try) Ir(p AY),
Vr¥se(r,s) = Vro(r,r), (Vro) vV (Vry) = Vr(e V).

Proof. In the first equivalence, the right to left implication always holds. For the
converse, just note that, if values for » and s are chosen such that ¢ holds, the
formula would still be true if we would choose max(r, s) as value of both r and
s, by the above remark. Hence, there exists a value of r (namely max(r, s)) such
that @(r,r) holds.

The second equivalence follows from the first one since Irp(r) A Isy(s) is
equivalent to Irds(p(r) A ¢(s)) (this is true in any logic). The two remaining
equivalences follow by duality. a

We next prove Theorem 2 stating that AMSO and BMSO are equivalent.

Lemma 15. (a) For every BMSO-formula o(X), there is an AMSO-formula
©*(X) such that

A p(P) iff Al *(P),

Jor all weighted structures 21 and sets p.
(b) For every AMSO-formula p(X) without free number variables, there is a
BMSO-formula ¢*(X) such that

A p(P) iff Al *(P),

for all weighted structures A and sets P.



Proof. (a) We obtain ¢* from ¢ by replacing every atom of the form f[X] < oo
by the AMSO-formula

Ir(fIX] < 7).

b Intuitively instead of uantifyin over a number r, we uantify over sets
’ q g ’ q
of the form

Z:={a| fla)<r}.

Formally, the translation is as follows. For every number variable r and every
weight function f, we fix a set variable Z;,.. Let fo,..., fi be an enumeration of
all weight functions.

(XCY):=XCVY, (1 AO)* = p* A,
(XNY=0)":=XNnY =0 (1 vV I)* =" vV I*,
(RX)":= RX, ()" =,
(fIX]<r)" =X C Zs,, (AXp)* = IXY*,
(fIX]>s)"=XNZ;, =0, (VX)* :=VXy*,

()" =32+ g0 [ Asct filZga) < 00 n w7

(Vsy)* = Vo Vg [/\igl fi[Zfi;T] <0 = "/J*} .

A.2 The logic WAMSO

We need to prove Lemma 4, and then complete the proof of Theorem 5. The
following operation on formulae provides a translation from AMSO to MSO.

Definition 16. Let 7,5,t be tuples of number variables and let p(7,5) be an
AMSO-formula. We denote by li the formula obtained from ¢ by substituting

— the formula true for every atom of the form f[X]| < r; with r; € t, and
— the formula false for every atom of the form f|X] > s; with s; € t.

In the case where t = 75, we simply write | for ols.
The following observation follows immediately from the definitions.

Lemma 17. Let 7,7,5,5 be number variables and let m,m’',n,n’ be tuples of
numbers such that every component of m and 1 is greater than or equal to the
mazximal weight of A. Then

A= pmm',an’) iff AEelqa(m,n').

The next lemma summarises the key property of the operation plz. It is a
direct consequence of the preceding observation.



Lemma 18. Let ©(f) be an AMSO-formula and Qt a prefiz a number quanti-
fiers. Then

A Qly iff A= plg,
for every structure 2 whose weights are bounded.

Proof. 1t is sufficient to prove the following two equivalences

A Try(r) i AP,
A= Vsip(s) iff A=l

for every formula ).

Let k be some number larger than all weights of 2. First, suppose that 2 =
Iryp(r). Then there is some number m such that 2 = ¢ (m). By monotonicity,
it follows that 2 = ¢ (m + k). Consequently, Lemma 17 implies that 2 | ¢,.

Conversely, suppose that 2 = 1/,. By Lemma 17 it follows that 2 = ¢ (k).
Hence, 2 = Iry(r).

For the second claim, suppose that 2 |= Vsi)(s). Then 2 = (k) which
implies, by Lemma 17, that 2 = 9.

Conversely, suppose that 2 = 1]s. By Lemma 17 it follows that 2 = ¥(n),
for all n > k. By monotonicity, it follows that 2 = ¢(n), for all n. Hence,

A E Vsi(s).

The following proposition is a refinement of Lemma 4 from the main part of
the paper.

Proposition 19. There exists a WAMSO-formula 9(X, ) such that, for every
AMSO-formula (X, 1) and all sequences Qt of number quantifiers,

wEI"XQtp iff wEIrQEFYX[WI(X,r) Ay,
for all weighted w-words w.

Proof. We claim that the formula

I(X,r) = (Ve e X)(Vy <) \ fly) <r
f

has the desired properties where the conjunction ranges over all weight func-
tions f.

For the proof, we distinguish two cases. First, suppose that the all weights
are bounded in w. Then Lemma 18 implies that

wE IrQFYX[W(X,r) A ] iff wkEIX[WI(X,r) Al
iff wkEIX[P(X,r)dAel]
iff wEIXel
iff wgEIYXQtp.



It remains to consider the case where the weights of w are unbounded. We
claim that, in this case,

w = (3X (X, m)QEp i w = QEEYX (X, m))e,
for all m < w. For the proof, consider the weight function
g(x) :=max{ f(y) | y <z and f a weight function }.

This function is unbounded and (not necessarily strictly) increasing. For m < w
and a finite nonempty set P C w, it follows that

wEYP,m) iff g(maxP)<m,

Consequently, for every m < w, there are only finitely many finite sets P C w
such that w = 9(P,m). For m < w, it follows by Proposition 14 that

w = (3X 90X, m)) QFe(X, )
i wk \/{Qlp(P,D) | P Cw, w 0(P,m))

i w e QE\/{e(P.) | PCw w i 9(P,m))
iff wgEQIEAXI(X,m))p.

Note that, for every finite set P, there is some number m with w = 9(P,m).
Hence, having proved the claim, it follows that

wE3IXQty iff wkEIrEXIX,r))Qty
iff wpkE IrQtAX I(X, 7))
iff wpEIrQEX [W(X,r)A¢l.

Corollary 20. Onw-words, every WAMSO-formula is equivalent to a WAMSO-
formula in number prenex form.

Let us now complete the proof of Theorem 5, stating that, over infinite words,
WAMSO", WAMSO and AMSO™ have the same expressive power. The only
inclusion that is missing is to prove that, over infinite words, every AMSO"P-
formula can be turned into a WAMSO"P-formula. This last direction relies on
McNaughton’s result stating that, over infinite words, every MSO-formula over
infinite words can be turned into a WMSO-formula.

Lemma 21. For every AMSO"’-formula Qty, there exists a WAMSO™ -formula
Qty' that is equivalent to Qte over weighted w-words.

Proof. For the proof, we use the machinery of AMSOg—types introduced in Sec-
tion C.1 below. We will need the fact that AMSO(,)I—types are partially ordered
by C, that, for each such type p, there is a formula x, stating that a word has
some type ¢ 2 p, and that we have two operations @ and “ on types correspond-
ing to the concatenation of words and to their w-power.



Let h be the quantifier rank of . By the Theorem of Ramsey and Lemmas
37 and 38, we obtain the following equivalence over w-words:

e= /' Xpe

(p,e):pEpder

where the disjunction is over all AMSO%—types p and e such that ¢ € p® e
and the formula y, . states that the w-word w has a factorisation wowiws ...
such that wy has some type containing p and all other factors have a type (not
necessarily the same) containing e.

Hence, it is suflicient to translate the formulae x, . into WAMSO. Given an
infinite word w, let A be the function mapping a pair z < y of positions of w to
the AMSO?L—type of the factor from position x to position y — 1. Using predicates
of the form A(x,y) D ¢, for types ¢, we can write an MSO-formula ¥, . stating
there are positions xg < x1 < 2 < ... such that

A0,ko) Dp and A(z;,x441) 2 e, foreveryi.

Since, over w-words, MSO and WMSO have the same expressive power, 9, . is
equivalent to some WMSO-formula 192’6.

Let n4(z,y) be an WAMSO-formula stating that A(z,y) 2 ¢. The desired
WAMSO-formula x,,. is obtained from the formula 192,6 by replacing

— every positive occurrence of an atomic formula A(z,y) 2 ¢ by 7, and
— every negative occurrence of an atomic formula A(z,y) 2 ¢ by A, —n,, where
the conjunction is over all types r such that r U ¢ is inconsistent.

A.3 The logic EAMSO and MSO+U

We begin showing that the decidability of model-checking/satisfiability of EAMSO
can be reduced to the one of AMSO, thus showing that EAMSO and AMSO have
the same decidability status. We begin with a preparatory lemma. In this state-
ment EBMSO represents the logic obtained by extending BMSO by quantifiers
over weight functions: there are no number quantifiers, but there is a predicate
f[X] < oo where f is a function variable and X a set variable.

Lemma 22. EAMSO and EBMSO are effectively equivalent over w-words.

Proof. The translation from EBMSO to EAMSO is straightforward: it suffices to
substitute each occurrence of f[X] < co by the EAMSO-formula defining it. For
the converse direction some ideas from the translation from AMSO to BMSO
are used. However, these are not sufficient by themselves. The essential problem
is that this construction does not consider the case of a quantifier over weight
functions appearing in the scope of a number quantifier.

Our goal is to transform an EAMSO-formula ¢ into an equivalent EBMSO
formula ¢*. The transformation is syntactic, and is done inductively on the
structure. We begin our description by explaining how the free variables F* of
©* are obtained from the set of free variables F' of ¢:



For every set variables X in F', the same variable is in F™.

— For every first-order variable x in F', the same variable is in F™.

For every weight function variable f in F', the same variable occurs in F™*.
For every weight function variable f and each number variable r, a new set
variable Ly, is in F* (to be thought of as the set of positions x for which
flz) <)

We assume that the bound variables are numbered, or equivalently totally or-
dered. This order is required to be consistent with the sequence of quantifiers
binding the corresponding variables. This means that whenever we consider some
formula which quantifies two bound variables r, s such that s is quantified inside
the scope of r, then r < s with respect to this order/numbering. The intuition
behind that is that we can safely assume that the valuations of these variables
respect the same order, ry < r9 < --- < ry. We refer to this order as the quan-
tification order.

When translating formulae, every construct is preserved unmodified but the
ones involving weight functions and number variables. These are translated ac-
cording to the following rules: Atomic MSO-formulae, boolean operations, and
quantifiers over elements and sets are unchanged.

(f(x) <r)*:=xz€Ly,, forexistentially quantified variables r,

(f(x)>s)":=a &Ly, foruniversally quantified variables s,

A

——
k

()" 1= 3L s [ A\ Fillg) < o0
i=1

4
A /\ /\ Lfiﬂ'j - Lfi,s]

i=1j=1

B

where f1,..., fr are the function variables in F' and ry,...,r; are the number
variables in F,

(VSSD)* = vLfl,S o 'VLfk,’S[A NB — 90*] )
C
—

V4
(3fe)* = 3f3Lsp - 3Lsr, [gp* AN FlLpn] < o

Tig1 | 0

where 11,79, ...,7rs are the number variables in F' in their order of quantification,

(Vfe) :=VfVLls, ---VLs,,[CAD — ).



Let us first note that membership tests to the variable L, always appear under
the same number of negations as the statement f(x) < r it originates from.

Of course, in the correctness proof of this construction, we will have to re-
late valuations v over the free variables F' of ¢ to valuations v* over the free
variables F* of ¢* in order to model the transfer of semantics. We also have
to impose some structural constraints on these valuations. We assume that the
bound variables in F' are rq, ..., 7y in this quantification order.

— We call the valuation v valid of v(ry) < v(re) < --- < wv(ry).

— We call the valuation v* wvalid if, for all weight variables f, v*(Lys,,) C
v*(Lfr,) € - Cv*(Lys,,), and furthermore f is bounded over L ,, (note
that this is EBMSO-definable, and that in particular the above formulae
A, B,C and D are expressing these constraints).

— Given a valuation valid valuation v of F', define v* to be the valuation of F™*
such that

e v and v* coincide over all set variables, all first-order variables, and all
weight variables,
e for all weight variables f and all number variables r from F™*,

v (Lyyr) ={i €w|o(f)(@) <w(r)}.
Let us note that if v is valid, then v* is valid.

Let us comment first on the role of the subformulae A, B,C' and D. Consider
the case in which ¢ is Js1), and the inductive definition of ¢*. Assume given
a valid valuation v* of ¢*. The formula ¢* is introducing new variables, and
immediately requiring them to satisfy A and B, yielding a new valuation w*. It
is easy to check that A and B imply that w* is also valid. The same goes for the
rule defining (3f1)*, as well as for the two dual constructs.

We shall now prove by structural induction on a formula ¢ of EAMSO with
free variables F' that, for all valid valuations v of F,

u,v =@ implies u, v =" .

We assume that the negations are pushed to the leaves (this means that we have
to treat all constructions as well as their dual version).

Let us consider some formula ¢ with free variables F' and a valid valuation v
of F such that u,v = . Our goal is to show that u,v* = ¢*. This is done by
case distinction. In all the cases, we assume that the free number variables are
r1,...,T¢ in quantification order.

Bases cases. The only interesting base cases are when number variables are
used. Assume first that ¢ is f(x) < r for some upper-bound variable r and that
u,v = f(z) < r. This means that v(f)(v(z)) < v(r) and, hence, by definition
of v*, v*(x) = v(z) € v*(Ly,). Therefore, u,v* = p*.

Assume now that ¢ is f(z) > r for some lower-bound variable r and that
u,v & f(z) > r. Then v(f)(v(z)) > v(r) and, by definition of v*, it follows that
v*(z) = v(z) € v*(Ly,). Hence, u,v* = ¢*.



The other base cases as well as disjunction and conjunction are all straight-
forward. The case of negation does not exist (these were pushed to the leaves).
The case of quantifiers over set variables and first-order variables are immediate.

Case of number quantifiers. The next interesting case is the one of an existential
quantifier, i.e., that ¢ is Jsip. The free variables of ¢ are F U {s}. The free
variables of ¥* are F* U{L; | f € F'}. Since we assume that u,v = 3s1, there
is a value n such that u,w = ¢ where w is v extended with s = n. Without
loss of generality, using the monotonicity in the use of s in ¢, we can assume
n to be larger than v(r) for all other number variables in F. This makes v a
valid valuation. By induction hypothesis, we obtain w,w* = *. This proves
that u, w = ¢*.

Let us consider now the case in which ¢ is Vsi. Assume that u, v = Vsi. Let
w’ be any extension of v* by valuations of Ly s for a weight function variable
f € F. We have to prove that u,w’ = (A A B) — v¢*. Firstly, if u, w* does not
satisfy A or B, then u,w’ = (AA B) — 9* by definition. Hence, we assume from
now u,w’ = AA B. Since w' extends the valid valuation v*, this means that w’
is a valid valuation. Let n be some number larger than v(r) for all other number
variables in F and larger than v(f)(¢) for all weight function variables f € F and
i € w*(Ly,,) (this is possible since u, w’ = A, and hence v(f)(7) is bounded when
f ranges in F' and i in w*(Ly,)). Let now w be a valuation extending v with
w(s) = n. By construction w is valid. Furthermore, since u,v |= Vs, u, w = 1.
Hence by inductive hypothesis, u, w* = ¢*. Note that w* coincides with w’ on
all variables in F'*. For the variables L s, because n has been chosen sufficiently
large, w'(Ly,s) € w*(Ly,s). Using now the fact that ¢* uses the variable L g
only negatively, we deduce that w,w* = ¢* implies u,w’ = ¥*. Hence, once
more u,w’ = (AA B) — *. It follows that u, v* = p*.

Cases of weight function quantifiers. The next case is when ¢ is Jf. Let g
be the weight function such that the valuation w obtained by extending v with
w(f) = g is such that u,w = . By induction hypothesis, u,w* |= ¥*. Since
furthermore w* is valid, u, w* = C' A D. Hence w* is a witness that u, v* = ¢*.

The last case is when ¢ is V. Let w’ be any valuation of F* that coincides
with v* over F. If either u,w’ = C or u,w’ £ D, then u,w’ = (C' A D) — ¢*.
Hence we assume that u,w’ = C' A D. This implies that w’ is valid. We have to
prove that u,w’ |= 9’ using the inductive hypothesis. Let us construct a map g
as follows. For all i € w,

—ifi ¢ w'(Ly,y,) (recall that r, is the largest number variable in scope), then

9(i) = w'(f)(@) + w(re) + 1,
— otherwise, g(i) = w(r;) for j in 1...¢ minimal such that i € w'(Ly.,).

Let us consider the valuation w that extends v with w(f) = g. Since v is valid,
the same holds for w. Note now that, by choice of g, w’ and w* do only differ
(possibly) on the variable f. However, w'(f) and w*(f) = g are ~-equivalent
(i.e, bounded over the same subsets of w). This comes from the fact that the
first line in the definition of g amounts to just taking w’(f) and shifting it with



the constant w(ry) 4+ 1 (an operation invisible up to &), and that the second line
replaces only values in the set w’(Ly,,, ), over which w’(f) is bounded, by values
that are no greater than v(es). Since the semantics of EBMSO is invariant under
replacing weight variables by ~-equivalent ones, it follows that u, w’ = ¢* if and
only if u,w* = ¥*. Hence, u, w* = ¢* implies u, w’ = ¥*. As a consequence we
obtain once more u,w’ = (C'A D) — t*. Since this holds for all w’ extending
v*, we obtain u,v* |E ¢*.

Hence, we have established the inductive hypothesis for all formulae .

Consider now a sentence ¢. Then ¢* has no free variables. Let us show that
u = ¢ if and only if u | ¢*. Clearly, by the above arguments, if u = ¢ then
u | ¢*. Otherwise assume that u [~ ¢. Then this means that u = ¢ where v
is obtained from —¢ by pushing the negation to the leaves. We can apply the
above result to ¢ and we obtain u |= ¢*. However, the * construction commutes
with negation (in fact in the definition, we just gave half of the rules, letting
the others be obtained by duality: this directly implies that * commutes with
negation) which means that * is equal to —(¢*) after the negation have been
pushed to the leaves. Hence, u & ¢*. It follows, using excluded third, that u = ¢
if and only if u = p*. O

Proposition 23. There exists a formula & of AFO with the following properties:

— There exists a weighted w-word that satisfies €.
— Given an EBMSO-formula v, we can effectively construct an AMSO-formula
Y* such that, for all models u of £,

wEY if and only if u Pt
Proof. Let us start with the description of the formula . It states that:

— There are infinitely many letters f in wu, expressed as Vz(Jy > x)4(y), and
the first symbol is #§. This means that u can be uniquely decomposed as
fuifius ... such that no symbol # does occur in the factors u;. Furthermore,
each of the u; have length at least one. This is obtained for instance with
Vavy[(f(z) Aty) Ae <y) = Fz(z >z Az <y).

— For all r, there exists s such that almost all the u; contain a position with
weight in (r, s]. This is formalized as

VrasJw (Ve > w)[i(x) = Gy > x) (V2 € (z,y]) ~(Hx)) Ar < f(y) < s] .
It is easy to provide a model for £. It looks like (with some abuse of notation):
F0401401240123401234¢% ... .

Let us consider some model u = wugfuiffusf... of £&. Let f be its weight
function. We call a subset X = {x; | i € w} of w an encoding if z; is a position
in u; (with respect to the above decomposition). Note that this decomposition of
X into z; is unique. Note also that the fact that X is an encoding is expressible



in MSO. An encoding X induces a function gx defined by gx (i) = f(x;) for all
1€ w.

We claim that, for all weight functions g, there exists an encoding X such
that gx ~ g. First, using skolemization, there exists a map « : w — w such that,
for all r, almost all the u; contain a position with weight in (r, a(r)]. (Note in
particular that this implies r < a(r).) Without loss of generality, this map «
can be chosen non-decreasing and such that all the u; contain a position with
weight at most «(0). (This is possible because we have guaranteed that all the
u; are non-empty.) Consider some 7 € w and chose z; to be a position in wu; such
that f(x;) < a(g(i)) that maximizes f(z;) (such an element exists because we
have chosen « with suitable properties). We shall prove that X = {x; | i € w}
satisfies the claim. First it is clear that gx < g. This means that whenver g is
bounded over some set, the same goes for gx. For the opposite direction, assume
that that g is not bounded over some set Y. Let n € w be fixed. We shall prove
that gx is not bounded by n. For this, we know that almost all the u; contain
a position with weight in (n, a(n)]. Furthermore, since g is not bounded, there
is a position in Y as large as we want, say ¢, such that g(i) > a(n). For such an
i, maximality of f(z;) in the definition of z; implies that gx (i) > n. Since this
holds for all n, gx is not bounded either over Y. The claim is established.

The remainder of the proof is straightforward. The principle is to use en-
codings to quantify over weight functions. We do it as ‘an interpretation’. Let
us call a position of u an element if it carries the letter §. Being an element is
FO-definable. There is a bijection 7™ between the elements of v and the positions
in w: x; is mapped to 7. The elements are ordered as positions in u. This order is
of course definable. 7 is monotonic w.r.t. this order. Sets are interpreted as sets
of elements. This is of course definable. Sets of elements are in bijection with
sets of positions of w by extension of the mapping 7. Finally weighted variables
are interpreted as encodings. The only thing to do is provide a formula which,
given a set of elements X and an encoding Y, tests whether gy is bounded
over the set of elements represented as 7(Y"). For this, we use the intermediate
formula int(z,y) which expresses that x carries a f, and y lies in the wu; that
follows this #: f(z) A Vz[(z < z A z < y) — —f(2)]. The predicate B is now re-
placed by Ir(Vz € X)(Vy € Y)[int(z,y) — f(y) < r]. The only argument worth
mentioning in this proof is that indeed, quantifying over encodings is as good as
quantifying over weight functions. This comes on one side from the claim that
every weight function is equivalent to some encoding, and from the other side
that we are starting from the logic EBMSO, and in this logic (as opposed to
AMSO) replacing the valuation of any variable with an ~-equivalent one does
not change the semantics. a

Next, we present the translations from MSO+U to EAMSO and back again.

Proposition 24. For every (MSO+U)-formula ¢, there is an EAMSO-formula ¢*
such that

(W, P,[YE¢ iff (WP f)E¢,
for all sets P and weight functions f.



Proof. For every subformula of the form UX4v, we have to find an equivalent
EAMSO-formula. The proof is by induction on . First, note that

UXy(X) =UXIY[Y(Y)AX CY].

Hence, we may assume that the formula 1 (X) is closed under subsets, i.e., if a
set P satisfies 1) then every subset of P also satisfies it.

Let *(X) be the translation of ¢ we obtain from the induction hypothesis.
We set

(UX)* :=3X3IYIf[09 A1 Ay AVs3],
where the formulae g, 1,192, 3 are as follows.
Yo :=VIVaVy[Ye AYy AVz(z < z <y — Y 2)
ANV2(Zz > Xzhe < z<y)
— " (2)]

states that, on every factor of the word between two consecutive elements of Y,
the restriction of the set X to this factor satisfies 1.

Yy = IVe[Yo — f(z) <7
states that the f-weight of all elements of Y is bounded.
Vo :=VsAz[Y(z+ 1) A f(x) > §]
states that the f-weight of all elements whose successor is in Y is unbounded.

U3 1= VsIrVaVylz < y
A-Juv(z <u<v<yAXuAXv)
ANVz(x < z <y — —Y2)
= (f(x) s = fly) <7)]

states that there is a function o : w — w such that f(y) < a(f(x)), for all
positions x < y such that the interval [z, y] contains at most one element of X
and no element of Y (except possibly for x).

To show that the above formula is equivalent to the original one, let us first
assume that there are arbitrarily large finite sets satisfying 1. Since we assume
that ¢ is closed under subsets, we can find a sequence (P;);<. of finite sets of
unbounded size, each satisfying 1 and such that every element of P; is less than
all elements of P;;1. Setting

X:=Jr,
i<w
Y:={minP|i<w},
f(z) :=|P;N[min P;,z]|, where i is the index such that
min P; <z < min Py,



we can satisfy Jg A 91 A g A J3.

Conversely, suppose that X, Y, f satisfy dg A1 Ada A3, Let yo < y1 < ...
be an enumeration of Y and set P; := X N [y;, yi+1). Then each P; satisfies ¢.
Hence, it remains to show that the size of the sets P; is unbounded.

For a contradiction, suppose otherwise. Let

m:=max{|P||i<w}.

Since f satisfies the formula 93, there exists a function a : w — w such that
fly) < a(f(x)), for all pairs z < y as in V3. For every i < w, we choose a
sequence y; = 25 < --- < 2! = y;41 — 1 of positions such that each interval
2}, 2}.41) contains at most one element of F;. Then f(2} ;) < a(f(z})) implies
f(z5) < a™(f(z4)). By 91, there is some number n such that f(z{) < n, for

all i. Hence, f(z!) < a™(n), for all 7. But this number is unbounded since
f satisfies ¥5. A contradiction.

Let us now consider the opposite direction. Since we have already shown
that EAMSO and EBMSO are equivalent, it is sufficient to translate EBMSO-

formulae.

Proposition 25. For every EBMSO-sentence ¢, there exists an (MSO+U)-
sentence 1 such that

W) Ee iff (w,<)E.

Proof. To construct the desired formula ¢ we choose an infinite set W of posi-
tions, each followed by an interval of positions not in W. The positions in W
will represent the elements of w while those not in W will be needed to code
the values of the weight functions. For every weight functions f, we introduce
a set variable Z; (disjoint from W) that codes f as follows. If f(x) = n, then
Zy contains an interval of length n starting immediately after the position x.
We use the following auxiliary formula

HX,Y) =
XCWAYNW =0
NUZ[ZCY A
JeFy[ Xz AV2(Zz &z < 2 < y)]].

which states, for sets X C W and Y C w \ W, that there are arbitrarily large
intervals in Y that begin directly after some position in X.
We set

¢ = 3W [Vady(z <y A Wy) AVz(Wa — =W (z + 1))
AD(W, w0\ W) A g (W)]



where ¢*(W) states that the formula ¢ holds on the positions in W. We define
©* by induction on ¢. The nontrivial cases are:

(fIX] < 00)" :=—0(X, Zy),
(fEg)" =VX[(X,Zy) = (X, Z,)],
Gfx()) =325 [Zp W =0 A X" (Zy)],
AXy)* =3IX[X CW AXT].

To see that this construction is correct note that, if Z; is a set disjoint from W
that satisfies x*, we can define a corresponding weight function f by taking as
value of f(z) the length of the interval of Z; starting at the position = + 1.
Conversely, given a weight function f, we can define the set Z; as the union of
all intervals [z + 1,2 + f(z)], but only if the elements x +1,..., 2+ f(z) are not
members of W. Hence, consider the function w : W — w defined by

w(zr) =max{n|z+1,...,.x+n¢W}.

Note that, by choice of the set W, this function is unbounded. We have seen that
any weight function f < w can be encoded by a suitable set Z;. To conclude the
proof, let f be an arbitrary weight function. We consider the function fy(z) :=
min { f(z),w(x)}. Then fo < f implies fo C f. For the converse, note that w is
unbounded. Therefore, if fy[X] is bounded then so is f[X]. Consequently, f C fo.
Hence, f = fo and it follows by Proposition 3 that, if f satisfies a formula Yy,
then so does fy. Since fo < w we can find a set Z; as above.

B Borel complexity

In this section, we give the missing proof of Theorem 6. This theorem has two
independent parts, one concerning the complexity of the logic WAMSO, and the
other concerning AMSO. The first one is presented in Section B.1 and the second
one in Section B.2.

B.1 The Borel complexity of the logic WAMSO
In this section, we establish the following proposition.

Proposition 26. The logic WAMSO inhabits strictly all levels of finite rank of
the Borel hierarchy.

We start with the obvious upper bound on complexity.

Proposition 27. Every WAMSO-definable language of weighted w-words is of
finite Borel rank.

Proof. By induction on the complexity of a formula ¢, we show that the lan-
guage defined by ¢ is Borel. The claim clearly holds for atomic formulae. For
boolean operations, the inductive step follows from the fact that the Borel sets



form a boolean algebra. For quantifiers, it is sufficient to note that every WMSO-
quantifier ranges over a countable domain (finite sets or natural numbers). Con-
sequently, each quantifier corresponds to a countable union or a countable inter-
section.

Let us now turn to the lower bound showing that WAMSO reaches arbitrar-
ily high finite ranks of the Borel hierarchy. For the proof we use the following
languages, which are complete for IT3, .

Definition 28. CY, C (w?*)« is the language consisting of all words u over the
alphabet w?* such that

Vngdmg - - - Vng_13Imp_1

[(mo,...,mg_1,n0,...,Nk_1) appears in uj.
We recall the following classical fact.

Theorem 29. CY, is complete for ITJ, .

Proof. A set of level ITY, is a countable intersection of countable unions, ..., of
basic open sets, which are sets of words that have a fixed prefix. Hence, a Borel
set A € CS, can be written as the set of words u such that:

VnOEImO ce Vnk,lﬂmk,l

[v(mg,...,mk_1,n0,...,nk_1) is a prefix of u|

where v is some function from N2* to finite words. To prove completeness, let us
provide a continuous reduction from A to C¥,.

Assume a finite word given u, then let [u]; be the list of the i first tuples m
(for some enumeration of them by N) such that v(m) is a prefix of u. One can
assume that [u]; is non-empty. Now, given an infinite sequence u = a; ...a, ...,
let us set:

f(u) = [al]l[alag]z ce [alag ce an]n ce
Clearly this function is continuous, and clearly too, u has v(m) as prefix if and
only if m appears in f(u).

Proposition 30. There exists a WAMSO-definable set of weighted w-words that
does not belong to X9, .

Proof. We will construct a WAMSO-formula v and a continuous function h
mapping a sequence u € (w?*)* to a weighted w-word h(u) such that

h(u) = iff weCS,.

Since €Y, is complete for ITY, , it follows that the language defined by 1t is not

in Z‘gk.
Note that a sequence u is in C3, if, and only if, there exists Skolem functions
fi 1 w' = w, for i < k, such that, for all ng,...,ng_1,

(fO(n0)7f1(n07n1)7 <. '7fk—1(n07 s 7”]@—1)’”0’ s 7nk—1)



appears in u. For such a tuple f, we write
f(@) = (fo(no), fi(no,n1), ..., fe—1(no, ..., mk—1)).

The s-th approzimation of f are the functions f*) where fi(s) 8] = w s
the restriction of f; to [s]’. Such a tuple ) will be called a partial Skolem
function or an s-Skolem function. We say that an s-Skolem function f occurs
before position j in a word wu if, for all 7 € [s]*, the tuple (f(n),n) appears in u
before position j.

An s-Skolem function f can be encoded into a finite weighted word [f],
simply by enumerating the tuples in its graph and by, say, adding the number s.
Fix an enumeration SY, S*, ... of all partial Skolem functions such that every
function occurs infinitely often in this sequence (this is possible since there are
only countably many partial Skolem functions). Given a word u, we define

h(u) := frho(u)#ha (W) ...

where

hi(u) ==

[S?] if 8% occurs before i in u,
€ otherwise .

Note that h is continuous.
We can write down a formula ¢ stating that

VYngImg - - - Vng_q1Img_1¥n’
[the word has a factor of the form #[f]# where

f is an s-Skolem function with s > n’ such that

fl(io,...,il) <my for alll < k and ip < ng, ..., < nl] .
We claim that
h(u) = iff ue 0.

(«). Suppose that u € C3,. Then there exists a tuple of Skolem functions f
such that

va[(f(7),n) occurs in u] .

Let f(®) be the s-th approximation of f. Fix a tuple 7. For every large enough
number s, it follows that (f(*)(n),n) appears in u. Suppose that f(*) = §%.
Since every function appears infinitely often in the enumeration S° S, ..., we
can choose the index i large enough such that f() occurs before 7 in u. Then
hi(u) = [fs] and f, satisfies the condition

(fs)i(ioy ... 1) <my for alll < k and ig < mo,...,i <n;.



Consequently, h(u) E 1.

(=) Suppose that h(u) = . Then there exist functions g such that, for all
tuples 72 and every number n/, the word h(u) has a factor of the form #[fs ,./]#
such that fﬁ’n/ is an s-Skolem function with s > n’ and

(fﬁ,n’)l(i07---7il) < gl(n07'--7nl)7

for all [ < k and iy < ng,...,4 < n;. Let us abbreviate this last condition by
fﬁ,n’ S g(ﬁ)

To show that u € CY,, fix n. Note that, for each s, there are only finitely
many s-Skolem functions f with f < g(n). Ordering the set of all functions
f_,—w/7 for n’ < w, by the extension relation, we obtain an infinite tree that is
finitely branching. By Koénig’s Lemma, this tree contains an infinite branch.
Consequently, there exists a sequence nj < nj < ... such that fﬁ7n6 C fﬁ,n’l -
.... Let f be the limit of this sequence. It follows that, for every s < w, the s-th
approximation f(*) of f appears as factor #[f(*)]# in h(u). By definition of h,
this implies that f(*) occurs in u. In particular, the tuple (f(*)(72),7) appears
in u. Since f*)(n) = f(n), it follows that

(f(n),n) appears in v, for all i.

0
Hence, u € Cy},.

B.2 The Borel complexity of the logic AMSO
In this section, we establish the following proposition.

Proposition 31. The logic WAMSO inhabits strictly all levels of the projective
hierarchy.

The arguments are inspired by the corresponding results for MSO+U [13]. Let us
consider the topological space [2]“" (where we consider [2] as a discrete space).
Note that this space is homeomorphic to Cantor space [2]*, via a suitable bijec-
tion w* — w. For notational simplicity, we will identify functions f : w* — [2]
with subsets f~!(1) C w*. Such a set T C w* is a tree if

— w € T implies that v € T, for every prefix v of u and
— uk € T implies that ui € T, for all u € w* and i < k < w.

We use the following languages of trees, which are complete for X3, .

Definition 32. We denote by C21k the language consisting of all trees T C (w?*)*
such that

HUQVUO te Vuk_lEIvk_l
[ug X+ X Ug—1 X Vg X -+ X vk_1 is a branch of T,
where ug, Vg, . . ., Ug—1,Vp—1 7€ w-words over the alphabet w and ug X - - - X ug_1 X

Vo X -+ X Vp_1 denotes the w-word over w?* obtained by pairing them component-
wise.



Theorem 33. Cj, is complete for X3, .
Proof. This is the language described in the proof of Theorem (37.7) of [14].

Proposition 34. There exists an AMSO-definable set of weighted w-words that
does not belong to IT,, .

Proof. The proof is completely inspired by the work of Szczepan Hummel and
Michal Skrzypczak [13]. Given a finite sequence u € w*, let us denote by [u]
the weighted word over the unary alphabet with two weight functions f and d
defined by f(z) := u(z) and d(z) := . Hence, the weight function f over [u]
merely codes u, and d is an extra weight function that encodes the position in
the word. Note that a sequence ug,uy,... in w* converges if, and only if, the
corresponding sequence [ug], [u1], ... converges.

Let T C (w?*)* be a tree. The n-th approxvimation of T is the finite tree of
height 2k + 1 such that

— all branches have length exactly 2k + 1,

— there exists a number n such that every node but the root is labelled by [u]
for some word u of length n,

— there exists a branch with label [ug], [vo], .- ., [uk—1], [vk—1] if, and only if,
Uy X o X U1 X Vg X -+ X V1 ET.

We denote the label of an node x by T'(x).

Given a tree T, let [T],, be some encoding of the n-th approximation of T" as a
finite weighted word. (We omit the details. One can use, e.g., brackets to encode
the tree structure. Since the height of the tree is bounded, we can assume that
all relevant concepts, like being a node, being a branch, the successor relation,
etc., are expressible in MSO.)

Given a tree T', define the weighted w-word

h(T) = [Th#[T]2#- ..

which enumerates the approximations of T'. Clearly, h is a continuous mapping.
Our goal is to construct an AMSO-formula v which is satisfied by h(T) if, and
only if, T € C3,. This would immediately imply that the language defined by
this formula is at level X3, or higher in the analytic hierarchy. In particular, it
is not in IT;,.

The idea of the construction is to replace in the description of Cj, each
quantification over an infinite word, say, in the ith quantifier, by a quantification
over an infinite set Z over h(T') which selects nodes at level 7 in infinitely many
approximations occurring in h(7T) (what exactly ‘selecting’ means depends on
the chosen coding, but it should be clear).

We will make use of the following auxiliary formulae. For each i < 2k, there
exists a formula



expressing that the set Z selects infinitely many nodes of the successive approx-
imations, that each selected node is at level ¢ in the approximation (the root
having level 0), and that no two nodes belong to the same approximation. Given
some Z satisfying lvl; we will often refer to the sequence xg,z1,... of nodes
selected by Z. We will also say that Z’ is a subsequence of Z if it corresponds to
extracting a subsequence of xg, x1,. ...

We define a successor relation on sets Z by

suci(Z, Z,) = lle(Z) A\ 1V1i+1(Z/) N
‘All nodes selected by Z’ are children of
nodes selected by Z.’

Recall that we would like to replace a quantification over an infinite word by
a set Z. Hence, what we would like to have is that the nodes xg, z1, ... selected
by Z be such that T'(zg), T(x1),... converges to some infinite word. However, it
is not possible to express this property in AMSO. All we can express is a sufficient
condition guaranteeing that there some is some subsequence T'(yo),T(y1),. ..
of T(zp),T(x1),... that converges to some infinite word in w*. For this we
introduce a formula conv(Z) expressing that the nodes selected by Z contain,
at the limit, an infinite word. We define

conv(Z) :=VsIr(Va € Z)[d(x) < s — f(x) <7r].

(Here, x € Z means that x is a position in the weighted word representing a node
selected by Z. Recall that d is simply a depth stamp numbering the positions in
the word.)

We claim that

(i) If h(T) = conv(Z), there is a subset of Z selecting nodes zg,1,... such
that T(zg),T(x1), ... has a limit in w*.

(ii) If Z selects xg,z1,... and the sequence T'(xg),T(x1),... converges, then
h(T) | conv(Z).

(i) Let zg,x1,... be the nodes selected by Z. For s = 0, we obtain that
the weight of the first position is bounded. Hence, it is possible to extract a
subsequence such that all T'(x;) have the same weight over the first position.
Then, one can continue with s = 1 and extract a subsequence such that the
weight of the second position is constant. By iterating this extraction process

we obtain, for each number s < w, a subsequence z§,27,... of zg,z1,... such
that the weights of the first s positions is constant. The ‘diagonal’ sequence
x),x1, 2%, ... is the desired converging subsequence.

(ii) Suppose that T'(zg),T(x1),... converges. To show that conv(Z) holds,
fix a number s < w. There exists an index n such that, in the subsequence
T(xn), T(xn+1), T(nt2),. .., the first s positions are constants. Choose a num-
ber r that is greater than the weights of the first s positions in the words
T(x0),...,T(x,). For x € Z, it follows that d(x) < s implies f(z) < r.



To simplify terminology, we will say that Z converges toward v € w® if
Z selects nodes xg,x1,... such that T(xz¢),T(x1),... converges to u. In this
terminology the above statements read:

(i) If conv(Z) holds, then there is some subset of Z which converges.
(ii) If Z converges, then conv(Z) holds.

Consider the AMSO-formula

b=
(3X0.1v1l1 (Xo) A conv(Xp))
(VYp.sucy(Xo, Yo) A conv(Yp))
(X1 .suca(Yy, X1) A conv(Xy))
(VY1.sucs (X1, Y7) A conv(Yr))

(Ele_l.SuCQk_Q(Yk_Q, Xk—l) A COHV(Xk_l))
(VYi—1.sucor—1 (Xg—1,Ye—1) A conv(Yi_1))

true.
We claim that
h(T) =4 iff TedC.

Note that, by Skolemising the definition, we see that a tree T belongs to C3,
if, and only if, there are functions S; : (w*)* — w*, for i < k, such that, for all
Vo, .-+, Vp—1 € WY, the sequence

SO XSl(Uo) Xoee XS(Uo,Ul,...,U;C,ﬂ X Vg X+ X V-1

is a branch of T'.

First, suppose that 7' € C3,. We have to show that h(T) = 1. By the above
remark there are Skolem functions Sp,...,Sk—1 witnessing that 7" belongs to
Cj,- Fix a set X that satisfies Ivl;(X) and that converges to Sp. Let Yy be
an arbitrary set satisfying suci(Xo,Yo) and conv(Xjp). By (i), there exists a
subsequence Y which converges toward a word vy.

Choose a set X7 that converges to S;(vg) and satisfies suca(Yy, X1). (This is
possible by construction of the approximations.) Then conv(X;) holds by (ii).
To proceed, consider some set Y7 satisfying sucs(X7,Y7) and conv(Y7). Again,
there exists a subsequence X/ of X; that converges to some word v;. Repeating
this argument for 2k steps we see that h(T") satisfies 1.

It remains to prove the converse. Hence, suppose that h(T') satisfies . We
have to show that T € C%k, i.e., that

EUQVUO R ﬂuk,1vvk,1

[u0x~--><uk_1 X Vg X -0 X Up_1 isabranchofT].



Since 1 holds, there exists a set X satisfying 1vl; (Xy) and conv(Xy). By (i),
there exists a subset X|) converging to some word ug. Given an arbitrary word
v € w¥, we choose a set Yy satisfying suci (X{, Yp) that converges to vg. By (ii),
Yy satisfies conv(Yp).

In the next step, we find a set X; satisfying suce(Yp, X7) and conv(X7).
Again, there exists a subset X converging to some word u;. Given a word
v1 € w¥, we choose Y7 satisfying suc; (X71,Y7) and converging to v;.

Repeating this argument, we obtain a definition of ug, . .., ug_1. Since X/ con-
verges to u; and Y; converges to v;, there are arbitrarily long prefixes u} of u;
and v} of v; such that

Uy X oo+ X Up_q X vy X -+ X vp_q is a branch of T.
This implies that
Ug X -+ X Up_1 X Vg X -+ X Ug_1 iS a branch of T'.

Corollary 35. Ouver weighted w-words AMSO is strictly more expressive than
WAMSO.

C Tiling systems

C.1 Restriction to limit satisfiability

The first proof we present is the one of Lemma 11, which states that the sat-
isfiability problem for AMSO" over infinite words is equivalent to the limit
satisfiability problem.

Composition theorems We start by developing composition theorems for
AMSO"P. This part is similar to the techniques introduced by Feferman-Vaught
and Shelah, but paying furthermore attention to positivity consideration in the
use of weights. Our analysis is based on the notion of a type and two operations
@ and “ on them.

Definition 36. Let h < w.

(a) We denote by AMSO% the set of all AMSO-formulae of quantifier-rank
at most h that do not contain number quantifiers.

(b) Let w be a word and 7, 7 numbers. The AMSO% -type of (w,m,n) is the
set

tpp, (w, m, ) := { (7, 5) € AMSOY, | w |= p(m,n) }.

Lemma 37. There exists a monotone binary operation ® on AMSO%-types such
that

tph(u’ m, T_L) @ tpy, (U, m, 7_1) = tph(uvv m, 7_1) )

for all words w and v and all numbers m,n.



Proof. Tt is sufficient to prove the following claim. For every AMSO}-formula
(7, 5) in negation normal form, there exist two finite lists 1o (7, 3), . . ., ;1 (7, 5)
and 9o (7,3),...,9%_1(7,5) of AMSOY-formulae such that, for all words u and v
and all numbers m, n,

w = p(m,n) iff ukEy;(m,n) and v = 9;(m,n),

for some 7 < [.
We prove the claim by induction on ¢. If ¢ is of the form
XCY,XNnY =0, -PX, f[X]<r, or f[X]>s,

then we can set [ = 1 and

Similarly, if ¢ is of the form

(X CY), ~(XNY =0), PX, ~(f[X]<r),
or _'(f[X] >S)7

then we can set [ = 2 and

Yo =, Y1 1= true,
Jg :=true, U;:=¢.

If =X <Y, we use the formulae

¢0::X§Y7 1/111:131’1197 wzzﬁ(XmX:®)7
Jg := true, $=X<Y, d:==(YNnY=0).

For p = (X <Y), we use

For the inductive step, suppose that we have already proved the claim for
the formulae ¢’ and ¢, and let

! ! A /
Wy, O

and

" " 4 4
0y Prr_1, 790,..., Ir—1

be the corresponding lists of formulae.



If p=¢' V" weusel:=1+1" and the lists

7/’6,~«~71/)z/u171/)6/a~~7 l/{’fl

(/P P S | P
Similarly, if ¢ = ¢’ A ¢", we use [ :=I'l"” and the lists

WiAYY, fori<l and k <1,
VA9, fori<l and k <1”.

If p =3X¢', weuse | =1 and

AXYG, ..., AXY,_; and  3XY, ..., 33X, .
Similarly, if ¢ =VX¢', we use I =1’ and

VXy, ..., VXY, and VXU,...,VX9,_,.
Lemma 38. There exists a monotone operation “ on AMSO%-types such that

p* = tp, (wowrws . .., M, ),
for all words wy, w1, ws, ... with
tpy(wi, M, n) =p.
Proof. Tt is sufficient to prove the following claim. For every AMSO?L—formula
©(7, 8) in negation normal form, there exists a finite list 4o (7, 3), ..., ¢ (7, §) of
AMSO%—formulae such that, for all words wg,wy, ... with
tpp (w;) = tpp(wg), forall ik <w,
and for all numbers m, n,
wows ... =e(m,n) iff (T <)(Vk < w)w E i(m,n)].

We prove the claim by induction on ¢. If ¢ is an atomic formula, or a negated
atomic formula, but not of the form X <Y or -(X <Y), we can take [ :=1
and

Yo :=¢.
If p=X <Y, we take [ := 2 and
Yo =X<Y, Y1 ==(XNX=0)A=(YNY =0).
If p=—(X <Y), we take [ := 1 and

Yo =XNX=0vYnNnY =0.



For the inductive step, suppose that we have already proved the claim for
the formulae ¢’ and ", and let

Whyeo Wy and Wl

be the corresponding lists of formulae.
If o= V' weusel:=1+1" and the list

Vs V1, Y0 - Wiy -
Similarly, if o = ¢’ A ¢, we take [ :=I'l"” and
YAy, foralli<! and k <1”.

If o =3X¢', we use | =1’ and

AX g, .., 33X
Similarly, if ¢ =VX¢', we use I =1’ and

VXY, ., VXY
Factorisations In the second part of this reduction, we use the theorem of
Ramsey for chopping an infinite word into infinitely many pieces that have es-
sentially the same behaviour with respect to the logic. The real difficulty here is

to deal with the prefix of the word since it also contains weights.
Recall the notation ¢|; introduced in Definition 16.

Definition 39. Let 7,5,¢ be tuples of number variables and let p(7,5) be an
AMSOY -type.

(a) We denote by pt; the set of all AMSOY -formulae o(7,35,t) such that
el € p.

(b) We denote by w(p) the set of all formulae ¢ € p without free number
variables.

The following result is an immediate consequence of Lemma 17.

Lemma 40. If m;,n; > max fw], for all i, then
wikp it wE (ptrs)(m,n).

Proof. (<) follows form the fact that p C pts 5. For (=), suppose that w = p
and let ¢ € pt7s. Then ol € p. Hence, w |= @]y implies, by Lemma 17, that
w = p(m,n).

Definition 41. Let I and J be sets and k < w a number. We write I Coo J if

I is an infinite subset of J and we write I C*_J if I Co J and I contains the
first k elements of J.



Definition 42. Let w be an w-word and I C w.
(a) Let ko < k1 < ... be an enumeration of I and set k_y := 0. The factori-
sation of w induced by I is the sequence (w;)i<., where

w; ‘= w[ki,h kl)

1s the factor of w from position k;_1 to position k; — 1. Hence, w = wowiws . . .
and |’U)l| = kil — ki—l-

(b) Let h < w, let p and e be AMSO%—types, let (w;)i<y, be the factorisation
of w induced by I, and let n be numbers. We say that the triple (w,I,n) is
h-Ramsey of type (p,e) if

tph(w()’ﬁ) =p and tph(wi . ..wk,ﬁ) =e,
forall0<i<k<w.

Definition 43. For a AMSO%—type p, we define the formulae

pref(p,I) :=3x(Vy € I) [y >x— p[o’y)] ,
ult(p,I) :=3z(Vy,z€ [r <y <zAIN(y,z)=0 —>p[y’z)] ,
where pl*Y) is the relativisation of p to the interval [,y).
Lemma 44. Let Q € {3,V} and let (t, ', 1) be an AMSO} -formula such that
wE p(m,m,I) implies w = ¢(m,m,J),
for all J; Coo I;. Then
(w,m) = Qt(VI Coo w)(VEk < w)
(3Jo €& D@1 €& Jo) -+ (3 E5 i) (L1, )
implies
(w,m) E (VI Coo w)(Vk < w)
(3o S5 DEN1 €5 Jo) -+ (31 €& Ji-1)Qtep(L T, T).
Proof. If Q = 3 then
(w,m) = (VI Coo w)(Vk < w)
(3o CE I) ... (3T CE Tt T, )
= (w,m) E (VI Co w)(Vk < w)3t
Bl k0. 3T Sk T )e, T, T)

= (w,m) E (VI Coo w)(Vk < w)
BTk 0. 35 Sk g3t T, ).



Hence, suppose that Q =V and that
(w,m) E Vt(VI Coo w)(Vk < w)
(BT CE D). (3T C8 T, T, ).
To show that
(w,m) = (VI Coo w)(Vk < w)
(3o CE 1) ... (3T, S8 g )Vte(t, T, ),

fix I C w and k£ < w. By induction on n, we construct sets J*, for ¢ <[ and
n < w, such that

JpCh -l g ch T,
Jprt ek ek gt ek,

and

wEem,m,Jy...J"), foraln<w.

Set Jl_1 := I. For the inductive step, suppose that we have already defined J;* -1
Choosing n, Jl"_l, k+mnfort, I, k,

(w,m) = Vt(VI Coo w)(Vk < w)
Bk 0. .35 Ck T )et, )

implies that there are sets Jj* CEF™ ... ChFn 77~ 1 such that w = p(n, m, J§ ... JJ).
Having constructed (J}*)n<w,i<i, let K* C J consist of the first k + n ele-
ments of J;* and set

Ji=J K.

n<w
Then J; CkIm Jr for all n and i. Hence,
w = on,m, JJ ... J") implies w E (n,m,Jy...J;).
Consequently, w = Vitp(t,m, J) and it remains to prove that
Jyckoch gyl

Let j € Jiy1. Then j € K7, , for some n. Since Kj* | C K;* C J; it follows that
j € J;. Consequently, J;11 Coo J;. Since K?_H C Jiq1, it follows that J; 1 Q;o Ji.
Similarly, one can show that Jy g’;o 1.

The induction step in the proof of the theorem below is based on the following
two lemmas. The first one deals with the case of an universal number quantifier,
the next one treats existential quantifiers.



Lemma 45. Let w be an w-word, i natural numbers, and p(t,t') an AMSOY -
formula. We define

@:={(pe) | por(e)=pandptr D e’ =}

where p is an AMSOy,-type with free variables t', J and e is an AMSOy,-type with
free variables t,t', J. The following statements are equivalent:

(1) (w, ) Vo (t, 7).
(2) {w,7) = (VI Coo w)(¥h < w)(3J CE, 1)

\/ [pref(p, J) A Vtult(e, J)] .

(p,e)€D

(3) (w,n) = (3T Coo w) \/ [pref(p, J) A Vtult(e, J)] .

(p,e)€d

Proof. (2) = (3) follows by taking I := w and k := 0.
(3) = (1) Suppose that

(w,n) = (3T Coo w) [pref(p, J) A Vtult(e, J)] .
(p,e)eP

Fix a set J Co w and types (p,e) € @ such that
(w,n) = pref(p, J) AVtult(e, J).
To show that
(w,n) |=Vtp(t,t),

fix m < w. Let (w;);<w be the factorisation of w induced by J. There is some
index k < w such that

<w0...wi,ﬁ>':p, foriZk,
(wi,m,a) Ee, fori>k.

Let M > m be a number such that M > flwp...wg]. Then
(wo ... w;, M,n) = ply,

which, by monotonicity, implies that
(wg ... w;,my,n) = pte.

Hence,

(w,m,ﬁ) )Z(th)@e@e---Z(th)EBe”.



Since (p,e) € @, it follows that
(w,m,n) = ¢.
(1) = (2) Suppose that
(w,n) = Vtp(t, 1),
To show that
(w,7) (Y] Cog w)(Vk < w)(3J CE. 1)

\/ [pref(p, J) A Vtult(e, J)] ,
(p,e)eP

fix I Co w and k < w. By induction on i, we choose sets J;, i < w such that
Jo Coo I, Jiy1 Coo Ji, and (w, J;,4) is h-Ramsey of some type (p;,e;). Note
that this implies that p;-”' e = p;" and e; @ e; = e;. Set jo := —1 and let j;41
be the least element of J; such that j;11 > j;. We set

szz{ji+1|i<w}.

Let (w;);<w be the factorisation of w induced by J,. There exists an infinite set
K C., w and types pt and e such that

pi =pT and e =e, forallic K.

Hence,

(wo ... w;,j,n) Ept, forallj<i<wandj<w,
(wi,j,n) Ee, foralj<i<wandj<uw.

Setting p := w(p™) it follows that
(w,ny = pref(p, J,) A Vtult(e, Jy) .
Let Iy be the set consisting of the first & elements of I. Then
(w,n) | pref(p, Io U J,) AVtult(e, Iy U J,).
Hence,
(w,n) = (3T Ck, I)[pref(p, J) A Veult(e, J)] .
To show that

(w,n) E(VI Coo w)(Vk < w)

(3JCk 1 \/ [pref(p, J) A Vtult(e, J)]
(p,e)€P



it therefore remains to prove that (p,e) € .
Note that p™ @ e = p* implies p ® w(e) = p. Hence, it remains to show that
P @ e = . Fix m € K. Then

tp, (w,m,n) =pt ®e* and (w,m,n) = p.

This implies that p* @ e* = . Let m’ € K be some number such that m’ > m
and

tp, (w,m’,n) = pty ®e*.

Set r; := tpy (w;, m', 7). Then there exists some | < w such that r; = e, for all
t > 1. Since m’ > m,

tpp, (w;, m,n) = e implies 7; Ce.
Hence,
¢ € tpp(w,m/,n) =pty @ro S - B De”
CptiDed - Dede”
implies pt: @ e* = .

Lemma 46. Let w be an w-word, 7 natural numbers, and o(t,t') an AMSOY-
formula. We define

®:={(p,e) [pOm(e) =p andpt; © e = ¢}

where p is an AMSOy, -type with free variables t', J and e is an AMSOy,-type with
free variables t,t', J. The following statements are equivalent:

(1) (w,n) = Jtep(t,t).
(2) (w,n) F (VI Coo w)(Vk < w)
@7k 1) \/ [pref(p,J) A3tult(e, )] .
(p,e)eP

(3) (w,n) E (3J Coo w) \/ [pref(p, J) A tult(e, J)] .
(p,e)eP

w
w

Proof. (2) = (3) follows by taking I := w and k := 0.
(3) = (1) Suppose that

(w,n) = (3] Coo w) \/ [pref(p, J) A 3tult(e, J)] .

We claim that



Fix a set J Coo w, types (p,e) € @, and a number m < w such that

(w,n) = pref(p, J) A ult(e, J)(m).

Let (w;);<w be the factorisation of w induced by J. There is some index k < w
such that

<’UJ0...’LU1‘777L>':p, foriZk,
(wi,m,n) e, fori>k.

Let M > m be a number such that M > flwyp ... wy]. By monotonicity, it follows
that

<U)()...’LU]C,M,'ﬁ> ):tha
(wi, M,n) Ee, fori>k.

Set s; := tpy, (w;, M). Then
(w,M,n) = (pT) ® Sk41 D Spy2 D ... .
Since e C s; implies s; |= e, it follows that
(w,M,n) = (pT) Peded....
Hence, pT; @ e* | ¢ implies that
(w, M) = .

Consequently, (w,n) = Jte.
(1) = (2) Suppose that

(w,n) |= 3tp(t, 1),

and fix some number m < w such that
(w,m,n) = o.
To show that
(w, 7y E(VI Coo w)(VE < w)
(3Jck 1 \/ [pref(p7 J) A Jtult(e, J)} ,
(p,e)eP
fix I Coo wand k < w. Let J C I be a set such that (w,J,m,n) is h-Ramsey
of type (p*,e), for some types p™ and e. This implies that p™ & e = p*. Let
(w;)i<w be the factorisation of w induced by J,,, and set p := 7(p™*). Note that
p@m(e) =pand
¢ € tpy(w,m,n) =p* © e implies pT e = o,
pT St implies pfy k= p*.



Hence,

phede’ Ept@e’ o,

and (p, e) € ¢. Furthermore,

(wo...w;,m,A)y Eptded --de=p" Ep,
for all i < w,
(w;,m,n) E e, forall 0 <i<w.

Consequently,
(w,m,n) = pref(p, J) Ault(e, J).
Let Iy be the set consisting of the first k£ elements of I. Then it follows that
(w,n) = pref(p, Iy UJ) A 3tult(e, [h U J).
Hence,

(w, ) E(VI Coo w)(VE < w)
(3Jck 1 \/ [pref(p, J) A 3tult(e, J)] .
(p,e)eP

Combining the preceding lemmas we obtain the following theorem, which is
the main result of this section.

Theorem 47. Let w be an w-word, 7 natural numbers, p(t,t') an AMSOY -
formula, and let Qo,...,Qi—1 € {3,V}. We define

o:={(pe) ‘ p; ®w(e;) =p; foralli,
P, Sefy =@, and
pite, @€y = pref(piy1, Jiy1), fori<l—1},
where, fori < 1, p; is an AMSOY -type with, free variablesto, ... ti_1, ¥, Jig1,...,Ji_1
and e; an AMSO%—type with free variables to, ..., t;i_1,t;, ', Jix1,..., Ji_1.
The following statements are equivalent:
(1) (w,7) | Qoto - Qu-1ti—1p(t, ') .
w,n) = (VI Coo w)(VEk < w)
(3Ji—1 S5 (312 €5 Jima) -+
(3Jo S 1)

\V [pref(poaJo)/\
(p,&)ed
/\ Qoto -+ Qiti ult(es, J;)| -

i<l



(3) (w,n) = (311 Coo w)(FJ1—2 Coo J1—1) - - -
(3Jo Ce 1)

\V [Pfef(]?o, Jo) A

(p,e)eP
/\ Qoto - - Qiti ult(e;, Ji) | -

i<l

Proof. (2) = (3) follows by taking I := w and k := 0.
(3) = (1) We prove the implication by induction on I. The case where [ = 1
follows directly from Lemmas 45 and 46. Hence, let [ > 1. Suppose that

(w,n) F(3J1-1 Coo w) - (FJo Coo J1)
\/ [pref(po, Jo) A \ Qoto -+ Qiti it (e, J:)

(p,e)eP i<l

and that we have already proved the implication (3) = (1) for | — 1 quantifiers.
Set

¢I = { <p17 sy Pl—1,€15. - 7el—1> |
p; ®7(e;) = p; for all 7,
pi—1Tt,_, ® e E ¢, and
pite, @ e’ | pref(pit1, Jiy1), fori<l—1 } .
Then

<w,ﬁ> ':(E'Jl_l Coo OJ) cee (EL]l Coo Jg)
V |Gk )
(p.e)ed \/ (pref(po; Jo) A

Po,€0:
Po@ﬂgeongpo Qoto ult(eo, ‘]0)]
poTe, Beg =pref(p1,J1)

A /\ Qoto e taz ult(ei, Jz)] .

o<i<li

By Lemmas 45 and 46, it follows that

(w, ’ﬁ> ): (HJl_l Coo OJ) s (HJl Coo Jg)
\/ {Qotopmf(ph J1) A

(p.€)EP’

/\ Qoto - - - Qit; ult(e;, J;)|

0<i<l



which, by Proposition 14, is equivalent to

(w,n) = (3J1-1 Coo w) -+ (3J1 Coo J2)Qoto

\/ {pref(]ol7 J1) A
(p,e)eP’

/\ Qltl e taz ult(ei, Jz) .

0<i<li

This formula implies

(w,n) = Qoto(IJ1—1 Coo w) - -+ (31 Co J2)
\/ [pref(pl7 J1) A

(p.8) €D’

/\ Qut1 -~ Qit; ult(e;, J;)|

0<i<l

By induction hypothesis, it follows that
(w,n) = Qoto ... Qu-1ti—1.

(1) = (2) We prove the implication by induction on I. The case where [ = 1
follows directly from Lemmas 45 and 46. Hence, let [ > 1. Suppose that

(w,n) E Qoto -+ - Qi—1ti—1p(t, ')

and that we have already proved the implication (1) = (2) for | — 1 quantifiers.
Set

P = { (P1y- v DI—1,€15- -y €1-1) |
p; ®7(e;) = p; for all 7,
pi—1Tt,_, ® e E ¢, and
pite, ® € | pref(pig1, Jiv1), fori<l—1}.

By induction hypothesis, it follows that

(w,n) E Qoto(VI Coo w)(VEk < w)
(o1 S 1) -+ (31 S )
\/ [pref(pl7 J1) A
(p,e)cd /\ Qltl"’QitiUIt(ei7Ji)]-

0<i<l



Using Lemma 44 we obtain

(w,n) | (VI Coo w)(VEk < w)
(311 Ch 1) -+ (301 €5 J2)Qoto

\/ [pref(pl, J1) A

(p,€)ed’
/\ Q1t1 -+ Qits UIt(eiw]i)} ,

0<i<l

which, by Proposition 14, is equivalent to

(w,n) E (VI Coo w)(Vk < w)
(31 S5 1) -+ (31 S o)

\V [Qotopref(m, Ji) A

(p,€)eP’
/\ QotoQit -+ Qiti ult (e, Jz)] :

o<i<l

Applying Lemmas 45 and 46 to Qotopref(p1, J1), we obtain

(w,7) (9] Coo w)(Vh < )31 € 1)+ (3, €& )
Vo[ 0 oo w)(W < @)@ S T)
(p.e)ed’ \ [pref(po, Jo) A

Po,eq:
Po®7(e0) =po Qotoult (e, Jo)]
poTt, Deg F=pref(p1,Ji)

AN QotoQuty - Qi UIt(eiaJi)]'

o<i<l

Choosing I' = J; and k' = k, this reduces to

(w,n) (VI Coo w)(Vk < w)(B3J11 € 1)+ (31 & J)
\/ [ (3Jo €k, 1)
(p.e)ed’ \/ [pref(po, Jo) A

Po,€o:
po®m(e0)” =po Qotoult(eq, Jo)]
poTe, Deg =pref(p1,Ji)

A /\ QotoQ1t1 -~ Qsts 111'5(61',Ji)]-

0<i<l



It follows that

(w,n) E(VI Coo w)(VE <w)(3Jj—1 CE 1) -+
(3 Sk R)3T k)

\/ [ \/ [pref(po, Jo) A
(pe)es 0B (e) =po Qotoult (e, Jo)]

poTi, @eg FEpref(p1,J1)

AN QotoQit -+ Qi UIt(eiaJi)]'

o<i<l

This formula reduces to
(w,n) E(VI Coo w)(Vk <w)(3J_1 CF 1) ---(3Jy S5 1)
\V [pref(]?m Jo) A
(po,P,e0,€)EP
/\ Qoto - - Qit; ult(e;, Ji)} :

i<l
Using the preceding theorem, we can reduce the satisfiability problem for
WAMSO to the so-called limit satisfiability problem.

Definition 48. The limit satisfiability problem consists in, given an AMSOY -
formula ¢(t) and a quantifier-prefiz Qt, to decide whether there exists a sequence
(w;)i<w of finite words such that

QUEk < w) (Vi > R)w; k= o (D).

Proposition 49. The satisfiability problem for WAMSO owver the class of w-
words reduces to the limit satisfiability problem.

Proof. Let ¢ be a WAMSO-formula. We can use Corollary 20 to compute a
formula Qty in number prenex form that is equivalent to ¢ on the class of all
w-words. For an w-word w, it follows by Theorem 47 that

w = Qtp
iff wk (31 Coo w)(FJ1—2 Coo Ji—1) -+ (FJo Coo J1)
\/ [Pref(po, Jo) A /\ Qoto - - Qit; ult(e;, Ji)}
(p,€)EP i<l
it wkE (3J21 Coow)(3J1—2 Coo Ji—1) -+ (3Jo Coo J1)
\/ [pref(pg, Jo) A\ Qf/\ ult(ei, Jl)i| .

(p,e)ed i<l

It follows that ¢ is satisfiable if, and only if, there exist types (p,€) € ¢ and a

sequence (w;, ji)Kw where the w; are finite words and Jg C---CJ, Cw are
unary predicates such that



—0€Ji fori>0
— (3k < w)(Vi > k)[(wo, J°) ... (wi, J*) = po]
— QF(3k < w)(Vi > k) [wi = Aall(es, Ji)}
i<l
where
all(e, J) := (Vo,y € J)[z <yAJN(z,y) =0 — e[x,y)]
A (Vx € J)Vy[—Elz(y <2)ANJN(z,y]=0— @[I’y]]

states that every interval with end-points specified by J satisfies e.
Fix (p,e) € ¢ and set

I(ET):=0€Jo C--- C T A Nall(es, Ji) .
i<l
We claim that the following two statements are equivalent:

(a) There exists a sequence (w;, J);<, such that
e 0cJs fori>0
o (Ik < w)(Vi > k)[(wo, J°) ... (wi, JV) = po]
o QF(3k < w)(Vi > k) [w = A\ all(e;, Jj)}
(b) There exist a finite word satisij<i£1g po and a sequence (v, [');<,, such that
Qt(3k < w)(Vi > k)[v; EI(ET)].

Note that satisfiability of py by a finite word is decidable since pg is a set of
WMSO-formulae. Consequently, (b) reduces to the limit satisfiability problem
for the formula . To prove the proposition, it is therefore sufficient to show that
(a) and (b) are equivalent.

Clearly, (a) implies (b). Hence, suppose that (b) holds. Let (v, I[*) be a finite
word satisfying po and let (v;, I%);<., be a sequence as in (b). By assumption,
there is some index k < w such that,

v = 9(0,...,0,1%), foralli>k.
Consider the sequence (w;, J*) where
- o ifi=0,
(wiv Jz) = (U )_k ; 1 Z
(Vggi, IFFY)if 6 > 1.

We claim that (w;,.J?) satisfies (a). The only thing we have to check is that
every long enough prefix satisfies pg. In fact, we claim that all prefixes satisfy py.
Hence, let @ < w. Then

tpg, (wo, J°) ... (wy, J*)) = po © (eq) ® -+~ @ m(eg) = po -
Consequently,

(woyjo)m(wz‘aji)':]?o-



The last result of this section provides a preparation step to the reduction
of the limit satisfiability problem to the tiling problems. To simplify notation,
for a tuple 7 = (ng,...,nm,—1) of numbers, we write . + 1 for the tuple (ng +
1,...,nm,1 + 1>

Lemma 50. An AMSO?L—formula (7, 8) and the quantifier prefix Vso3rg - -+ Vspm—1Irm—1
are a solution to the limit satisfiability problem if, and only if, there exists a se-
quence (w;)i<, of finite words such that, for all ng < -+ < N1 < w,

(Fk < w)(Vi > k)[w; = p(n+1,7)].
Proof. (<) Suppose that, for all ng < -+ < npy_1 < w,

(Fk < w)(Vi > k)[w; = (0 +1,7)].
By induction on I, we will show that

Vsm13rmit -+ V81 Trm_1 (3k < w)(Vi > k)
[wi ': Sﬁ(no +1 ot L T

noa-~~7nm7171,8m717~~,8m71)] .

forall ng < -+ < Np—i_1.

By induction hypothesis, assume that

(Vno < -+ < Nm—j—2 < Nm—i—1)
VsmiIrmet - Vsm13rm_1(3k < w)(Vi > k)
(w; = o(no+1,...,nm_i—a+ 1,np_1 + 1,

Tm—l5--+yTm—1,
no, -+ Mm—1—-2,Mm—1-1,
Sm—1s- -+ Sm—l)] .

Then

(Vng <+ < Nm—i—2)(VSm—1—1 > Nm—i—2)ITm—1—1
VsmotIrm—i - V$m—1Irm—1(Fk < w) (Vi > k)
[wi = p(no+1,..., N2+ 1,
Tonele1s Tmels -+ - > Tm—1,
N0,y ey M2,

Sm—1—15Sm—1s- - Sm—l)] .



By monotonicity, it follows that

(V?’LQ < < nm_l_Q)
VSn@—l—la’rm—l—lvsm—lHrm—l to vSm—larm—l
Tk < w)(¥i > k)

[wi ': (,D(’n/() +1. a2+ 1

Tm—1—1,Tm—1y-+-sTm—1,
nog, .-y NMm—1-2,
Sm—1—1Sm—1Is-- -, Smfl)] .

(=) Let (w;)i<w be a sequence of finite words such that
VsoTro -+ Vsm—13rm—1(3k < w)(Vi > k) [w; |= o(7,35)] .
Then there are Skolem functions (g, ..., 8,,_1 such that, for all 7,
(Fk < w)(Vi > k)
[wi E ©(Bo(ng), B1(no,n1), .., Bm—1(n0, - - . ,nm,l),ﬁ)] )

By monotonicity of ¢, we may assume that each §; is increasing in every argu-
ment. Furthermore, setting S.(z) := B;(x,...,z) and n} := max {ng,...,n;}, it
follows that

(Fk < w)(Vi > k)
[wi ): ‘p(ﬁ(/)(né))v ﬂi (nll)a s 7ﬁ7/nfl(n;nfl)7 ’ﬁ’)] .
Consequently, it follows for
Blx) = max {By(2), ..., Bp_1(2)}
that
Bk < w)(Vi > k) [w; E ¢(B(no),- ., B(nm—1).7)],

for all ng < -+ < mp_1. Let w} be the weighted word obtained from w; by
replacing each weight function f by the function

F@) =k where 85(0) < f(x) < #1(0).
For all ng < --+ < ny—1 and every i, it follows that
wi = o(B(no), - .., B(nm-1), 1)
implies
w; =g +1,...,nm_1 +1,7).
Consequently, we have
(Fk <w)(Vi > k)[w; Eo(no+1,...,nm1 +1,0)],

forall ng < -+ < ng_1.



C.2 Reductions between tiling problems

Before reducing the limit satisfiability problem to certain tiling problems, we
present reductions between various versions of these tiling problems. Let us start
with some terminology. For a picture p : [h] X [w] — X, we denote the ith column
by

p(fa ) = p(O,i) o p(k - 172.) )
the jth row by

p(.]v _) = p(.]7 0) o p(]7n - 1) ’
and, the band for rows j; < --- < ji by

p(j17 _) X X p(jk7 _) .
We will consider the following variants of tiling systems.

Definition 51. (a) An m-dimensional tiling system (L, K) is lossy if the col-
umn language K is closed under subwords.

(b) An m-dimensional tiling system (L, K) is monotone if there is a partial
order < on the alphabet X such that

— if uabv € K, for a,b € ¥ and u,v € X*, then there exists a letter c € X
such that ¢ > a,b and ucv € K ;

= Qo -+ - Ag(k—1) X " X Q(m=1)0 - - - Am—1)(k—1) € L and a;; < by; implies
boo - - - bO(kfl) X - X b(m,l)o . b(mfl)(kfl) eL.

(c) An m-dimensional tiling system (L, K) is restricted if the language K is
a finite union of languages of the form a*bc*, for a,b,c € X.

The m-dimensional tiling problem is the problem to decide whether a given
m-dimensional tiling system (L, K) has solutions of arbitrarily large height. The
lossy/monotone/restricted m-dimensional tiling problem is the similar problems
for tiling systems of the corresponding kind.

Lemma 52. The [restricted] monotone m-dimensional tiling problem reduces to
the [restricted] lossy m-dimensional tiling problem.

Proof. Let (L, K) be a monotone m-dimensional tiling system and let K’ be the
closure of K under subwords. We claim that (L, K’) has solutions of arbitrarily
large heights if, and only if, (L, K') has such solutions.

Clearly, any solution of (L, K) is also one of (L, K’). Conversely, let p :
[n] x [k] = X be a solution of (L, K'). Then

p(—i) e K', foralli<k.

Hence, there exists a word af) . . . afﬁl € K and an injective function h; : [n] —
[;] such that p(j,7) = azi(j). Since (K, L) is monotone, there exists a word



by...b,_y € K such that b} > aj ). We define ¢ : [n] x [k] — X by q(i, j) := bj.
By choice of b;-, we have

q(—,i) e K, foralli<k.
Furthermore, as (K, L) is monotone, and ¢(, j) > p(i, j),
q(io, =) X --» X q(im—1,—) € L,

for all iy < -+ < i;—1 < n. Hence, ¢ is a solution of (K, L) of the same height
as p.

Lemma 53. The restricted lossy 1-dimensional tiling problem and the restricted
monotone 1-dimensional tiling problem are equivalent (with respect to many-one
reductions).

Proof. We have already presented a reduction from the monotone case to the
lossy case. For the other direction, let (L, K) be a restricted lossy 1-dimensional
tiling system over the alphabet X. We set X’ := P(X). The language K’ is the
closure of the set

{{ao}.. . {an-1}|{ao}.. {ai-1} € K}
under the operation
AO - An,1 — AO - Aifl(Ai @] Ai+1>Ai+2 - An,1 .

The language L’ consists of all words Ag ... Ax_1 such that there exist elements
a; € A; with ag...ap_1 € L.

We claim that (K, L) has solutions of arbitrary height if, and only if, (K’, L")
has such solutions. Clearly, if p is a solution of (K, L) then we obtain a solution p’
of (K', L") by setting p’(i,5) := {p(i,7)}. Conversely, let p’ : [n] x [k] = X’ be
a solution of (K', L'). For each i < n, there are elements a € p/(i,7) such that
ap...ay_, € L. We set p(i,j) := a}. By choice of a, we have af...a}_, € L,
for every i < n. By definition of K’, for each j < k, there exists a word w; €
K such that aJQ . ..a;”l is a subword of w;. As (K, L) is lossy, it follows that

0 n—1

aj...a; " € K. Consequently, p is a solution of (K, L).

Lemma 54. The lossy m-dimensional tiling problem and the restricted lossy m-
dimensional tiling problem are equivalent (with respect to many-one reductions).

Proof. Clearly, every restricted tiling problem is also an unrestricted one. Hence,
we only have to prove one direction. Let (L, K) be an arbitrary lossy m-dimen-
sional tiling system over the alphabet Y. We define an equivalent restricted
problem as follows. Suppose that K = |J,_, T; where each language Tj; is of the
form

Ti = (Ap) D (AD)" .. (A1) b (A7),



for Ay,..., AL, C X and bi,... b, € X. W.lo.g. we may assume that the num-
ber n is the same for all languages T;. Let >, < ¢ X be new symbols and define
the alphabet

Y= (Du{<,>}) x[[] x 2n+1].
For every a € X, we define the language B, C (X’)* consisting of all words

(COa Z-7.].0) R (CS7 iajs)
such that

— ¢Cy...Cs € >Fa<*,

¢y = a and j; = 2r implies a € A%;

¢t = a and jy = 2r 4+ 1 implies a = bi._H;
—0=jo << gy = 2n5

— j¢t = Ji+1 implies that j; is even;

- jt ;é jt+1 1mphes that jt-‘rl = jt + 1.

Let L’ be the language obtained from L by replacing each letter a by a word of
the form B,. The language K’ is

K' = U U U [(<77;aj)*(a7i’j)<>ai7j)*

aexi<li<Entl (<, 4)*(>,4,5)"] -

We claim that (L', K') has a solution of height n if, and only if, (L, K') has such
a solution.

(<) Let p be a solution of (L, K') of height h. For each column p(—, z), fix a
language T; containing it and fix numbers ko, ..., k, such that

(=) € (AG)Mby (AT)*r . (A7, )"}, (A7)

n—1

We obtain p’ by replacing the column p(—,z) by h columns

(>,i,0) ] (>,4,Js) [(p(h — 1,2),i,2n)]
: (<,1i,2n)
(>,1,Js)
(p(s,x)J,js) )
(<4, Js)
(>,1,0) :
_(p(07 1’), ’i, 0)_ (<7 iujs) | L (<, ’i, 2TL)

where

0 if s < ko,

2j+1 ifs=ky+---+kj+j,

23 ifko+---+kji1+5—-1
<s<ko+---+ki+7.

s =



Then p’ is a solution of (L, K') of height h.
(=) Let p’ be a solution of (L', K’) of height h and length w. Let 0 = zo <
-+ < xy = w be all indices such that, for every s < t,

Pz (v, s +1)...0' (y, 2541 — 1) € Ba,

for some a € X. Given z,y with z; < x < z4y1, let p(y, x) := a, where a € X' is
the letter such that

Py, 20’ (y, s + 1) ... p'(y, 2541 — 1) € Ba.
We claim that p is a solution of (L, K).

From the definition of L’ it follows easily that every tuple of m lines of p is
in L. Hence, we only have to check that every column is in K. For s < t, set
ay = p(y, ). Then

Py xs)p (Y25 + 1) .. p/(y, 2541 — 1) € By,

and there is some index z; < o < x,41 such that p'(y,z) = (ay, iy, jy), for
suitable iy, j,. By definition of L' and K’, we have ig = --- =i,_1 and

ay € Alv,  if j, = 2s,
ay =b" ., ifj,=2s+1.

Consequently, ag...ap_1 € T; C K.

C.3 Reducing limit satisfiability to tiling problems

Theorem 55. The limit satisfiability problem for formulae with number quan-
tifier prefix (V*3*)™ reduces to the restricted monotone m-dimensional tiling
problem.

Proof. First, note that, by Proposition 14, the limit satisfiability problem for
formulae with number quantifier prefix (¥*3*)™ reduces to the one with number
quantifier prefix (v3)™. Hence, given a quantifier prefix Vso3rg - - - Vs,,—13rm—1

and a AMSOY-formula ¢(, 5), we will construct a restricted monotone m-dimensional
tiling system (L, K) that has solutions of arbitrary large height if, and only if,
there exists a sequence (w;);<. of finite words satisfying

VsoTro -+ Vsm_13rm—1(Fk < w)(Vi > k)[w; = ¢(1)].

Let X' be the alphabet used in ¢. We define a monotone tiling system (L, K)
over the alphabet X' := ¥ x {<, =, >} with ordering

(a,0) < (b,7) :iff a=b, 7=>, and 0 € {<,=}.

The column language is

K = U (a,<)*(a,=)(a,>)*U U (a, <)*(a,>)".

acX acX



To define the row language L let © be the set of all AMSO%—types with free
variables 75 and set

Lo:={po...pr |poy. -, pk €O withpy® - - Dpr E¢}.

Let p be the function that maps an m-tuple ((a,09),...,(a,0m-1)) € (X/)™
to the AMSOp-type

Thy(a,no +1,...,npm_1+1,7),

where a is the word consisting of the single letter a with weight k& := 2m, and
7 are arbitrary numbers such that, for all 4,

ni—|—1<kifai:<,
n¢+1<ni+1 and ni:kifa'i::,
n; > kif oy = >.

If there are no such numbers, p remains undefined. Note that u is well-defined
since, for a word consisting of a single letter with weight &, the theory

Thh(a,no +1,... N1 + 1,ﬁ)
only depends on the order type of the numbers k, ng, ..., n,_1. We set

L:=pYLo)={co...co1 € ((Z)™)"|
plco) .. plcp—1) € Lo } .

To show that (L, K) has the desired properties, it is sufficient, by Lemma 50,
to prove that (L, K) has solutions of arbitrary large height if, and only if, there
exists a sequence (u;);<, of words such that, for all ng < -+ < npy_1 < w,

(Fk < w)(Vi > K)[u; E (i +1,70)].

(=) For each i < w, fix a solution p; of height h; > i and length [;. We define
a word u; as follows. The k-th column of p; is of the form

(@i g, <) (@i gy =) (@ g, >R
or

(a/i,kv <)w’i’k (a/i,ka >)hi_wi‘k )

for some a;;, € 2 and w < w. We define the weighted word u; :=a;0...a:,-1,
where the letter a; ; has weight w; ;. For ng < -+ < np_1 < h; withn; +1 <
nj+1, it follows that
Thh(ai,k,no +1,... N1 + 1,77L)
= u(p(no,i) .. .p(nm_l,i)) )



Hence,
1(p(no,0) ... p(nm-1,0)) ...
p(p(no,li — 1) ... p(nam—1,1; — 1)) € Lo
implies
Thy(us, 1+ 1,n) =
Thh(ai70, n + 1,’/_7,) H---PD Thh(ai7l,y—17,ﬁ’ =+ 1,7_1) ': ©.
Consequently,
u Ep(m+1,n), forall ng <--- < mngy_y with
n; +1 < njyq and ¢ with n, 1 < by

(<) Let (u;)i<w be a sequence of words such that, for all ng < -+ < nyp_1 <
(JJ’

(Fk < w)(Vi > K)[u; E o+ 1,70)].
Then there exists an increasing sequence (h;);<, of numbers such that
u Eem+1,n), forallng<---<nm_1<h;.

Let ,, be the length of u,,. For each n, we define a function p,, : [h,] X [I,] = ¥
as follows. Suppose that a; is the j-th letter of u, and that its weight is k;. We
set

(aj,<) if i < k‘j,
(i, g) =1 (aj,=) ifi=k;,
(aj,>) if 7> kj.

We claim that every p,, is a solution of (L, K). By definition, every column of p,,
belongs to K. Let ng < -+ < npy—1 < hy and set @' := (ng + 1,...,npm_1 + 1).
For j < l,, let a, ; be the letter such that u, = ano @ -+ ® any,—1. It follows
that

,LL(p(Tl(),]) ce 'p(nm—laj)) = Thh(an,jaﬁlaﬁ) .
Consequently,

Thy,(an0,7',7) @ -+ @ Thy(an, 1,7, )
= Thh(unvﬁ/7ﬁ) ': ¥

implies that

w(p(no,0)...p(nm—-1,0))...
1(p(no, bn = 1) ... p(nm—1,1, — 1)) € Lo .

Consequently, the rows ng, ..., n,—1 are in L.



Theorem 56. The restricted monotone m-dimensional tiling problem reduces
to the satisfiability problem for WAMSO-sentences with number quantifier prefix
(W 3%)m™.

Proof. Let (L, K) be a restricted monotone m-dimensional tiling problem over
the alphabet Y. We construct a formula stating that the model is an w-word of
the form #wo#wiFHwa# ... where # ¢ X is a new letter and the words w; €
(23)* encode solutions of (L, K) of unbounded height. The following conditions
are easily expressed in WAMSO:

— there are infinitely many #,
— the weight function f is unbounded,
— each letter other than # is of the form (a,b,c) € X3 where a*bc* C K.

The main task is finding a formula expressing that every m-tuple of lines belongs
to L. We use the formula
@ :=Vsodrg - Vsim—13Irm—1VaVy
[‘x and y are consecutive occurrences of #’
= Y(z,y,7,5)]

where 1 is defined as follows. Let x be an MSO-formula defining the language L
where we use letter predicates of the form P>, meaning that the letter at the
given position is greater or equal to a. As L is upward closed, we can choose x
such that every occurrence of such a predicate P>, is positive. For a € X, set

9 (x) = \/ [(P(a)bﬁc)(m) A f(x) <)
b,ceX
v (P(b,a,c)(x) Ns; < f(:L’) < Ti)

V (P,e,a) () Asi < fx))]

Let x" be the formula obtained from yx by replacing every predicate P (4,.....a,._1)

by
i<m
The formula 1) states that the formula x’ holds between positions x and y.
We claim that ¢ is satisfiable if, and only if, (K, L) has solutions of arbitrarily
large height.
(<) For each n < w, fix a solution p,, : [n] X [k,] = X of (K, L) of height n.
Set

_n n
Wy, = ao ...aknil,

where a' = (a,b,c) is choosen such that p,(0,%)...pp(n — 1,7) € a*bc*. We
define the weight function f of w, such that p,(0,7)...p,(n — 1,i) € af@bc*.
We claim that the w-word

HwoHFwiFwaH# . ..



is a model of .

Given the values s; of the universally quantified number variables, we choose
the value r; := s; + 1 for the existentially quantified ones. It is sufficient to
prove that a subformula ¥ holds for a position j in the word w,, if, and only if,
pn(ri,j) > a. Hence, suppose that 9% holds at j in w, and let (cg,c1,c2) be the
letter at that position. Then one of the following cases holds:

— a=co and py,(si,j) € {a,c1}, or
— a=c; and py,(s;,j) = a, or
— a=cyand p,(s;,7) € {a,c1}.

Since ¢; > a it follows that p,(s;,j) > a.
Conversely, suppose that p,(s;,j) > a. Let (cg, ¢1,¢2) be the letter of w,, at
position j. Then

—c¢p>aand f(j) < sy, or
—¢1 > aand f(j) =s;, or
— co>aand f(j) > s

Since 7; = s; + 1 it follows that 9 holds at j.
(=) Suppose that ¢ is satisfiable. Then the model has the form

#HwoHwiHFwaf ...,
for words wg, wy, .... We have to construct solutions p,, of (K, L) of arbitrarily
large height.
Fix a skolem function §;(so,...,s;) for the variable r; and set
B(s) := max { 5i(so,.-.,8:) | i <m andsg,...,s; <s}.

By monotonicity of x'(7, §), it follows that
Wn, ): X/(ﬂ(so)a cee 7ﬂ(sm—1)7 50y sm—l) )

for all so < < sp-1 <w. Let (a},b},c}) be the i-th letter of w,. We set

ay if f(j) < B(0),
paling) = b0 if B1(0) < £(j) < B,
&y if f(5) = BH0).

As height of p, we take the maximal value of f(j) where j ranges over the
positions in w,. Since the function f is unbounded, it follows that the p,, have
unbounded weight. Hence, it remains to prove that each p,, is a solution of (K, L).
Clearly, we have

for all j, where h is the height of p,.
Fix numbers kg < --- < k,,_1 and set s; := 8¥:(0). If a formula ¥ (z) holds
at position j in w, with letter (co,c1,c2) then



=¢p and f(j) < B(s;), or
—a=c and s; < f(j) < B(s;), or
— a=coand s; < f(j).

|
S
|

Consequently, ¥ (j) implies that p,, (k;, j) > a. It follows that

(pn(ko,0) ... (km=1,0)) ... (pn(ko,l) ... pn(km-1,1)) € L,

as desired.



