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ABSTRACT. We provide elementary algorithms for two preservation theorems for first-
order sentences (FO) on the class €4 of all finite structures of degree at most d: For each
FO-sentence that is preserved under extensions (homomorphisms) on €4, a €4-equivalent
existential (existential-positive) FO-sentence can be constructed in 5-fold (4-fold) exponen-
tial time. This is complemented by lower bounds showing that a 3-fold exponential blow-up
of the computed existential (existential-positive) sentence is unavoidable. Both algorithms
can be extended (while maintaining the upper and lower bounds on their time complexity)
to input first-order sentences with modulo m counting quantifiers (FO+MOD,).

Furthermore, we show that for an input FO-formula, a €4-equivalent Feferman-Vaught
decomposition can be computed in 3-fold exponential time. We also provide a matching
lower bound.

1. INTRODUCTION

Classical preservation theorems studied in model theory relate syntactic restrictions of for-
mulas with structural properties of the classes of structures defined. For example, the
Los-Tarski theorem states that a first-order sentence is preserved under extensions on the
class of all structures if, and only if, it is equivalent, on this class, to an existential first-order
sentence. The homomorphism preservation theorem states that a first-order sentence is pre-
served under homomorphisms on the class of all structures if, and only if, it is equivalent,
on this class, to an existential-positive first-order sentence.

In the last decade, variants of both theorems have been obtained, where the class of
all structures is replaced by restricted classes that meet certain requirements. For example,
[Ros08LIADKO06, Daw10] obtained that the homomorphism preservation theorem holds for
the class of all finite structures, as well as for the classes of all finite structures of degree at
most d or of treewidth at most k, and, in general, for quasi-wide classes of structures that
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are closed under taking substructures and disjoint unions (this includes classes of bounded
expansion and classes that locally exclude minors). While the Los-Tarski theorem is known
to fail on the class of all finite structures, in [ADGOS§| it was shown to hold for various
classes of structures, including the class of all finite structures of degree at most d, the class
of all finite structures of treewidth at most k, and all wide classes of structures that are
closed under taking substructures and disjoint unions.

For most of these results, it is known that the equivalent existential or existential-
positive sentence may be non-elementarily larger than the corresponding first-order sentence
[DGKSO7]. A notable exception affects the Los-Tarski theorem for the class of acyclic finite
structures of degree at most d, for which [DGKSQT7] obtained a 5-fold exponential upper
bound on the size of the equivalent existential first-order sentence.

The present paper’s first main result (Theorem B.]) generalises the latter in three ways:
(1) We show that the 5-fold exponential upper bound for the Los-Tarski theorem holds
for every class € of structures of degree at most d that is closed under taking induced
substructures and disjoint unions (this includes, e.g., the class of all finite structures of
degree at most d). (2) We provide an algorithmic version of the theorem, showing that for a
given first-order sentence, the existential sentence can be constructed in 5-fold exponential
time. (3) Our algorithm also works for input sentences of the extension FO+MOD,, of
first-order logic with modulo m counting quantifiers. The main ingredient of our proof is a
new, technically challenging upper bound on the size of minimal models of sentences that
are preserved under extensions on € (Theorem [B.0]).

Our second main result (Theorem [3.2]) provides an algorithmic version of the homomor-
phism preservation theorem over any class € of structures of bounded degree that is closed
under taking induced substructures and disjoint unions, and that is decidable in 1-fold ex-
ponential time (e.g., the class of all finite structures of degree at most d). Specifically, we
show that for a given FO+MOD,,-sentence that is preserved under homomorphisms on €,
an equivalent existential-positive first-order sentence can be constructed in 4-fold exponen-
tial time. The proof, again, relies on a new upper bound on the size of minimal models
(Theorem B.12]).

Two counterexamples (Theorem B.I4] and Theorem [B.15) show that the closure prop-
erties of the classes of structures considered, required by our preservation theorems, are
indeed necessary.

We complement our preservation theorems by lower bounds (Theorem [5.4] and Theo-
rem [0.3]), providing a sequence of first-order sentences that are preserved under extensions
(homomorphisms) for which the smallest equivalent existential (respectively, existential-
positive) sentences are 3-fold exponentially larger. Both lower bound proofs use particular
encodings of numbers by binary trees introduced in [HKS13].

Our third main result deals with Feferman-Vaught decompositions of first-order formu-
las. The classical Feferman-Vaught theorem states that for certain forms of compositions
of structures, the theory of a structure composed from simpler structures is determined
by the theories of the simpler structures. This applies, for example, to disjoint sums and
direct products (also known as cartesian products or as tensor products) of structures (cf.,
e.g., [Hod93]). Feferman-Vaught-like theorems find application in results about the decid-
ability of theories, as well as in results about model checking and satisfiability checking
[IMak04,/GJL15]. Another use of Feferman-Vaught decompositions is within the proof of
Gaifman’s theorem |Gai82], which is an important tool for inexpressibility results as well as
for so-called algorithmic meta-theorems [Krell].
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Algorithmic versions of decomposition theorems a la Feferman-Vaught are typically
of the following form (cf., [Mak04l/GJLI5]): A given first-order sentence ¢ that shall be
evaluated in the disjoint sum or the direct product A of s structures Aq,...,As, can be
transformed into a finite set A of formulas and a propositional formula 5 whose propositions
are tests of the form “the i-th structure A; satisfies the j-th formula in A”, such that A
is a model of ¢ iff B is true. It is known that the Feferman-Vaught decomposition (A, )
may be non-elementarily larger than ¢ [DGKS07]. Our third main result (Theorem 2] and
Corollary [4.9) shows that for any class € of structures of degree at most d, such Feferman-
Vaught decompositions for disjoint sums and direct products can be computed in 3-fold
exponential time. This is complemented by a matching lower bound (Theorem [(.8]). Our
lower bound proof, again, relies on encodings of numbers by binary trees, now along with a
method of [GJL15]. Our algorithm produces a set A of so-called Hanf-formulas and relies
on a result of [BK12] that transforms the given sentence ¢ into Hanf normal form.

The rest of this paper is structured as follows: Section [2 fixes the basic notations.
Section [ presents our algorithms concerning preservation theorems. Section Ml presents our
results concerning Feferman-Vaught decompositions. Section [] contains lower bounds that
complement our results of Section [3] and Section dl Section [6] gives a short conclusion and
provides directions for future work.

2. PRELIMINARIES

We write Z for the set of integers and N for the set of non-negative integers. For all m,n € N
with m < n, we denote the set {i € N : m < i < n} by [m,n]. The set of non-negative
real numbers is denoted by R.,. For » > 0, by log(r) (respectively, log,(r)) we denote the
logarithm of » with respect to base 2 (respectively, base b, for b > 2).

If f is a function from N to R.,, then poly(f(n)) denotes the class of all functions g: N —
R., for which there is a number ¢ > 0 such that g(n) < (f(n))¢ is true for all sufficiently
large n € N.

We say that a function f from N to R., is at most k-fold exponential, for some k > 1, if
there exists a number ¢ > 0 such that for all sufficiently large n € N we have f(n) < T(k,nc),
where T'(k,m) is a tower of 2s of height k¥ with an m on top (i.e., T(1,m) = 2™ and
T(k+1,m) = 27®™) for all k > 1 and m > 0).

For a function f: A — B and a subset A’ C A, we denote by f(A’) the set {f(a) : a €
A'}. For n € N, we write T to denote the tuple (x1,...,z,). For a tuple T € A™ we write
f(Z) to denote the tuple (f(x1),..., f(zy,)). Sometimes we treat tuples as if they were sets;
e.g., a €T means a € {xy1,...,Tp}.

2.1. Structures and formulas. A signature o is a finite set of relation and constant
symbols. Associated with every relation symbol R is a positive integer ar(R) called the
arity of R. The size |o| of o is the number of its constant symbols plus the sum of the
arities of its relation symbols. A signature o is called relational if it does not contain any
constant symbol.

A o-structure A consists of a non-empty set A called the universe of A, a relation
RA C A2(R) for each relation symbol R € o, and an element A € A for each constant
symbol ¢ € 0. The size |A| of A is the size of a reasonable representation of A as a binary
string (cf., e.g., [EF99,[Lib04]); in particular, | A| € O(|A[lo]).
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For a relational signature o and o-structures A and B, we say that B is a substructure
of Aif BC A and R® C RA for each R € o. The structure B is an induced substructure of
A if B is a substructure of A and R® = RAN B> for each R € 0. We then say that B is
the substructure of A induced by the set B.

For every non-empty set B such that AN B # ), we write A[B] to denote the sub-
structure of A induced by A N B. Furthermore, if A\ B # () then A — B is the induced
substructure A[A \ B] of A obtained by deleting all elements from B.

We use the standard notation concerning first-order logic and extensions thereof, cf.
[EF99LLib04]. By qr(¢) we denote the quantifier rank of ¢, i.e., the maximum nesting
depth of quantifiers occurring in a formula ¢. By free(¢) we denote the set of all free
variables of ¢. A sentence is a formula ¢ with free(p) = 0. A o-structure A is called a
model of a sentence ¢ if ¢ is satisfied in A.

We write p(Z), for T = (z1,...,2,) with n > 0, to indicate that free(¢) C {x1,...,2,}.
If Ais a o-structure and @ = (ai,...,a,) € A", we write A = ¢[a] to indicate that
the formula ¢(7) is satisfied in A when interpreting the free occurrences of the variables
Z1,...,%T, with the elements aq, ..., a,. We write p(A) to denote the set of all tuplesa € A™
such that A | ¢[a]. For a class € of structures, two formulas ¢(Z) and (Z) of signature
o are called equivalent on € (for short: €-equivalent) if for all o-structures A € € we have
¢(A) = P(A).

By FO(o) we denote the class of all first-order formulas of signature o. The extension
of FO(o) by modulo counting quantifiers is defined as follows: Let m be an integer such
that m > 2. We write 3°™°4™ to denote the modulo m counting quantifier. A formula
of the form 39medmy o(F y) is satisfied by a o-structure A and an interpretation @ of the
variables T if, and only if, the number of elements b € A such that A = ¢[a, b] is a multiple
of m. For a fixed number m we write FO+MOD,,,(c) to denote the extension of FO(o)
with modulo m counting quantifiers. The quantifier rank qr(y¢) of an FO4+MOD,,-formula
 is defined as the maximum nesting depth of all quantifiers (i.e., first-order quantifiers and
modulo counting quantifiers).

The size |¢| of an FO+MOD,,,(o)-formula ¢ is its length when viewed as a word over
the alphabet cU{=}U{3%™d™ 3 v = AV, =, <, (,)}U{, }U Var, where Varis a countable
set of variable symbols.

2.2. Gaifman graph. For a o-structure A, we write G4 to denote the Gaifman graph of
A, i.e., the undirected, loop-free graph with vertex set A and an edge between two distinct
vertices a,b € A iff there exists an R € o and a tuple (a1,...,a,(R)) € RA such that
a,b e {(11, s 7aar(R)}'

Given a o-structure A and two elements a,b € A that are connected in the Gaifman
graph G 4, the distance distA(a, b) between a and b is the minimal length (i.e., the number
of edges) of a path from a to b in G4. For a,b € A that are not connected in G 4 we let
dist*(a,b) := cc.

For r > 0 and a € A, the r-neighbourhood of a in A is the set

NA@a) = {be A : dist'(a,b) <r}.

The r-neighbourhood NA(W) of a set W C A is the union of the r-neighbourhoods N;*(a)
for all a € W. For a tuple @ = (ay,...,a,), we write NA(@) instead of NA({a1,...,an}).
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2.3. Bounded structures. The degree of a o-structure A is the degree of its Gaifman
graph G 4. Let v: N — N be a function. A o-structure A is v-bounded if |N/(a)| < v(r)
for all » > 0 and all @ € A. Clearly, if A is v-bounded, then it has degree at most v(1)—1.
On the other hand, if A has degree at most d, then A is v4-bounded for v4: N — N with
va(r)=1+4d- Z::_& (d — 1)*. Thus, A has degree at most d iff it is v4-bounded. Note that
v4 is at most 1-fold exponential.

We will restrict attention to at most 1-fold exponential functions v: N — N that are
strictly increasing. This is reasonable, since then (r+1)-neighbourhoods may contain more
elements than r-neighbourhoods, and it excludes pathological cases where v-boundedness
of a structure implies that the structure is a disjoint union of finite structures whose size is
bounded by a constant depending on v.

Let o be a finite relational signature, let A be a o-structure, let n > 1, and let @ € A".
Let ¢y, ..., c, be distinct constant symbols.

For r > 0, the r-sphere around @ is defined as the o U {c1, ..., ¢, }-structure N:A(@) :=
(A[NA(@)], @), where the constant symbols ci,...,c, are interpreted by the elements
Aly...,0n.

An r-sphere with n centres is a o U {c1, ..., cy }-structure 7 = (B,b) with b € B" and

universe B = NB(b). We say that 7 is realised by @ in A iff N/A(a@) is isomorphic to 7. By
7(A) we denote the set of all @ € A™ that realise 7 in A.

Note that a v-bounded r-sphere 7 with n centres contains at most n-v(r) elements. Thus,
there is an FO(o)-formula sph.(T) of size (n-v(r))°U such that for all o-structures A
we have sph,(A) = 7(A).

Unless otherwise indicated, we assume an r-sphere to have only one centre. Up to
isomorphism, the number of o-structures with exactly n elements idl at most 27° -n¢, where
a is the sum of the arities of the relation symbols in ¢ and c is the number of constant symbols
in 0. Hence we can bound the number of non-isomorphic r-spheres that can be realised in
v-bounded o-structures from above by
lol+1

21/(7’)

2.4. Disjoint unions. For a relational signature ¢ and each s > 1, the disjoint union
AU+ U A of o-structures Aj, . .., A is a structure A that is defined (up to isomorphism)
as follows: Let A be a set of size |A;| + --- + |Ag| and let, for each i € [1,s], fi: i — A
be an injective function such that fi(A1),..., fs(As) is a partition of A. Now, A is the
o-structure with universe A where, for each R € o, the relation R is the union of the sets
{f;(@) : @€ R4} for all i € [1,s]. The mapping of A is the function 7: A — (A;U---U Ay)
with 7(a) = b where b is chosen such that b € A; for some i € [1,s] and f;(b) = a.

If the universes of Ay, ..., A are pairwise disjoint, we let A := A; U---U A, and we let
fi be the identity on A; for each i € [1, s], and 7 the identity on A.

3. PRESERVATION THEOREMS

Throughout this section, o will always denote a finite relational signature and € will always
denote a class of o-structures. A o-structure B is an extension of a o-structure A if A is
an induced substructure of B. A sentence @ is preserved under extensions on € if for each

lwe will usually omit brackets and shortly write 2" for 2(*").
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model A € € of ¢ and every extension B € € of A, B is also a model of ¢. An existential
FO(o)-formula has the form 3x; - - - 3x,, ¢, where ¢ is quantifier-free. It is straightforward to
see that every existential FO(o)-sentence is preserved under extensions on arbitrary classes
of g-structures.

A homomorphism of o-structures A and B is a mapping h: A — B such that for each
relation symbol R € o with r := ar(R) and all tuples (ay,...,a,) € A7, if (a1,...,a,) € RA
then (h(ay),...,h(a,)) € RB. A sentence ¢ is preserved under homomorphisms on € if for
each model A € € of ¢ and each structure B € € for which a homomorphism A from A
to B exists, B is also a model of ¢. An existential-positive FO(o)-formula is an existential
FO(o)-formula that does not contain any of the symbols =, —, <». For convenience, we
will say that also false is an existential-positive FO(o)-sentence (that is not satisfied by any
o-structure). It is straightforward to see that every existential-positive FO(o)-sentence is
preserved under homomorphisms on arbitrary classes of o-structures.

For the remainder of this section, let v: N — N be a fixed time-constructible strictly
increasing function that is at most 1-fold exponential.  Recall that the number of non-
isomorphic r-spheres (with one centre) that can be realised in v-bounded o-structures
is bounded from above by gu(r)2tel,

Sy(r |ol), ie.,

Henceforth, we will abbreviate this expression by

Su(rfol) = 270"
Thus, S,(+,-) is the class of all functions f: N x N — N for which there exists a ¢ > 0 such
that f(r,s) < 2¥()° for all sufficiently large r,s > 1.

In this section, we explore the complexity of constructing existential (respectively,
existential-positive) FO(o)-sentences for FO+MOD,, (o)-sentences that are preserved un-
der extensions (respectively, homomorphisms) on classes of v-bounded o-structures that are
closed under disjoint unions and closed under induced substructures (respectively, closed
under disjoint unions, closed under induced substructures, and decidable in 1-fold exponen-
tial time). It is straightforward to see that the class €4 of all finite o-structures of degree at
most d, for any fixed d > 0, meets all these requirements. Similarly, as we assume that v is
time-constructible and at most 1-fold exponential, also the class of all v-bounded structures
is easily seen to be decidable in 1-fold exponential time, as well as closed under taking
induced substructures and disjoint unions.

In Subsection we present two examples of classes of structures, which show that the
closure properties required by our constructions are indeed necessary.

3.1. Summary of this section’s main results. Table[I]summarises the time complexity
of our algorithms (depending on the size of an input sentence) on the class of all v-bounded
structures. The summary differentiates between functions v with either exponential or
polynomial growth.

The precise statement of this section’s first main result reads as follows; a proof is given
in Subsection B.3] below.

Theorem 3.1. Let €, be a class of v-bounded o-structures that is closed under disjoint
unions and induced substructures. There is an algorithm that, given an FO4+MOD,,(o)-
sentence ¢ of quantifier rank ¢ = 0 as input, constructs in time

og m)? oz m)2.0(2v3HCUTD oo
el - Su(Su (3, [o]), Jor]) o5 ™ (= lpl - 2osmez DS IR CAY
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extensions | homomorphisms

exponential v 5-exp 4-exp
polynomial v 3-exp 3-exp

Table 1: The time complexity of our algorithms. For each fixed d > 3, the class €4 of all
finite structures of degree < d is a case of “exponential v”. The class € of all
finite structures of degree < 2 is a case of “polynomial v”.

an existential FO(o)-sentence 1p such that the following holds:
If ¢ is preserved under extensions on €, then ¢ and ¢ are equivalent on &€, .

Consequently, if the function v is exponential, ¢ is an FO+MOD,, (o)-sentence, and o
consists of exactly the relation symbols that occur in ¢, then the algorithm uses time 5-fold
exponential in the size of ¢. In particular, if v = vy for a fixed d > 3, and €, is the class of
all finite structures of degree < d, then our algorithm uses time at most

dgo(fI+10g el 20(lel)

o] - 2t < 2ogm)*d (3.2)

when given a first-order sentence ¢ with modulo m counting quantifiers, quantifier rank g,
and signature o. Note that the constant suppressed by the O-notation does not depend
on the particular signature o. Furthermore, if ¢ does not contain any modulo counting
quantifier, we can assume m to be 2, and hence (logm)? = 1.

On the other hand, if v is polynomial (e.g., v = v, and €, is the class of all finite struc-
tures of degree < 2), then expression (B.I)) simplifies to the 3-fold exponential expression

2,920 o) 2.920(1%)

|| - 20os™) o(logm)

(3.3)

This section’s second main result reads as follows; a proof is given in Subsection B.4]
below.

Theorem 3.2. Let €, be a class of v-bounded o-structures that is closed under disjoint
unions and induced substructures and decidable in time t(n) for some function t : N — N.
There is an algorithm which, given an input FO4+MOD,, (0)-sentence ¢ of quantifier rank
q = 0, constructs in time

glelSu23tlol) . 415, (2:39, o)) (: 2||eo||72u(2.3q>0(uau>. t(2y(2,3q)o<uau>)) (3.4)

an existential-positive FO(o)-sentence 1 of size 250(23%09) sych that the following holds:
If ¢ is preserved under homomorphisms on €,, then ¢ and v are €, -equivalent.

Consequently, if the functions v and t are 1-fold exponential, then the algorithm uses
time 4-fold exponential in the size of the input sentence . In particular, if v = vy for a
fixed d > 3 and €, is the class of all finite structures of degree < d, the algorithm uses time

20(q+log o) 20(llel)
olel-2? < 9
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If v is polynomial and ¢ is at most 1-fold exponential (this is, in particular, true if €, is the
class of all finite structures of degree < 2), the algorithm’s running time is
2\\go\\-220(q"‘””) - 2220<M2)

X bl

which is 3-fold exponential in the size of the input sentence .

3.2. Introductory notes on the proofs of Theorem [3.7] and Theorem Consider
a class € of o-structures and an FO+MOD,, (¢)-sentence . A o-structure A is a €-minimal
model of ¢ if A€ €, Aisa model of ¢, and there is no proper induced substructure B € €
of A that is a model of ¢.

Let €, be a class of v-bounded o-structures that is closed under disjoint unions and
closed under induced substructures. The main combinatorial parts (Theorem and The-
orem [B.12]) of the proofs of Theorem [B.I] and Theorem B.2] provide upper bounds on the size
of €,-minimal models for FO+MOD,, (co)-sentences that are preserved under extensions
(respectively, homomorphisms) on €.

The proofs of both upper bounds on the size of the €, -minimal models proceed as
follows: Assume that ¢ is an FO+MOD,, (0)-sentence that is preserved under extensions
(homomorphisms) on €,. We show that for every €,-minimal model whose size exceeds the
upper bound, a proper induced subtructure A’ € €, of A can be constructed that is also a
model of ¢, which is a contradiction to the minimality of A.

In both cases, we use the following generalisation of Hanf’s theorem (see e.g. [EF99,
Lib04]) by Nurmonen [Nur00] to sentences with modulo counting quantifiers. Two o-
structures A and B are (m,q)-equivalent (A =}, B, for short) if they satisfy the same
FO+MOD,, (0)-sentences of quantifier rank at most gq.

Theorem 3.3 (Theorem 3.4 in [Nur00]). Let A, B be o-structures. Let m > 2 and g > 0.
Suppose that for some e > 0 each 3%-neighbourhood of an element in A or B has less than
e elements and that for each 3%-sphere T (with one centre), |T(A)| and |T(B)| are congruent
modulo m and either

(A =[rB)  or  ([|T(A) =t and |r(B) =t ),
where t := q-e +1. Then A =}, B. O

The proof of Theorem employs a novel inductive construction that constructs a
sequence of structures from €, that alternates between proper induced substructures and
disjoint extensions of 4 and finally stops with two consecutive (m, ¢)-equivalent structures,
where ¢ > 0 is the quantifier rank of .

Our proof of Theorem [3:12lis an adaptation of a result by Ajtai and Gurevich (Lemma 7.1
in [AG94]) where we use Nurmonen’s theorem (Theorem [B3)) instead of Gaifman’s theorem.

Finally, the upper bounds on the size of €,-minimal models are used as an input to
algorithms that compute a €,-equivalent existential (existential-positive) FO(o)-sentence
for an input FO4+MOD,,, (0)-sentence ¢ that is preserved under extensions (homomorphisms)
on €, (see Lemma B.8 and Lemma B.13]).

The construction for existential sentences generalises Lemma 8.4 in [DGKS07] to first-
order sentences with modulo m counting quantifiers. Here, the handling of the modulo
m counting quantifier requires an inductive construction (rather than a straightforward
brute-force approach) to ensure the desired time complexity.
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The construction for existential-positive sentences uses an algorithmic version of the
Chandra-Merlin Theorem [CMTT7], which requires an additional assumption on the decid-
ability of €,.

3.3. Preservation under extensions: Proof of Theorem [3.Il This subsection is de-
voted to the proof of Theorem [3.11

A set of elements B in a o-structure A is r-scattered, for an r > 0, if for all distinct
elements a,b € B we have N4 (a) N NA(b) = (). We will make use of the following easy fact.

Lemma 3.4. Let A be a v-bounded o-structure and let m,r > 0. If |A| > (m—1)-v(2r),
then there exists an r-scattered subset of A of cardinality m.

Proof. We show that |A| < (m—1)-v(2r), if there is no r-scattered subset of cardinality m
in A.

Choose a number n < m such that there is an r-scattered subset B of cardinality n in
A, but no r-scattered subset of cardinality greater than n. Every element a of A has to be
contained in the 2r-neighbourhood of B (for otherwise, B U {a} would be an r-scattered
subset of A of cardinality n+1). Therefore, |A| = |Nsr(B)| < (m—1) - v(2r). O

The main combinatorial contribution of this subsection is an upper bound on the size
of €,-minimal models for FO+MOD,, (o)-sentences, which is provided by the following
theorem:

Theorem 3.5. Let €, be a class of v-bounded o-structures that is closed under disjoint
unions and induced substructures. Let m > 1 and let ¢ be an FO+MOD,,(o)-sentence of
quantifier rank q > 0 that is preserved under extensions on €,. There is a number

»(31)Olel) p
No(ma,lol) € m-S,(8,(3% lol), Iol) (= o2
such that every €,-minimal model of ¢ has size at most N,(m,q,|o|).

Proof. Let r := 37 and let s € S,(r, |o|) be the number of isomorphism types of r-spheres
(with one centre) that are realised in o-structures in €,,. Let R := 2sr and let S € S, (R, |o])
be the number of isomorphism types of R-spheres (with one centre) that are realised in o-
structures in €,. Finally, let ¢ := ¢ - (v(r)+1) + 1 be the threshold from Theorem B3] for
v-bounded o-structures and for quantifier rank q.

Let A be a €,-minimal model of ¢. Towards a contradiction, assume that the universe
A of A has cardinality greater than (2Stm—1) - v(2R). Then, by Lemma B.4], there exists
an R-scattered subset of A of cardinality 25tm. Because there are at most S different
R-spheres realised in A, there is an R-scattered set X’ of 2¢tm elements in A that realise
the same R-sphere.

An r-sphere 7 is frequent in a structure A if |7(A)| > t. Otherwise, it is rare in A. Note
that each r-sphere realised by an element from the (R—r)-neighbourhood of X’ is frequent
in A, because it occurs at least 2¢tm > t times in A.

Let X be a subset of X’ of cardinality tm. Since

N a) = N#(b) for each a € X and each b e X'\ X, (3.5)
the following holds for each r-sphere 7:

If |[7(A)NNE (X)) >t also |7(A—Ng (X)) =>t
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Co

C1

Co

C3

Cy

Cs

Figure 1: The first six elements of the sequence (C;);>0. Note that for all even i, C; is a
disjoint extension of A while for each odd 4, C; is a proper induced substructure

of A.

Le., every r-sphere 7 that is realised by at least ¢ elements of the (R—r)-neighbourhood of
X is still frequent in the substructure of A induced by deleting the (R—r)-neighbourhood
of X.

Consider the following sequences (C;);>0 and (Dg;);>0 of o-structures in €,,. Let Cy := A
and C; := A — X. For each even i > 1, let D; := Ci_l[Nz“‘(li_l)r(X)]. Note that for odd i, D;
is neither defined nor required. For each 7 > 2, let

{ AUD] if i is even,

Gi= (A= Ng_1), (X)) UDiy if i is odd,

where D) is a structure isomorphic to D; whose universe is disjoint to A. For all even i, C;
is a disjoint extension of A, and for all odd 4, C; is a proper induced substructure of A.

Let 7 be an r-sphere. Recall that | X| = tm and that the R-spheres around the elements
of X are disjoint and isomorphic. This implies that, for each i € [1,s—1], there is a number
k € Z such that |7(A— N;(‘Z._I)T(X))] = |7(A)| + ktm and therefore |7(A — N;(‘Z._I)T(X))] =
|7(A)] mod m. Furthermore, since |X| = 0 mod m, it is straightforward to see that
|7(D})| = |7(D;)] =0 mod m for all even i < s.

This immediately proves the following Claim 1.

Claim 3.6. For all i < s and every r-sphere 7, |7(C;)| and |7(Cit+1)| are congruent modulo
m.

A proof of the following Claim 2 is deferred to the end of the proof of Theorem
Claim 3.7. The following holds for all i < s and every r-sphere 7:

(a) If 7 is frequent in C;, it is also frequent in Cji1.
(b) If 7 is rare in C; and rare in C;j41, then |7(C;)| = |7(Cizx1)]-

While every r-sphere that is frequent in C; is also frequent in C;41, the opposite is not
necessarily true: There may be r-spheres that are rare in C; but that occur frequently in
Ci+1. However, since there are only s pairwise non-isomorphic r-spheres in o-structures in
¢,, and Cp already contains frequent r-spheres, Claim B.7] (a) implies that there has to be
an ¢ < s such that all frequent r-spheres of C; 11 are frequent already in C;. Thus, for this
particular ¢ we know that any r-sphere is either frequent in C;y; and in C; or it is rare
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in Cj+1 and in C;. Hence, with Claim 3.7 (b) it follows that for every r-sphere 7, either
|7(Ci)| = |7(Cit1)| or 7 is frequent in C; and Cj41.

Together with Claim 1, we can conclude from Theorem B3 that C; =, C;11. Therefore,
by using Claim 2, the proof of Theorem can be completed as follows: In case that ¢ is
even, we let B := C; and A’ := C;11; and in case that 7 is odd, we let B := C;11 and A’ := C;.
Since B is a disjoint extension of .4 with an induced substructure of A (and hence belongs
to €,, since €, is closed under disjoint unions and induced substructures), A = ¢, and ¢
is preserved under extensions on €,, we obtain that B = ¢. Because A’ =}, B and ¢ has
quantifier rank ¢, we know that A’ = ¢. Since A’ is a proper induced substructure of A and
¢, is closed under induced substructures, we have A’ € €,. However, this is a contradiction
to the assumption that A is a €,-minimal model of .

Therefore, the size |A] of the universe of A is at most (25tm—1) - v(2R).

We let N, (m, q, |o|) := (2Stm—1)-v(2R). To obtain an upper bound on N, (m, g, |o|), recall
that S € Sy (R, |o|) and R € 2r - S,(r,|o]). Therefore, since S, (R, |o|) is an abbreviation

for the expression 2 (R)O(HUH), we know that
S e S22 o) < S(S,(nlol), o). (3.6)
The latter inclusion is correct since v is strictly increasing. Similarly, we have that
v2R) = w(2-20- 2200y (S, (n, |o])). (3.7)

Using (3.6) and considering that t € O(q - v(r)), we conclude that
25tm = 0@/l g iy m)  C S(Su(r o) o) - g-m. (3.8)
Putting ([B.8) and ([3.7)) together, we obtain that
(25tm=1) - v(2R) < Su(Su(r|o]),lol) - v(Sy(r,]ol)) - q-m
S Su(Su(rlal)lel) -q-m.

Therefore, recalling that r := 3%, we know that
Ny(m,q,|ol) € Su(S.(3%]ol).lol) -q-m < m-S,(5.3% o), |of)-
All that remains to be done to finish the proof of Theorem is to prove Claim 2.
Proof of Claim 2. Observe that, for all 7,7 < s,
CGIA\NNR 2 (X)) = GIA\ Nfo (X)]. (3.9)

Let ¢ < s. For the proof of Claim 2 (b) let 7 be an r-sphere that is rare in C; and C;41.
Since X is an R-scattered set of size > ¢, the rareness of 7 implies that 7(C;) and 7(Ciy1)
are subsets of A\ N7 (X). Hence, (3.9) implies that |7(C;)| = |7(Ci+1)|. This proves
Claim 2 (b).
For the proof of Claim 2 (a), we distinguish between even and odd i.

Even i: Recall that Cy = A and that for each even ¢ > 2, C; = AUD;. Let 7 be an
r-sphere that is frequent in C;.
If 7 is realised in C; by an element in NV ﬁ_r (X)) then, since X is R-scattered and of cardinality
at least ¢, we know that 7(\A) N N& _ (X) contains at least ¢ elements. Furthermore, we
obtain by Observation (B.5) that also 7(A) N N7 . (X’\ X) contains at least ¢ elements.
Since X C X', the set X' is R-scattered, and 2ir < R, we obtain that |7(A — Nsi (X))| > ¢.
Thus, 7 is also frequent in C;11.
If 7 is realised in C; by an element in D, for ¢ > 2, then, since D} = D;, 7 is realised in C;4;
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also by an element in D; C N ﬁ_T(X ). Thus, 7 is also frequent in C;11.
Otherwise, we know that |7(A) \ N4 (X)| > t. Then it follows from Observation (3.9)
that 7 is also frequent in C;y;.

Odd i: Recall that C; = A—X and that, for each odd i > 3, C; = (.A—N54

Let 7 be an r-sphere that is frequent in C;.

If 7 is realised in C; by an element in N 5
cardinality > ¢, the set 7(C;) N Nt 5
defined as C;[N3 (=)o

we have |7(Dj_ )| > t. Consequently, since Ciy1 = AUD;_,, also |7(Ciy1)| > t. Thus, 7 is
frequent in C;yq.
Otherwise, we know that 7(C;) N (A\ V. 2(7, r (X)) has cardinality > ¢. Since the r-sphere

ofeachaeA\N (im 171+T( ) in A— Ny

also frequent in Ciy1 = AUD; ;.
This concludes the proof Claim 2 and Theorem O]

i1y +,(X) then, since X is R-scattered and of

1) +,(X) contains at least ¢ elements. Since D is

(X)], we obtain |7(D;y1)| > t. Furthermore, since D; | = D;,1,

5(i—1)r (X)) is isomorphic to its r-sphere in A, 7 is

For proving Theorem B.] it remains to do the following: for a given FO+MOD,, (o)-
sentence v that is preserved under extensions on €,, and for an upper bound on the size of its
¢,-minimal models (obtained from Theorem [3.5]), construct an existential FO(o)-sentence
that is €,-equivalent to 1. This is achieved by the following lemma which is a generalisation
of Lemma 8.4 in [DGKSO0T7] to sentences with modulo counting quantifiers.

Lemma 3.8. Let € be a class of o-structures that is closed under induced substructures.
There is an algorithm which, given a number N > 0 and an FO+MOD,,(o)-sentence 1 of
quantifier rank q > 0, constructs in time

] - Ol

an existential FO(o)-sentence ¥y such that the following holds: If v is preserved under
extensions on € and every €-minimal model of Y has at most N elements, then ¥y is
C-equivalent to 1.

Furthermore, the constant suppressed by the O-notation does not depend on the signa-
ture o. If ¢ does not contain any modulo counting quantifier, the construction only takes

time O(J] - NY).

The key ingredient for the proof of Lemma [3.8 is contained in the following lemma.
Here, an enumeration of a set A is a tuple (a1,...,ayn) € AM of length M = |A| that
contains each element of A exactly once (i.e., A = {a1,...,an}).

Lemma 3.9. Let k > 0 and let 1 be an FO+MOD,,(0)-formula with variables among
Z1y...,xk. Let M > 1 and let s: [1,k] — [1, M]. There is a quantifier-free FO(o)-formula
(Y)m,s with variables among yi,...,ynm such that for each o-structure A with exactly M
elements and each enumeration (ay,...,ay) of A, the following equivalence holds:

(A7a8(1)7"'7a5(k)) ): w($17"'7$k)
Zﬁ (A,al,...,(lM) ): (¢)M7S(y17"'7yM)‘

Furthermore, if 1 does not contain any modulo counting quantifier, the above equivalence
holds more generally for each o-structure A with at most M elements and each tuple
(ai,...,anr) € AM that contains each element of A at least once.
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The formula, (¥)nr,s can be constructed in time
o] - prOtatosm),

and the constant suppressed by the O-notation does not depend on the signature o.
If ¢ does not contain any modulo counting quantifier, the construction of (¢¥)n,s only takes
time in

O[] - M?).

Before presenting the proof of Lemma 3.9, we first show how to use Lemma [3.9] for proving
Lemma 3.8

Proof of Lemma using Lemma [3.9.

Choose k such that the variables occurring in ¢ are among z1,...,x. For applying
Lemma B9 for any M > 1, we let s be an arbitrary function from [1,%] to [1, M]. For
every M € [1, N] we apply Lemma and let

oMy, - ym) = N ~vi=yi A @)y um).
I<i<gsM

Furthermore, we let

N
Q,Z)N = \/ ElylﬂyM @M(ylyvyM)
M=1

Suppose that A’ € € is a model of ). Since 1) is preserved under extensions on € and every
¢-minimal model of ¥ has at most N elements, there is an induced substructure A4 € €
of A" with a universe of exactly M < N pairwise distinct elements aq,...,ays, such that
A = 1. Therefore, by Lemma B9, (A, ay,...,ap) is a model of ppr(y1,-..,yn). Hence,
A = ¢y, and since ¢y is existential, also A" | ¢y

On the other hand, suppose that A’ € € is a model of ¥. Then, there is an M € [1, N]
and a substructure A € € of A’, induced by pairwise distinct elements a1, ...,ay from A’,
such that (A, a1,...,ap) is a model of (¢¥)ars(y1,...,yn). Hence, A |= ¢ and, since A’ is
an extension of A, also A’ = 1.

Thus, ¥y is €-equivalent to .

By Lemma B3, (v)a,s can be constructed in time | - NO@1°8™) Hence, 1y can be
constructed in time

N (N? 4 [yl - NOWlsm™) ] NOwosm),
Furthermore, if ¢ does not contain any modulo counting quantifier, it suffices to let
Yy = FyroIyn ()N, yn).
Here, the construction of (¢)n s and ¥y takes time only O(|¢| - N9). ]
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Proof of Lemma[Z.3.
The proof proceeds by induction on the shape of .

e For the induction start, let 1) be an atomic formula with variables among x1,...,2;. In
this case, (¢)ar,s is the formula obtained by replacing all occurrences of variables x; in v
by ys()- It is easy to check that (1), s satisfies the condition of Lemma[3.9l Assume that
Y = R(x;,,...,x;,) for a relation symbol R € o of arity £ > 1 and for iy,...,4, € [1,k].
For each o-structure A with at most M elements and each tuple (aq,...,ap) € AM that
contains each element of A at least once, the following equivalence holds:

(.A, as(l), ce ,as(k)) l: R(mil, ce ,mie)
iff (as(il), ce ,as(il)) €RA
iff (A a1,....an) F RWs(ir) - Ys(ip))-
For ¢ = (z; = x;) the argumentation is analogous.
o If 1/} = ﬂW then (QZJ)M,S = _‘(qbl)M,s-
Similarly, for each Boolean connective x € {A,V, —, <>}, we let
(Tp,*q/),/)M,s = (¢/)M,s* (T/JII)M,s-

In each of these cases it is easy to check that the constructed formula satisfies the lemma’s
condition.

e If oy = Jz; ¢/ then

<=

Il
—

(¢)M,s = (w/)M,s[i—m']a
J

where s[i—j] is the function s’ that agrees with s on all values except i, and §'(i) = j.
Note that |(¢)ars| € O(M - |(¢")ar,s]). For each o-structure A with at most M elements
and each tuple (ai,...,ap;) € AM that contains each element of A at least once, the
following equivalence holds:

(A a5y, asy) | 3z (21, 1)
iff there is a j € [1, M] such that for s’ := s[i — j],
(.A, as’(l)v e ,asl(k)) ’: ¢/(x1, e ,:Ek)
iff there is a j € [1, M] such that (A, a1,...,an) E () arsfio]Ws - - -5 ynr)
it (A,ar,...,am) E WO)msi, -, ym)-
e Accordingly, if 1) = Va; ¢’ then

~=

Il
—

(V)ms = (V") M sli—s)-

J
e Finally, assume that ¢ = 30™°dmy. o)/ While it is straightforward to write, in an
analogous manner to the two latter cases, a formula with the desired semantics but with
size exponential in M, we employ an inductive construction whose size is linear in M.
More precisely, we let () s = 7&’M, where yé’M is the formula provided by the
following claim:
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Claim 3.10. For all j,j" € [1, M] with j < j’ and each p € [0, m—1], there is a quantifier-
free formula 3/ (y1, ..., yar) such that for each o-structure A with exactly M elements and
each enumeration (aq,...,aps) of A, the following equivalence holds:
(A,al,...,CLM) ': ng)"jl(y17”’7yM)

if, and only if, the number of indices ¢ € [4, j'] such that

(A7 alv"'7aM) ): (¢/)M,s[i—>€}(y17“' 7yM)
is congruent to p modulo m.

Furthermore, the formula 73”7 is of size

[ )arsl - (5 —g+1)0008™),
where the constant suppressed by the O-notation does not depend on the signature o.
To show that vé’M satisfies the requirements of Lemma [3.9] let A be a o-structure with

exactly M elements and let (aq,...,aps) be an enumeration of A. Then, due to Claim B.10]
the following equivalence holds:

(A a5y, s agp) | 304 @ (2, )
iff the number of indices ¢ € [1, M|, such that for s’ := s[i — /],
(A a9y, .- a9m)) FE ¥ (21,...,23), is congruent to 0 modulo m

iff the number of indices £ € [1, M], such that (A, a1,...,an) F () asimgWrs--->ym),
is congruent to 0 modulo m
(recall that ¥ and (¥') s[4 satisfy the assumptions of Lemma [3.9)

ifft (A a1,...,anm) E ’yé’M(yl, ce s YM)-
By Claim 3, the size of yé’M is in | (¢ ) ar.s] - MOU8™) Tt remains to prove Claim BI0l
Proof of Claim [310. We start by defining, for each j € [1, M] and each p € [0,m—1], the

formula ~37: We let )7 = (¢ )arsimy) and 417 = (¢')arsfij). For each p > 1,
we let 77 be an unsatisfiable formula, e.g., —y;=y;. By definition, these formulas satisfy

Claim B.101
For all j,j" € [1, M] with j < j' and each p € [0, m—1], we let
N C )
(p1,p2)€P
where h = L%]/J and P is the set of all tuples (p1,p2) € [0,m—1] x [0, m—1] such that
p1 + p2 is congruent to p modulo m. Note that |P| = m.

For each o-structure A with exactly M elements and each enumeration (ay,...,ayr) of
A, the following equivalence holds:

(A,CLl,...,CLM) ): ’YIJ;] (ylu"'ayM)
iff there are p1,ps € [0, m—1] with p; + p2 = p mod m such that
ih htl,5
(Ayar,...;an) B v (1, ym) and (A aq,...,ay) E ’yp;r T (Y1, ym)
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iff there are p1,p2 € [0, m—1] such that p; +p2 = p mod m and the number of indices ¢ in
the intervals [4, 2] and [+ 1,5'], such that (A, a1,...,an) E () asimgWs--->ym),
is congruent to p; modulo m and congruent to ps modulo m, respectively,

iff the number of indices £ € [4,j'], such that (A, a1,...,an) E (V) asimgyi, .- ym),
is congruent to p modulo m.
It remains to show that for all j, ;" € [1, M] and p € [0, m—1],
P71 e 1@l (1) O

Note that the number of occurrences of (¢')ars in ’yg’j " in the “leaves” of the inductive
definition of 477" is in m©1oel’=i+1)  Moreover, taking into account the “inner nodes” and

the “leaves” of the inductive definition of yz’j / separately, we can bound the size of %’j l
from above by

I € TG'—i+1) + 1@ )arsl - mOUEUIHD), (3.10)
where the function T': N., — N, is defined inductively by T'(1) := 1 and, for all n > 1,
T(n) == a-T([n/2]) (3.11)

for a number a > 1 of size O(m). For an upper bound on the growth of T(n) we apply a
variation of the well-known Master Theorem, which reads as follows:

Theorem 3.11 (adapted from Theorem 4.1 of [CLRS09]). Let a > 1 and let b > 1. Let
T:N., — N be defined by T(1) := 1 and, for all n > 1, T(n) := a - T([n/b]). Then,
T(n) € ©(n'8r9). (]

By choosing the number a as in ([BI1]) and with b := 2, we can conclude that
T(n) € Oy c pOlem),
Replacing T'(j'—j+1) by (j'—j+1)°U°e™) in @I0) we obtain that
P71 e (=g D)O0E™ () ar] - mOUoBT )
C @ )ars| - ((j'_jH)O(logm) + mO(log(j’—j+1)))
C @) rsl - (5 —j+1)0008™
This completes the proof of Claim B.10l []

For a bound on the size of (¢)yrs, note that the only size increasing steps in the
inductive translation are the ones for the quantifiers, which increase the size of the formula
by a factor of M, for first-order quantifiers, and by a factor in M21°8™) for modulo counting
quantifiers. Tt follows that [(1))ars] € [¢] - MO@8™)  wwhere ¢ is the quantifier rank of
. If ¢ does not contain any modulo counting quantifier, |(¥)as| € O(|¢| - N9). It is
easy to see that the inductive translation can be also carried out in time O(]|(¢)ar,s]). This
completes the proof of Lemma O

N
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Theorem [B.1] is now obtained by a straightforward combination of Lemma [3.8 and
Theorem

Proof of Theorem[31l Let m > 2 and let ¢ be an FO+MOD,,(o)-sentence of quantifier
rank ¢ > 0 that is preserved under extensions on €,. Let
N = Nymglol) € m-S,(S,@%ol)lol) = m- 2/ (G

be the upper bound on the size of €,-minimal models of ¢, obtained from Theorem
By Lemma 3.8 there is an algorithm that constructs an existential FO(co)-sentence that
is €, -equivalent to ¢ in time

|| - NOW@logm™) — — o] . (m , 2u(su(3q,HUH))ouxou))O(qvlogm)
C || - 20 ogm)* g (S, (3ol U7D)
v sInoden (logm)?
C ol - (260

O, m2
= el Su(S.(3% lol), lol)ts ™"

Here we make again use of the assumption that v is strictly increasing. This concludes the
proof of Theorem [3.11 L]

3.4. Preservation under homomorphisms: Proof of Theorem The combinato-
rial essence of the proof of Theorem is contained in the following theorem.

Theorem 3.12. Let €, be a class of v-bounded o-structures that is closed under disjoint
unions and induced substructures. Let ¢ be an FO+MOD,,(o)-sentence of quantifier rank
q = 0 that is preserved under homomorphisms on €,. There is a number

No(g, o) €  Su(2:3%]o]) (: o (2:30)0(1<1) )
such that every €,-minimal model of ¢ has size at most N, (q, |o])-

Proof. The proof is similar to the proof of Lemma 7.1 in [AG94]. However, it does not
rely on Gaifman’s theorem but uses Nurmonen’s generalisation of Hanf’s theorem, stated
in Theorem 3.3l Towards applying Theorem B3] we let r := 39, let ¢t := ¢- (v(r)+1)+1, and
let s € S,(2r,|o|) be the number of non-isomorphic 2r-spheres (with one centre) realised
in o-structures in ¢,,.

Let A be a €,-minimal model of ¢. Towards a contradiction, assume that |A| > s-v(4r).
By Lemma [34] A contains a 2r-scattered set of size s+1. Thus, since there are at most
s non-isomorphic 2r-spheres realised in A, there must be two elements aq,as € A with
disjoint and isomorphic 2r-neighbourhoods.

Let A" := A — {a1}. Clearly, the r-spheres of elements in A\ N7(a;) are the same in
A and in A’. But the r-sphere of an element in N:4(a;) might change when moving from A
to A’. However, by our choice of a; and as we know that every r-sphere that is realised in
A is also realised in A" (for elements outside the r-neighbourhood of a; this is obvious; and
for elements a} € N7(a;), the r-sphere of a} in A is realised in A’ by the corresponding
element af in the r-neighbourhood of as).

Now let B’ be the disjoint union of ¢-m copies of A’, and let B be the disjoint union of
B’ and of t-m copies of A.
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By construction, every r-sphere that is realised in B is also realised in B’, and vice versa.
Furthermore, the number of realisations of any r-sphere in B or B’ is a multiple of ¢-m. In
particular, B and B’ satisfy the assumption of Theorem [3.3], and therefore we have B =}, B'.
Thus, B = ¢ iff B’ E ¢.

Furthermore, since €, is closed under taking induced substructures and disjoint unions,
we know that B’ and B belong to €,. Obviously, there is a homomorphism that maps A to
one of the copies of A in B. Since ¢ is preserved under homomorphisms on €, and A = ¢,
we thus have B |= ¢, and hence also B’ |= ¢.

Recall that B’ is a disjoint union of copies of A’. By mapping each element of each
copy of A’ to the corresponding element in A’, we obtain a homomorphism from B’ to A’.
Hence, since ¢ is preserved under homomorphisms and B’ = ¢, we obtain that also A’ = .
This, however, contradicts our assumption that A is a €,-minimal model of . Therefore,
|A] < s-v(4r). We obtain that

Ny(q,[ol) = s-v{dr) € 5,(2:3% |o]).
This concludes the proof of Theorem ]

In the following lemma, we construct existential-positive FO(o)-sentences for FO+MOD,, (0)-
sentences that are preserved under homomorphisms. The proof is an algorithmic version of
the proof of Theorem 3.1 in [ADKO0G].

Lemma 3.13. Let € be a class of o-structures that is decidable in time t(n) for an arbitrary
function t: N — N. There is an algorithm that, on input of a number N > 0 and an
FO+MOD,, (0)-sentence ¢ of quantifier rank q > 0 constructs in time

ool (NO(HUH'HSDH) + t(O(NH"H)))

an existential-positive FO(o)-sentence ¢ of size 2NO(HJH), such that the following holds: If
p is preserved under homomorphisms on € and every €-minimal model of ¢ has at most N
elements, then ¢ is €-equivalent to .

Proof. For each finite o-structure A let v4 be the canonical conjunctive query associated
with A. T.e., y4 = w1 ---Jx4 04 where z1,...,2)4 are variables representing the ele-
ments aj, ..., a4 of A’s universe A, and 64 is the conjunction of all atoms of the form

R(xi,..., ;) where R € o, r = ar(R), i1,...,ir € {1,...,]A|}, and (a;,...,a;) € RA.
The well-known Chandra-Merlin Theorem [CMT7| states that for any o-structure B, there
is a homomorphism from A to B if, and only if, B = v4. Clearly, given A, the sentence 4
can be constructed in time O(JA|) = O(|A[lel).

On input of ¢ and N, the lemma’s algorithm
(1) computes the set M that consists all models of ¢

with universe {1,...,n}, for n < N, that belong to €,
(2) if M =0, it outputs the formula 1 := false,
(3) if M # 0, it outputs the formula o :=\/ 4c5; 74
Clearly, |M| is bounded by the number of all o-structures with universe {1,...,n} and
n < N. Hence, the size of ¢ is in

O(|M| - Nlly ¢ oo

Obviously, 1 is an existential-positive FO(o)-sentence.
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Before giving details on the algorithm’s step 1 and its running time, let us first show
that ¢ is €-equivalent to ¢, provided that ¢ is preserved under homomorphisms on € and
that every €-minimal model of ¢ has at most IV elements. To this end, let 5 be an arbitrary
o-structure in €.

If B = 1, then there is an A € M such that B = v4. Due to the Chandra-Merlin
Theorem, there is a homomorphism from A to B. As A € € and A = ¢, and since ¢ is
preserved under homomorphisms on €, we obtain that B = ¢.

On the other hand, if B |= ¢, then let A be a minimal induced substructure of B such
that A € € and A = ¢. Le., A is a €-minimal model of ¢. By assumption, N is an upper
bound on the size of the universe of A. Thus, by our choice of M, the set M contains a
structure A’ that is isomorphic to A. Since A is a substructure of B, the particular choice
of the formula v 4 implies that B = 4. Since A’ € M, we obtain that also B = . In
summary, this shows that 1 is €-equivalent to ¢.

Let us now turn to the algorithm’s step 1 and the analysis of its time complexity. To
compute M, the algorithm enumerates all o-structures A with A = {1,...,n} and n < N,
and checks for each such A whether A = ¢ and A € €.

By assumption, the question whether A € € can be answered within time t(|.A]) €
t(O(Nlel)).  Using the naive model checking algorithm for FO+MOD,,, the question
whether A = ¢ can be answered within time |A[CUeD) c NOUslleD  Since Nl g
an upper bound on the number of o-structures with universe {1,...,n} and n < N, the
entire computation of M takes time at most

ol (NO("U"'"SD") + t(O(NHUH))).
This completes the proof of Lemma B.13l ]

Theorem is now obtained by a straightforward combination of Lemma [B.13] and Theo-
rem [3.12] (in the analogous way as Theorem [3.J] was obtained by combining Lemma B.8 with
Theorem B.5)).

3.5. Closure properties. Our Theorems[3.Iland require that the considered classes be
closed under disjoint unions and induced substructures. In this section we provide simple
examples which show that these closure properties are indeed necessary. Both examples
use graphs that are directed paths where some endpoints are colored green. These are
represented as structures over the signature o := {F,G} as usual. That is, the binary
relation symbol E is interpreted by the edge relation and the unary relation symbol G is
interpreted by the set of green vertices. In the following, a vertex is a left endpoint or a
right endpoint if it is has, respectively, no ingoing edge or no outgoing edge. An endpoint is
either a left or a right endpoint. For n > 1, a directed path on n vertices where exactly the
endpoints are colored green will be denoted by P,, and a directed path on 2n + 1 vertices
where just the central vertex is colored green will be denoted by P¢.

Theorem 3.14. There is a class €1 of o-structures of degree at most 2 that is closed
under substructures but not under disjoint unions, and there is an FO(o)-sentence ¢ that
18 preserved under extensions and homomorphisms on €1, but that has no &i-equivalent
existential FO(o)-sentence.
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Proof. Let €; be the class that contains a o-structure if there is an n > 1 such that
the structure is isomorphic to a substructure of P,,. By construction, €; is closed under
substructures. It is not closed under disjoint unions, since e.g. the disjoint union of two
copies of Py, is not a substructure of any P,,.

There is an obvious FO(o)-sentence ¢ that is satisfied by a o-structure A iff |A| > 3 and
all endpoints of A are green. The models of ¢ that belong to €; are exactly the structures
that are isomorphic to P, for some n > 3, because each proper substructure A of P,
contains an endpoint that is not green. The sentence ¢ is preserved under homomorphisms
(and hence also under extensions) on €; for the trivial reason that the only structure in ¢;
to which there is an homomorphism from P,, is P, itself.

It remains to show that on €; the formula ¢ is not equivalent to an existential sentence.
Assume towards a contradiction that ¢ is €j-equivalent to an existential sentence ¢ :=
Jdxy -+ -z €, where k > 1 and where ¢ is quantifier-free. In particular, Pii3 = ¢ so that
there are ay,...,a; € Pgys for which (Pgis,a1,...,a;) E & Let P be the substructure of
Pr+s induced by {ai,...,ax}. Clearly, P = Pyys[{ai,...,ar}]. Thus (P,a1,...,a;) E &
and so P |= 1. On the other hand, P contains at least one endpoint that is not colored
green. Therefore, P £ . This contradicts our assumption that ¢ and v are equivalent. []

Theorem 3.15. There is a class €y of o-structures of degree at most 2 that is closed under
disjoint unions but not under induced substructures, and there is an FO(o)-sentence that
18 preserved under extensions and homomorphisms on €y, but that has no €y-equivalent
existential FO(o)-sentence.

Proof. Let €5 be the class of all o-structures that are disjoint unions of structures that are
isomorphic to P, or PY, for possibly different lengths n > 1. By construction, €; is closed
under disjoint unions. It is not closed under induced substructures, since e.g. Ps has an
isolated vertex that is not colored green as an induced substructure, but such graphs do not
belong to &,.

There is an obvious FO(o)-sentence ¢ that is satisfied by a o-structure A iff it contains
a green endpoint. A structure belonging to €s satisfies ¢ iff it contains a copy of P,, for some
n > 1, since the 7?,? do not contain green endpoints. The sentence ¢ is preserved under
homomorphisms (and hence also under extensions) on €3 because P, cannot be mapped
homomorphically to a P for any m whatsoever, due to the two green endpoints.

It remains to show that ¢ is not €y-equivalent to an existential sentence. Assume to
the contrary that ¢ is €y-equivalent to a sentence @ := Jxq---Jzy £, where £ > 1 and
where £ is quantifier-free. Then Priq = 1, i.e. there are aj,...,ap € Pryq for which
(Pxt1,a1,...,ax) E & Let M :={ay,...,ar}. We partition M into sets L, R, where L is
the (possibly empty) set of all vertices from M that belong to the connected component, in
Prr1[M], of the left endpoint of Pyy1, and R := M \ L. Clearly, L and R are disconnected
in Pi41[M]. In particular, the set L cannot contain the right endpoint of Py ;.

Suppose that L is empty and thus, R = M. There is a set M’ C Pkc of vertices (“left
of” the central green vertex) in P¢ such that PS[M’] 22 Pyy1[M]. Hence, P{ = 1. But
clearly P{'[M'] £ ¢. This is a contradiction.

In the case that L is not empty, the path 77]? contains induced substructures that are
isomorphic to Pj11[L] and Py1[R], respectively (“right of” and “left of” the central green
vertex). Let A be the disjoint union of two copies A; and Ay of 73,?. We map the elements
of L and R to corresponding elements of A; and As, respectively. Now let M’ be the image
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of M under this mapping. It is easy to verify that A[M'] = Pyi1[M]. Hence A = . But
clearly A [~ ¢. This is a contradiction. L]

4. FEFERMAN-VAUGHT DECOMPOSITIONS

Throughout this section, let v: N — N be a fixed time-constructible strictly increasing
function and let €, be an arbitrary class of v-bounded o-structures for a finite relational
signature o.

Let (P;);>1 be a sequence of unary relation symbols that are not already contained in
o. For every s > 1, by o, we denote the signature o U {Py,..., Ps}.

Recall that a disjoint union B = A; U---U A, of o-structures Aq, ..., As involves in-
jective functions f;: A; — B for each i € [1,s] such that fi1(A41),..., fs(As) is a partition
of B. The disjoint sum A1 @ --- ® As of Aq,..., As is a o,-structure A that expands the
disjoint union of Aj, ..., As by the unary relations P := fi(4;), for all i € [1,s]. Clearly,
P, ..., Pt is a partition of A, and for all a € PA and b € PJA with 4,5 € [1,s] and @ # 7,
there is no edge between a and b in the Gaifman graph of A.

In Subsection we provide an algorithm that computes, for every s > 1 and each
FO(oy)-formula ¢, a Feferman-Vaught decomposition of ¢, that is, a decomposition into a
Boolean combination of FO(o)-formulas which is equivalent to ¢ on each disjoint sum of s
structures in €, (for a precise definition, see Subsection [41]). For functions v of exponential
growth, this algorithm has 3-fold exponential time complexity in terms of the input formula;
for polynomial v, the time complexity is 2-fold exponential. In Subsection [4.3] we show how
to extend the algorithm to products of structures obtained by applying transductions to
disjoint sums, e.g., to direct products of structures as well as to cartesian products and
strong products of graphs.

In Section 5.3l we show that the algorithm’s time complexity is basically optimal: For
structures of degree 3, a 3-fold exponential blow-up of the decomposition in terms of the
size of the input formula is unavoidable, and for structures of degree 2 there is still a 2-fold
exponential blow-up.

4.1. Disjoint decompositions. Before presenting this section’s main results, we give a
precise definition of the decompositions constructed by our algorithm. These decomposi-
tions are a special case of so-called reduction sequences [Mak04]. They give conditions for
the validity of an FO(o,)-formula in a disjoint sum of structures in terms of a Boolean
combination of FO(o)-formulas that speak about the component structures of the disjoint
sum.
Let s > 1 and let T be a tuple of n > 0 variables. For each i € [1,s], let A; be a
finite set of FO(o)-formulas ¢ with free(d) C T and let 5 be a propositional formula with
variables from the set Xp :={X;5: 9 € [1,s],6 € A;}. The tuple D = (Aq,...,As, () is an
s-reduction sequence over T (for short: reduction sequence). The size |D| of D is defined
as | Bl 4+ 27i—1 Xosea, [0], where |B] is the size of the propositional formula 8 when viewed
as a word over the alphabet {—,A,V, =, (,)} U Xp.

Let Aj,...,As be o-structures and let @ be a tuple (ay,...,a,) from (43 U--- U
As)". We say that (Ay,...,As,a) is a model of the reduction sequence D, in symbols:



22 F. HARWATH, L. HEIMBERG, AND N. SCHWEIKARDT

(A1,...,As,a) E D, iff u = B, where u: Xp — {0,1} is the truth assignment such that for
each i € [1,s] and 0 € A,,

M(Xz‘,cs) = {

Here, @; is the subsequence of @ induced by all a; € @ N A; and T; is the subsequence of Z
induced by all x; such that a; € an A;.

Let € be a class of o-structures and let ¢(Z) be an FO(og)-formula. An s-reduction
sequence D over T is an s-disjoint decomposition for ¢(T) on € (for short: disjoint decom-
position for ¢(T)) if for every s-disjoint sum A = A; & - - - B A of structures Ay,..., A, € €
and all tuples @ € A",

(Aa) £ o@ (A, A.r@) D
Here, 7 is the mapping of the disjoint sum A, i.e., the mapping of the underlying disjoint
union of A’s component structures.

Intuitively, an s-disjoint decomposition for an FO(og)-formula ¢(Z) is a Boolean com-
bination of FO(o)-formulas from sets A;, i € [1,s]. This Boolean combination is equivalent
to ¢ on every s-disjoint sum A; @ --- & A and, for each i € [1,s], every FO(o)-formula
from A; is only interpreted over the component 4; and with its free variables assigned to
elements from A;.

1, if free(é) C7; and (.Ai,ai) ’: 5(52),
0, otherwise.

4.2. An upper bound. This section’s main result (Theorem F.2])) provides a 3-fold expo-
nential algorithm that computes a disjoint decomposition for an input FO(o)-formula ()
on €,. The algorithm proceeds as follows: First, ¢(T) is turned in 3-fold exponential time
into a Boolean combination ! (Z) of so-called Hanf-formulas (which will be defined below)
such that the formula ! (Z) is equivalent to ¢(F) on disjoint sums of structures from ¢,. To
achieve this, we apply an algorithm by Bollig and Kuske [BK12]. In a second step, for each
of the Hanf-formulas occurring in ¢! (Z), a disjoint decomposition is computed in linear
time (see Lemma [4.3]). Finally, these disjoint decompositions are combined into a disjoint
decomposition D = (Aq,..., A, () for p(Z) on €,. In particular, also the formulas in A;
are Hanf-formulas.

A Hanf-formula with n > 0 free variables Z is a formula of the form 3%%y sph_(Z,vy)
where 7 is the isomorphism type of a finite r-sphere (for an r > 0) with n+1 centres.

Here, for a number k£ > 1 and a formula ¢(Z,y) we write

Fry o(7,y)

as a shorthand for the formula
Jy1 -+ Jyk ( N —wi=y; A vy (\ v=u — so(f,y)))-
1<i<j<k 1<i<k
Note that, given k, y and ¢, this formula can be constructed in time O(k? + |¢]).

In [BK12], Bollig and Kuske provided a 3-fold exponential algorithm that transforms a
given FO(o’)-formula v, for a finite relational signature ¢’, into a formula in Hanf normal
form that is equivalent to ¢ on all ¢’-structures of degree at most d (for d > 1). Here,
we apply their result in the slightly more general setting of v-bounded structures. In this
setting, their proof yields the following (a proof can be found in the full version of [HKS13]).
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Theorem 4.1 ([BKI12/|[HKS13]). Let o’ be a finite relational signature, let v: N — N be a
time-constructible and strictly increasing function, and let €, be the class of all v-bounded o’ -
structures. There is an algorithm which transforms an input FO(c’)-formula ¢ of quantifier
rank g = 0 in time

olgl-v(40)0U"D (4.1)

into a € -equivalent formula ™ in Hanf normal form.

Moreover, each Hanf-formula occurring in ™ is of the form 3%y sph_(Z,y), where k is
at most || - (g+1)-v(49), T is a v-bounded r-sphere of radius r < 4%, and |[Z| < |free(p)|. ]
In the rest of this section we abbreviate the upper bound 2(#l (41))©Ue’D on the time
complexity for the construction of Hanf normal forms from Theorem [4.1] by the expression
Hy(lel, 49, |o"])-

With these preparations, this section’s main result can now be stated as follows:

Theorem 4.2. Let s > 1. There is an algorithm which, given an input FO(os)-formula
©(T) of quantifier rank q > 0, constructs in time

v O(lol+s)
Hy (el 47, o] + 5) (= aderameite) (42)

a disjoint decomposition (Aq,...,Aq, B) for o(T) on €,. Furthermore, the sets Ay, ..., Ag
contain only Hanf-formulas over the signature o.

Thus, if the function v is exponential and ¢ is an FO(og)-formula, where o, consists of
exactly the relation symbols that occur in ¢, then ¢ can be decomposed in 3-fold exponential
time — e.g., if v = 4 for d > 3, then ¢ can be decomposed in time

dgo(HWH)

If v is polynomial, then the transformation requires only 2-fold exponential time, i.e. time

220(\\¢\\2>

The remainder of this subsection is devoted to the proof of Theorem The first step
of the algorithm employs the algorithm of Theorem [£.1] to transform an FO(o)-formula ¢
into a €,-equivalent formula ¢ in Hanf normal form.

For the second step of our algorithm, the following lemma provides an algorithm which
constructs, given a Hanf-formula, a disjoint decomposition for it; not only on v-bounded
o-structures but on all o-structures.

Lemma 4.3. Let s > 1. There is an algorithm which, given an input Hanf-formula 1(T)
of the form 3%*x, 1 sph (T, Tny1) withn > 0 free variables, where k > 1 and, for an r > 0,
T 1s an r-sphere with n+1 centres over the signature os, constructs in time

O(s + [¥1)
a disjoint decomposition (A1,...,Ag, B) for ¥(T) on the class of all o-structures.
Furthermore, the sets Aq,...,As contain only Hanf-formulas over o, and each A; con-

sists of at most one formula.
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Proof. Let n,r >0,k > 1, let T = (x1,...,x,), and let 7 = (T,¢) be an r-sphere with n+1

centres ¢ = (¢1,...,Cn41), 1.€., T is a os-structure whose elements have distance at most r
to ¢.
Recall that 7 is an induced substructure of an s-disjoint sum iff
(1) every element in the universe of 7 is contained in exactly one of the sets P/, ..., PT,
and

(2) if there is an edge between two nodes a, b in the Gaifman graph of 7, then there is an
i € [1,s] such that a,b € P/.
We distinguish whether or not T is an induced substructure of an s-disjoint sum.

Case 1: T is not an induced substructure of an s-disjoint sum. Then, there is no
s-disjoint sum A with a tuple @ € A"*! such that NA(@) = 7. Therefore, the algorithm
can output an arbitrary unsatisfiable s-disjoint decomposition.

Case 2: 7T is an induced substructure of an s-disjoint sum. In the following, we first
describe the construction of an s-disjoint decomposition for ¢ (7). Afterwards we show the
correctness of this construction and give an analysis of its running time.

Since T is an induced substructure of an s-disjoint sum, for each i € [1,n+1], there is
a j € [1,s] such that ¢; as well as all elements in N/ (¢;) belong to P]T. For each i € [1, s],

let ¢ be the subsequence of ¢ induced by all ¢; € €N PZ-T, and let Z; be the subsequence of
7 induced by all ; such that ¢; € €N PZ-T. W.lo.g., ¢hy1 € PT.

The algorithm decomposes ¥ (Z) into a disjoint decomposition D := (Aq,...,Ag, ),
which is defined as follows:

e For each i € [1,s] wherecN P/ =0, let A; := 0.
e For each i € [1,s] where 2N P] # 0, let A; == {5;(Ti)},
where the FO(o)-formula ¢; will be defined later on.
e [ is the propositional formula
/\{ X;5:i€[l,s] suchthat ¢N PJ #0}
It remains to define the formulas 6;(Z;). Let 7; := N,/ (¢;) and let 7; be the r-sphere (7;,¢;).
Let T/ := (ﬁ)la be the o-reduct of T;, and let 7/ be the r-sphere (7/,%;). Recall that we
assume that ¢,+1 € PST. For i=s we let
0s(Ts) = FFa, $pher (Ts, Tpt1 ).
For each i € [1,5—1], i.e., for each i where ¢,1 & P/, we define the formula §;(F;) by
(52(52) = El>la;n+1 sph(7-i/7éic)(fi,a;n+1),
where ¢ is an arbitrary element from the tuple ¢;. Note that 6;(7;) is a Hanf-formula of

signature o and equivalent to the formula sph./ (T;).

Claim 4.4. (Aq,...,Aq, B) is a disjoint decomposition for 1 (Z) on the class of all o-
structures.

Proof of Claim[{.4. Let A=A &---& As be the disjoint sum of o-structures Ay, ..., As,
let ™ be the mapping of A, and let @ = (aq,...,a,) € A™. For every i € [1, s], let @; be the
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subsequence of @ induced by all a; € aN PiA. By definition of a disjoint decomposition, we
have to show that

(Aa) E  Frea sphirg (T ani) (=¥(@))

iff (A,@) is a model of (Ay,..., A, 3). That is, iff for all i € [1,s] with 2N P/ # (), the
conditions (a) and (b) hold, where

(a) Each free variable of §; is interpreted by an element from PZ.T, i.e., by definition of 9;,

for each j € [1,n], NA(a;) C PAiff ¢; € P/

(b) A; = &i[m(a:)].

Suppose that (A,@) satisfies 1() and let i € [1,s] such that ¢N P/ # §. Thus, for
every j € [1,n], NA(a;) = N (¢;). Since T is an induced substructure of a disjoint sum,
this implies Condition (a). Furthermore, there are at least k elements a € A such that
NA(a) 2 N (cps1). Since ¢,01 € P it follows that NyA(a) is a subset of PA.

Recall that 7 is the o-reduct of 7; and that N 7 (@;) is isomorphic to N (7(a;)).
Hence, also Condition (b) holds as A; satisfies ¢;[m(@;)] by definition of the corresponding
formula 6;(T;).

For the other direction, suppose that the conditions (a) and (b) hold for all 7 € [1, s]
with €N P # (). Then, for each i € [1,s—1], Condition (b) and the definition of &; imply
that NV (7(a@;)) = 7. Furthermore, by Condition (b) and the definition of s, there are at
least k elements a € A, such that N (w(@sa)) = 7..

Recall that A is the disjoint sum of Ajq,...,As. Therefore, the r-neighbourhoods of all
tuples @; and @;, for distinct ¢, j € [1, 5], are disjoint and there are no edges in the Gaifman
graph of A between them. Hence, for each tuple @ and each element a as chosen above,
A | sph.[a,a]. Consequently, (A,a) satisfies 1)(%). This completes the proof of Claim [4.4]

(]

Claim 4.5. The disjoint decomposition (A1, ..., A, 3) can be computed in time O(s+|¢|).

Proof of Claim[J-3. Let ¥(T) := 37*x,,11 sph, (T, vp+1) be a Hanf-formula of signature o,
where k > 1, n,r > 0, and 7 = (7,¢) is an r-sphere with n+1 centres. On input of ()
our algorithm proceeds as follows:

(1) Decide if T is an induced substructure of an s-disjoint sum. If yes, continue to Step (2).
Otherwise, return an unsatisfiable s-disjoint decomposition.

(2) Construct the propositional formula j.
(3) For each i € [1, s, construct §;(T;).

For Step (1), note that the structure 7 can easily be reconstructed from the formula
sph,. in time O(|sph.|). The algorithm performs two passes over the structure 7. In the first
pass, it remembers occurrences of the elements of the universe of 7 in the sets P/ ... ,PST .
This way it verifies that every element of T is in exactly one of these sets. If this is the
case, the algorithm continues with a pass over the other relations of 7 and checks that no
two elements from different sets P, ... ,PST occur in a tuple of these relations. Both passes
take time O(|T|) € O(|sph.]).

Step (2) takes time O(s), since the mapping of the constants @ to the sets P/ ..., P7
is already known as a byproduct of Step (1).

In Step (3), the mapping of the elements of 7 to the sets P{, ..., PJ, gathered in Step
(1), helps with constructing the formulas sphTZ_/, for each i € [1, s], within a single pass over

the formula sph_. Therefore, the construction of all the formulas §;(7;) takes time O(|¢]).
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Altogether, the algorithm takes time O(s+ |¢]). This completes the proof of Claim (.5l
and Lemma 3] L]

By using the algorithm for the construction of Hanf normal forms by Bollig and Kuske
(Theorem [4.1]) and Lemma [4.3] we can now prove Theorem

Proof of Theorem[{.3 Given an input FO(og)-formula ¢(Z) of quantifier rank ¢ > 0 and
with n > 0 free variables, our algorithm proceeds as follows:

(1) We employ Theorem ET] to transform o(Z) into a formula ¢ (%) in Hanf normal form
that is equivalent to ¢(Z) on the class of all v-bounded o,-structures. This takes time
H,(|el,49, |o]+s). Furthermore, the Hanf-formulas occurring in this formula are of the
form 3%, 1 sph, (T, T,41), where k is at most @] - (¢+1)-v(49), and 7 is a v-bounded
r-sphere of radius r < 47 with at most n+1 centres. Since ¢+2 < |¢|, we have that

k1 < el (g4 v + 1 < Jol® - v(49).

(2) For a suitable L > 1, let ¥y(Z),...,¢r(T) be the Hanf-formulas occurring in o (z).
For each ¢ € [1,L], we use the construction described in the proof of Lemma 3 to
compute a disjoint decomposition (Aj g, ..., Agy, f¢) for the Hanf-formula ,(Z). Note
that, for each ¢ € [1,L] and each ¢ € [1,s], A, is either empty or consists of just a
single Hanf-formula 9; 4.

For each Hanf-formula 3%z, | sph (T, x,.1) occurring in ¢ (Z), this takes time

O(s+ K +[sph, ) € (lgl - v(40))O171+),

Since L < || and || € H, (||, 49, |o]+s), Step (2) takes time
L- (ol -v(a0))?Uel+9 < H,(J¢l, 4% o] + 5).

(3) We output the disjoint decomposition D := (Ay,...,Ag, B), where A; := A; 1U---UA; 1,
for each i € [1, s], and the propositional formula §3 is obtained from ¢ (%) by replacing
each Hanf-formula ,(Z), for every ¢ € [1, L], by the propositional formula ;. Again,
this takes time H,(|¢|, 4, |o| + s).

A ltogether, the running time of the algorithm is bounded by H,(|¢|,4%, o] + s). It is
straightforward to verify that D is indeed a disjoint decomposition for ¢(Z) on €,, that is,
for all structures Ay,...,As € &€,, their disjoint sum A = Ay & --- & A; with mapping ,
and all @ € A", we have (A,a) = ¢(T) iff (Ay,...,As,7(@)) = D. This completes the proof
of Theorem L]

4.3. Generalised decompositions. In this section, we turn our attention from decomposi-
tions on disjoint sums of structures to decompositions speaking about more general products
of structures. We show how to transfer the algorithm of Theorem to an algorithm that
produces decompositions on composite structures obtained by applying transductionsd to
disjoint sums.

Subsection 3.1 provides the necessary background on transductions. Subsection
presents this section’s main result, Corollary .8, which lifts Theorem from disjoint
sums to more general decompositions defined via transductions. Subsection [£.3.3] presents

2also knows as first-order interpretations, cf. [EF99]
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an application of the result to the particular case of direct products (also called tensor
products or cartesian products).

4.3.1. Transductions. We consider two fixed finite relational signatures o and 7.

Let t > 1 and let 0(x1,...,x¢) be an FO(o)-formula with ¢ free variables. Furthermore,
assume that, for each R € 7 of arity r := ar(R), 0g(7; ...7,) is an FO(o)-formula with r - ¢
free variables from tuples J; := (y;.1,...,¥it), for each i € [1,r]. Then, the tuple (0, (0r)rer)
is called a t-transduction from T to o (or transduction, if the parameters are given by the
context).

Assume now that © = (0, (Ar)ger) is a t-transduction from 7 to o as described above.
For every o-structure A = (A, (R*)res), the application ©(A) of the transduction © to A is
a 7-structure B = (B, (R®) ge,) whose universe B consists of exactly the tuples (ay, ..., a;) €
A? such that A E 0ay,...,a], and where each relation symbol R € 7 with arity r is
interpreted by the set of all tuples (@y,...,a,) in B", such that A = 0g[a; ...a,].

On the other hand, a ¢-transduction © from 7 to o can be applied to FO(7)-formulas.

For every FO(7)-formula ¢(Z) with n > 0 free variables T = (z1,...,zy), the application
O(p) of the transduction © to ¢(T) is an FO(o)-formula ¢ (T ...T,) with n-t new free
variables from variable tuples Z; := (zi1,...,%i¢), ¢ € [1,n], that is defined inductively as
follows:

o If o(Z) = R(x1,...,z,), for a relation symbol R € 7 with arity r, then
O()(T1... %) == NO@) A Or(@r...T).
i=1

e If ¢ is of the form x1=z5 then
t
@((p)(flfg) = Q(Tl) AN /\ T1,j=22,;-
j=1

e For the Boolean connectives the translation distributes, i.e. ©(—¢) := =O(p) and, for
each x € {A,V,—, <>}, we have O(p x 1)) := O(p) x O(¢)).
o If () = Jy (T, y) then let 5 = (y1,...,y:) be a tuple of new variables and let
O(p)(T1...Tn) == Ty (M) A OW)(T1...TnT)).
e Finally, for ¢(Z) = Vy ¥ (T, y), let O(p) := O(=Ty —).
Obviously, the application of a fixed transduction to an input FO-formula can be carried

out in time linear in the size of the input formula. The following lemma makes this precise
and gives a bound on the quantifier rank of the resulting formula.

Lemma 4.6. Let t > 1 and let © = (0, (0r)rer) be a t-transduction from 7 to o. Let k
and p be the maximum size and the mazimum quantifier rank of the formulas 0 and g, for
each R € 1. For every FO(7)-formula ¢, the FO(o)-formula ©(p) can be constructed in
time O((t+k) - |¢|). Furthermore, if q is the quantifier rank of ¢ then ©(p) has quantifier
rank at most t-qg + p.

Proof. Let ¢ be an FO(7)-formula of quantifier rank ¢ > 0. By induction on the shape
of ¢, we show that there is a suitable number ¢ > 1, that has to be greater than some
values obtained during the course of the induction, such that |©(¢)| < ¢ (t+k) - |¢| and

ar(©(p)) <t-q+p.
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o If o = R(x1,...,2,), for a relation symbol R € 7 with arity r, then |O(¢)| < c-k- (r+1).
Of course, 7+1 < |p|. Therefore, [O(p)| < ¢ (t+k) - |¢|. Furthermore, the quantifier
rank of ©(y) is at most p.

e For a Boolean combination ¢, the induction step is obvious.

e Assume that ¢ = Qyi(T,y) for a quantifier @ € {3,V}. In this case, we have that
[©(@)] < ¢ (t+k) +[O()]. Since |O()] < c-(t+k) - (|p[ 1), it follows that |O(p)] is at
most ¢ (t+k)-|¢|. Furthermore, by construction of ©(y), we have that qr(0(y)) is at most
t+max{p, qr(©(¢))}. Because qr(©(¢))) < t-(¢—1)+p it follows that qr(©(p)) < t-g+p.

Clearly, the formula ©(p) can be constructed in time O((t+k) - |¢]), that is linear in the
size of ¢. ]

The following proposition relates the application of transductions to structures and formulas
to each other. The proof is an immediate consequence of the definition of O(.A) and O(yp)
(see, e.g., [EF99]).

Proposition 4.7. Lett > 1 and let © = (0, (0r)reo) be a t-transduction from 7 to o. For

every FO(7)-formula ©(Z) with n > 0 free variables T = (x1,...,2,), each o-structure A
and each tuple (ay,...,a,) € (6(A))", the following is true:
(@(A),al,...,an) E o(r,...,z)
iff  (Aar...a,) E O (... Ty,
where, for each i € [1,n], T; := (zi1,...,Tit). ]
Note here the difference between the expressions (@i, ...,a,) and @ ... a,, where @; denotes

an arbitrary tuple (for every i € [1,n]): While (ai,...,a,) denotes the tuple of length n
whose elements are exactly the tuples @; for i € [1,n], the expression @ ...a, represents
the concatenation of these tuples, i.e., a tuple of length [a1|+ - - - + [a@,].

4.3.2. Decompositions obtained by transductions. This section’s main result is a corollary
to Theorem and reads as follows:

Corollary 4.8. Let 0 and 7 be finite relational signatures and let D, be the class of all
v-bounded T-structures. Let s,t > 1 and let © = (0, (0r)rer) be a t-transduction from T
to os. There is an algorithm which, given an input FO(T)-formula ¢(T) of quantifier rank
q = 0 and with n > 0 free variables, constructs in time

H, (Il - (£4), 4777 [o] + 5) (= oGyt )
a reduction sequence D = (Aq,...,As, ) over T, such that for all structures Ay,..., As €
D, and every tuple (ay,...,a,) in (0(A1 & --- B As))", the following is true:
(O(A1 @ @A), (@,...,an)) = o)
iff (.Al,...,.AS,ﬂ'(ﬁl...ﬁn)) ): D,

where 7 is the mapping of the disjoint sum A1 & - ® As.

Here, k and p are the mazximum size and mazimum quantifier rank of the formulas 0
and Og, for every R € o. Furthermore, the sets Aq,..., Ay consist of Hanf-formulas over
.
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Proof. Let (%) be an FO(7)-formula of quantifier rank ¢ > 0 and with n > 0 free variables
T = (x1,...,2,). The algorithm proceeds in two steps:

(1) In a first step, the algorithm applies the transduction © to the input formula ¢(T)
to obtain an FO(o,)-formula ©(¢)(Z;...T,) where, for each i € [1,n], T; is a tu-

ple (zi1,...,x;:) of free variables. From Proposition E.1 it follows that for all o-
structures A and all (@y,...,a,) in (A(.A))", we have that
(@(A),(El,...,ﬁn)) Eoo(xr,...,x,)
iff  (Aa...a) = O(p)(T1...Tn).

By Lemma F.0] this step requires time O((t+k) - |¢]), where k is the maximum size
of the FO(o,)-formulas 6 and 6, for every R € 7. Also, |©(p)| € O((t+k) - |¢|) and
qr(©(p)) < t-q¢ + p, where p is the maximum quantifier rank of the FO(os)-formulas 6
and 6p, for every R € 7.

(2) Inthe second step, the algorithm constructs a disjoint decomposition D = (Aq,..., A, 3)
for ©(¢)(T1...Ty) on ©,. le., for all A;,..., As € D, and the disjoint sum A of
Ai,..., A; with its mapping 7 and for each tuple @ € A™?, we have

(Aa) E O(e)(T1...Tp) iff (Ay,...,As,m(@) E D.
By Theorem [£.2] the construction of D from O(yp) takes time

H,(|0(p)], 4" o] +5)  C  Hy(l¢] - (t+k), 477, o] + s)
It follows from Step (1) and Step (2) that, for every disjoint sum A of structures Ay, ..., A €
©, and all (ay,...,a,) in (6(A))", it holds that

(©(A), (@, ...,an)) F e@)
it  (Aq,...,As,7(@1...a,)) E D
and that construction of D from ¢(T) altogether takes time
Hy(lol - (t4k), 45977 o] + s).

This concludes the proof of Corollary 4.8 U]

4.3.3. Decompositions on direct products. We exemplify the application of Corollary 4.8
with the following result on direct products of structures. Let s > 1. For o-structures
A1, ..., As, the direct product A; ® --- ® A, is the o-structure A = (A, (R*)re, ), where
the universe A is the set Ay X --- X Ay, and for each relation symbol R € o of arity r > 1,
the relation R* is the set of all tuples ((a1,1,-.-5a18), .-+, (an1,...,ars)) in A" such that,
for each i € [1, 5], the tuple (a1, ..., a,;) belongs to the relation R4i.

Corollary 4.9. Let s > 1. There is an algorithm which, given an input FO(o)-formula
©(Z) of quantifier rank q¢ > 0 and with n > 0 free variables, constructs in time

s s-|lof-v(as:a))Olel+s)
H,(s-[e], 45, o] + s) (: o (s lpv(4°9) )

a reduction sequence D = (Aq,..., A, B) over T, such that for all Ay,..., As € €, and all
(@1,...,aGp) in (A] X -+ X Ag)",
(A1®"'®Asv(alv"-7an)) ): QD(E)
iff (.Al,...,.AS,ﬁl...ﬁn) ): D.
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Furthermore, the sets Aq,...,As consist of Hanf-formulas over o.

Proof. Consider the following s-transduction © := (0, (g)res) from o to o4 with

O(x1,...,25) == |\ Pi(xs)
i=1

and, for each R € o of arity r := ar(R),

S
91{(51...57«) = /\R($1,i,---a$r,i),
i=1
where T; = (z;1,...,2;s) for each j € [1,7]. The formulas of © correspond to the definition
of the (tensor) product of o-structures. I.e., for all o-structures Ay, ..., As and the disjoint

sum A of Ay,...,As with mapping T,
A =2 AR --®A

via the isomorphism f: 0(A) — (A; X -+ x Ay) defined by f(a) := n(a), for all @ € 0(A).

Therefore, by Proposition 7] for every FO(o)-formula ¢(Z) with a tuple T of n > 0
free variables (z1,...,x,), the following holds: Let Aj,..., As be o-structures and let A be
the disjoint sum of Ay, ..., As; with mapping 7. Let (@i,...,a,) € (6(A))". Then,

(A1 @ ® A, (n(@),...,7(@n))) = o(7)
it (O(A), (@.....7,)) - (@)
iff (A,ar...a,) = O(p)(T1...Tn),
where Z; := (2;1,...,%;s) for each i € [1,n].

The proof concludes with an application of Corollary 4.§] to this transduction. Note
that the formulas § and 0, for each R € o, are quantifier-free. Hence, by Corollary 4.8 it
takes time

H,,(S : ”(10”748.(17 ||0|| + 8)

to compute a reduction sequence D = (Ay,..., A, ) over T, such that for each disjoint
sum A of structures A, ..., A; € €, and all (ay,...,a,) € (0(A))",

(O(A), @y, ..., an)) = (@)
iff (./41,...,./43,71'(51...5”)) ): D,

where 7 is the mapping of the disjoint sum .A. Observe that a tuple @ is in (A;®- - - D A;) iff
(@) isin A; x---x A,. Hence, for all Ay,..., As € €, and all (a@y,...,a,) € (41 x---x A",

(-’41®"'®A87(617”’76n)) ): SD(E)
iff (A, As, @ ... ap) = D.
This concludes the proof of Corollary 9l L]
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Note that Corollary also holds when the direct product of structures is replaced
by other graph theoretical products, e.g., the cartesian product and the strong product of
graphs (cf. [HNO4]).

5. LOWER BOUNDS.

In this section, we prove lower bounds corresponding to the upper bounds of the main results
of sections Bl and Ml concerning preservation theorems and Feferman-Vaught decompositions.
A key ingredient to all our lower bounds is an encoding of large numbers by bounded degree
trees that allows to compare numbers by using small FO-formulas In Subsection (.1l we
introduce this encoding. The remaining subsections and 5.3 contain our lower bounds
for preservation theorems and Feferman-Vaught decompositions, respectively.

5.1. Binary tree encodings. We recall an encoding of numbers by binary trees, i.e., trees
where every node has at most two children, which was already used in [HKS13|. This binary
tree encoding is an adaptation of an encoding of numbers by trees of unbounded degree from
Chapter 10 in [FGOG6].

Consider the signature {E'} that consists of just a single binary relation symbol E. A
forest is a disjoint union of finite directed rooted trees. The height of a forest F is the
length of a longest directed path in F. For each node a of a forest F, F, is the subtree of F
induced by all nodes reachable by a directed path from a. For a tree 7 and a number d > 0,
we write T[< d] to denote the subtree of T induced by all nodes of 7 that are reachable
from the root of 7 by a directed path of length at most d. A tree B is a complete binary tree
if all leaves of B have the same height and every non-leaf node has exactly two children.

For numbers i,n € N, we write bit(i,n) to denote the i-th bit in the binary representa-
tion of n. Le., bit(i,n) = 1 iff | 5] is odd.

We define the (non-elementary) function Tower: N — N by Tower(0) := 1 and

Tower(h) := 27" (=D forall h > 1.
I.e., Tower(h) is a tower of 2s of height h.
For each h > —1 and i € [0, Tower (h+3)—1], we define inductively a set Bp,(¢) of binary
trees that (each) encode the (binary expansion of the) number 4.
h = —1: For i € [0, Tower(2)—1] = {0, 1,2,3}, the set B_1(i) contains exactly the binary
trees that are isomorphic to the binary tree B_;(i) depicted in Figure 2

h > 0: For i € [0, Tower(h+3)—1], the set B (i) consists of all binary trees B that satisfy
each of the following properties:

e B[< Tower(h+1)—1] is a complete binary tree of height Tower(h+1)—1.

e For every j € [0, Tower(h+2)—1] with bit(j,i) = 1, there is a node b of height
Tower(h+1) in B such that B, € B,-1(j).

e For every node b of height Tower(h+1) in B, there is a j € [0, Tower(h+2)—1] such
that By € B_1(j) and bit(j,47) = 1.
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B_1(0) B_y(1) B_1(2) B_1(3)

SR
© ©

Figure 2: The binary trees B_1(0), B_1(1), B_1(2), and B_1(3) are tree encodings for the
numbers 0, 1, 2, and 3, respectively, as defined in [FG06]. Note that the numbers
depicted within the nodes are not part of the tree encoding; they are just indicated
here to illustrate which number is encoded by the subtree starting at the respective
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Figure 3: A binary tree from the set ®81(42), i.e., a binary tree encoding of the number 42
with parameter 1. The numbers depicted within some of the nodes are not part
of the tree encoding; they are just indicated here to illustrate which number is
encoded by the subtree starting at the respective node.

Each tree in %B,(i) is called a binary tree encoding of i with parameter h. An example of a
binary tree encoding of i = 42 with parameter h = 1 is depicted in Figure [l

An induction on the parameter h shows that every number ¢ € [0, Tower(h+3)—1] has
at least one binary tree encoding with parameter h. The following easy observation gives
an upper bound on the height of binary tree encodings.
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Lemma 5.1. For each h > 1 and every i € [0, Tower(h+3) — 1], each binary tree in By, (7)
has height less than 2 - Tower(h+1).

Proof. Let h > 1 and ¢ € [0, Tower(h+3) — 1]. By definition of B(i) (see also Figure B3] it
is easy to convince oneself that each binary tree in By(7) has height less than

h
2 + Z Tower(k+1) <  2-Tower(h+1).
k=0
The latter inequality can be shown by a straightforward induction. L]

An adaptation of Lemma 3.2 (see also Chapter 10 in [FG06]), Lemma 3.3, and Lemma 3.4 of
IDGKSOT7] allows to express arithmetic relations between binary tree encodings of numbers
by “small” FO(FE)-formulas:

Lemma 5.2. For h > —1, there are FO(E)-formulas encp(x), min,(x), eq,(z,y), lessp(z,y),
sucep(x,y) and mazy(z) of size O(Tower(h)) (for h > 0) such that for each binary forest
F and all nodes a,b € F,

F = encplal iff Fa € Bp(i)
for an i € [0, Tower(h+3)—1],

and if there are i,j € [0, Tower(h+3)—1] such that Fo € By (1) and Fy € By(j), then

F = ming|a iff =0,

F = eqpla,b] f =17,

F = lesspla,b] iff <7,

F = succepla, b] iff +1=3, and

F = mazpa iff @ = Tower(h+3) — 1.

Proof. For each d > 0, there is an FO(FE)-formula d<4(x,y) of size O(logd) expressing in
a binary forest that there is a directed path of length at most d from node x to node
y. For d = 0 and d = 1, the formulas d<o(x,y) and d<1(z,y) can be chosen as z=y and
x=y V E(x,y), respectively. For d > 1, define

Serafa,y) = Iy (((@=aAy'=2) v (=2 Ay/=p)) = Sealey)))

b<aqr1(z,y) == Tz (b<a(z,2) A b<2a(z,9)) -

It is easy to check that d<4 has size in O(logd).

Furthermore, let 6—_g(x,y) := d0<q(z,y) A —~d<q—1(x,y) be the FO(E)-formula expressing
that there is a directed path of length exactly d from node x to node y. Of course, the size
of d—4(z,y) is linear in d<4 and therefore also in O(logd).

Consider for each d > 0 the following FO(E)-formula:

va(x) = 3Ty d=a(z,y) A
vy (O<ca—1(z,y) —
320 321 (E(y, 20) A E(y, 21) A —z0=21)).

For each d > 0, the formula v4(x) states that there is a node y that is reachable from x by a
path of length exactly d and that every node y that is reachable from x by a path of length
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less than d has exactly two children. Hence, for every binary forest F and each a € F, we
have that F |= ygla] iff F5[< d] is a complete binary tree of depth d. Since d—g and d<4—1
have size in O(log d), also 4 has size in O(log d).

Furthermore, for each i € {0, 1,2, 3}, it is straightforward to define a formula enc_; ;(z)
that is satisfied if x is the root node of a binary tree that is isomorphic to the binary tree
B_1(i) depicted in Figure 2l

With this preparation, the FO(E)-formula ency(z) can be defined corresponding to the
definition of binary tree encodings with parameter h. Let

enc_1(z) = enc_1o(z) V enc_11(z) V enc_i2(x) V enc_y3(x).
Clearly, the formula enc_j(x) is satisfied if x is the root node of a binary tree that is
isomorphic to the binary tree B_;(i), for one of the numbers i € {0, 1,2, 3}.
For h > 0, we let
ency () = ’YTowor(h+1)—1($) N vy(5:T<>wor(h+1)(337y) - ench—1(y))-

For each h > 0, the size of the formulas yrower(h+1)—1 a0d d—Tower(h41) is linear in Tower (h).
An easy induction shows that, for each h > 0,

ZTower(i) < 2-Tower(h).

Hence, for h > 0, the formula ency, has size in O(Tower(h)).

We let min_1(x) := enc_1o(x). For h > 0, we let min,(z) := =3y I—rower(ht1) (T, Y)-
Clearly, miny, is of size O(Tower(h)).

The construction of the formulas egq,, less,, succ, and mazy, are easy adaptations of
Lemma 3.2 in [DGKS07] (Lemma 10.21 in [FG06]) and Lemma 3.4 in [DGKS07]. Their
construction is best understood by keeping in mind the binary expansions of the numbers,
encoded by binary trees.

Consider the formula

3

eq_q(z,y) = \/ <enc_17i(x) A enc_l,i(y)).
i=0
Note that the formula eq_;(x,y) is satisfied if there is an i € {0, 1,2,3} such that z and y
are root nodes of two binary trees isomorphic to the binary tree B_1(i) depicted in Figure 2l
For each h > 0, we let

th(‘Ta y) = (EILZ', 5:Tower(h+1) (.Z', .Z',) A Ely, 5:Tower(h+l) (ya y/)) A
Va! (5:T0wer(h+1) (‘Ta x/) -

3y’ <5:Tower(h+1)(y,y') A
YY" (6—tower(n+1) (¥, ¥") —
Ja” (5:Tower(h+1)(l’ ") A
Vqu(((u 7 A v=y) Vv
(u=2" N v=y")

)
= e (1,0))))))

As for ency, it can easily be seen that for each h > 0, the size of eg, is in O(Tower(h)).
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The following formula less_i(x,y) is satisfied if there are numbers i,5 € {0,...,3}
with 4 < j such that x and y are root nodes of binary trees that are isomorphic to the

binary trees B_1(i) and B_;(j), respectively:

less_i(x,y) = \/ < enc_1i(x) A enc_1;(y) >
0<i<j<3
For every h > 0, let
lessp, (‘Ta y) = Ely/ (5:T0wer(h+1) (ya y/) A
va! (6:Tower(h+l)(xax/) - _‘th—l(x,7y,)) A

V" ((5=Tower(h+1) (l‘,l‘”) N lessh—l(yla$”))

— Ely” (5:Tower(h+1)(y7y”) A e(Zh_l(y”,$”))))
There is a number ¢ > 0 such that, for all h > 0,
h

llessl < ¢+ D (¢ + 4 [otoweriin| + 2+ [eqi_il)-
=0

Since, for i > 0, the formulas d_rower(i+1) and eg;_; have size in O(Tower(h)), the formula

lessy, has size in O(Tower(h)).
Similarly to the formula less_1, a formula succ_1 can be chosen as

succ—1(x,y) = \/ (enc_l,i(a;) A enc_17,~+1(y)>.

0<i<2
For each h > 0, we let
succy(z,y) = 3y (5=Tower(h+1)(yay/)
A VY ((O—rower(rany (W ¥") A —equ_1(y",y) — lessoa(y',y"))
N \v/x,((S:Tower(h-l-l)(x’x,) — —eq_1 (¢, y))
A VY ((O—rower(ra 1) (W5 y") A less_1(y',y"))

— 32" O—tower(hs1) (T, 2") A egy_1(2",y")))
A V" ((O—rower (1) (T 2") A lessp_1(y', 2"))
= 3y (O tower(ht1) W, ¥") A equ_y(y",2")))
A <ﬂmz’nh_1(y')
= (32" (O—tower(her) (T, &) A ming,_1(z"))
A V' ((O—tower(nr1) (@, 2') A lessp_1(2',y))
— 3z (succp_1(2', 2)

A =0V St (@2)) ) )

Recall that the formulas d_rower(h+1), €qn, and less, have size in O(Tower(h)). Hence, a

simple induction shows that for h > 0, also succy, has size in O(Tower(h)).



36 F. HARWATH, L. HEIMBERG, AND N. SCHWEIKARDT

Finally, let mazr_y(z) := enc_13(x); and for each h > 0, let
mazp(x) = 3y (5—Tower h1) (T, y) A ming—1(y)) A
Vy (5—Tower h+1) )

— (mazp_1(y) V 3z (5=T0wer(h+1)(xaz) A Succh—l(%z))))'

Again, a simple induction shows that, for each h > 0, the size of maxy, is in O(Tower(h)).
This concludes the proof of Lemma ]

(
(z,

5.2. Lower bounds for preservation theorems. The upper bounds of Section [ are
complemented by the following two lower bounds for certain classes of finite acyclic struc-
tures of degree 3 and first-order sentences that are preserved under extensions (homomor-
phisms): We show that even under these restrictions, a 3-fold exponential blow-up in terms
of the size of the input sentence is unavoidable when constructing the equivalent existential
(existential-positive) first-order sentence.

Theorem 5.3. Let o := {Sy, S1, Vo, Vi}, where Sy, S1 are binary and Vy, Vi are unary
relation symbols, and let € be the class of all finite ordered binary forests F of signature o
where Vo]: and Vl]: may be arbitrary subsets of the universe. There is a real number ¢ > 0
and a sequence (on)n>1 of FO(o)-sentences of increasing size such that for each h > 1 the
following holds:

(1) ¢ is preserved under extensions on €, and
(2) every existential FO(o)-sentence that is equivalent to vy, on € has size at least

92¢ lenl

Theorem 5.4. Let o/ := {Sp,S1} U{Viy : M C {0,1}}, where Sy, S1 are binary relation
symbols and, for each M C {0,1}, Vs is a unary relation symbol. Let € be the class of
all finite ordered binary forests F over o', where (V]\J;)Mg{m} s a partition of the universe.

There is a real number € > 0 and a sequence (¢} )n>1 of FO(0")-sentences of increasing size
such that for each h > 1 the following holds:

(1) ¢}, is preserved under homomorphisms on €', and
(2) every existential-positive FO(o")-sentence that is equivalent to o on €' has size at least

ey

In Theorem 5.3 and Theorem 5.4l an ordered binary forest of signature o or ¢’ is a structure
whose Gaifman graph is a forest and where the binary relation symbols Sy and Sy are
interpreted as the left and right successor relation and every node is allowed to have at
most one left successor and at most one right successor. An ordered binary tree is an
ordered binary forest with only one connected component.

The proofs of Theorem [5.3] and Theorem [5.4], which can be found below, use the encod-
ing of numbers by binary trees. The main challenge here is to find sequences of sentences
that not only have large minimal models but are also preserved under extensions and homo-
morphisms, respectively. Towards this end, the auxiliary unary relation symbols in ¢ and
o’ are introduced to interpret binary tree encodings in ordered binary forests. Both proofs
rely on the following observation:
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Lemma 5.5. Let o be a relational signature and let € be a class of o-structures that is closed
under induced substructures. For each FO(o)-sentence ¢ and each N > 1 the following
holds: If ¢ has a €-minimal model of size at least N, then every ezistential FO(o)-sentence
that is C-equivalent to ¢ has size greater than N.

Proof. Let ¢ be an FO(o)-sentence and let A be a €-minimal model of ¢ with at least N
elements. For contradiction, assume that 1 is an existential FO(o)-sentence of size at most
N that is €C-equivalent to ¢. In particular, ¥ has less than N quantifiers.

Since ¢ and ¢ are €-equivalent, A is also a model of 1. But since v is an existential
sentence with less than N quantifiers, there is an induced substructure B of A of size less
than N, such that B is a model of ¢. Since € is closed under induced substructures, B
belongs to €. And since ¢ and ¥ are €-equivalent, B also is a model of ¢. However, this
contradicts the assumption that A is a €&-minimal model of . L]

Recall the FO(FE)-formulas provided by Lemma [5.2] which define arithmetic relations
between binary tree encodings of numbers. It is straightforward to use these formulas to
construct, for each h > 1, an FO(E)-sentence of size O(Tower(h)) that has a minimal model
of size at least Tower(h+3). However, it is far less obvious to construct sentences that, at
the same time, are preserved under extensions (on finite binary forests). To achieve this,
we interpret binary tree encodings in complete ordered binary forests of suitable height.
This way, we make sure that no extension of such binary forests can modify the binary tree
encodings.

Consider the signature o := {Sg, S1, Vo, V1} where Sy and Sy are binary relation symbols
and Vy and V; are unary relation symbols. Recall that in each ordered binary forest F over
the signature o, the unary relations VOJ: and V{7 may be interpreted by arbitrary sets of
nodes of F. In the following, we denote the class of all finite ordered binary forests over o
by €. Note that every structure in € has degree at most 3.

Complete ordered binary trees are defined in the obvious way. Also, we adapt the
notions 7[<d| and F, from Section [b.I] from unordered binary trees 7 and forests F to
ordered binary trees B and forests F (with d > 0 and @ € F) in the obvious way. Thus,
B[<d] is the subtree of B induced by all nodes of B that are reachable from the root of B
by a directed path of length at most d. And F, is the subtree of F induced by all nodes
reachable by a directed path from a.

Recall the definition of transductions from Section [£.3.1] and consider the following
transduction © := (0,6g) from {E} to o, defined by 0(x) := x=z and

1€{0,1}
The transduction ® makes use of the unary relations Vy and V; to interpret binary forests in
ordered binary forests. More specifically, for an ordered binary forest F, the structure O (F)
is the (unordered) binary forest consisting of all nodes from F and, for all nodes a,b € F,
there is an edge from a to b iff b is the left successor of a in F and a € Vi, or b is the right
successor of a in F and a € V.

Proof of Theorem [5.3. Recall that each extension of a structure A contains A as an induced
substructure. Consider a complete ordered binary tree A € € of height d > 1 and let a be
its root node. Assume that O(.A), is a binary tree of height at most d—1. Note that every
leaf b of ©(A), has a left and a right successor in A but is neither contained in Vz* nor in
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VIA. Therefore, by construction of the transduction ©, for each extension B of A in € we
have that ©(A), and ©(B), are isomorphic.

We will use this observation to protect binary tree encodings, interpreted in complete
ordered binary trees, against modifications by extensions of the underlying structure. Recall
that we know by Lemma [5.1] that for each h > 1 and every i € [0, Tower(h+3)—1], each
binary tree from B (i) has height less than 2 - Tower(h+1).

Similarly to the FO(E)-formula ~4(z), defined in the proof of Lemma (5.2 for each
d > 0, there is an FO(o)-formula ~5 (z) of size O(logd) that is satisfied by a node a of an
ordered binary forest A iff A,[<d] is a complete ordered binary tree of height d.

In the following, the transduction © is applied to the FO(FE)-formulas provided by
Lemmal[5.2l Let (¢n)n>1 be the sequence of FO(o)-sentences that is defined, for each h > 1,
by

on == 3z (ency(z) A O(mimy)(x)) A
vz (ency(z) —

(©(mazy)(x) V 3y (ency (y) A O(sucer)(z,y)))),
where

ency () == O(ency)(x) A 7§Towcr(h+1)(m).
The formula ¢}, expresses that there is a node x that encodes the number 0 as a binary tree
encoding with parameter h, and for each number i < Tower(h+3) — 1 that is encoded by a
node x, there also exists a node y that encodes the number i + 1.
For the fixed transduction © it follows from Lemma that, for each FO(FE)-formula
©, the size of ©(¢p) is linear in the size of ¢. Therefore, by Lemmal[5.2land since 72<~Tower(h +1)

has size in O(Tower(h)), the formula ¢, also has size in O(Tower(h)).
For the remainder of the proof, we fix an arbitrary A > 1. The following claim follows
from the choice of the sentence ¢y and from Lemma

Claim 5.6. Every existential FO(o)-sentence that is equivalent to ¢, on € has size at least
Tower(h+3).

Proof of Claim [5.8. Tt is easy to see that there are structures in € that satisfy ¢p. Fur-
thermore, by definition of the subformulas of ¢} (see Lemma [5.2]), each model A € € of
¢n has to contain at least Tower(h+3) pairwise distinct nodes ao, ..., dower(n+3)-1 Such
that, for each ¢ € [0, Tower(h+3)—1], the binary tree ©(.A),, is a binary tree encoding with
parameter h of the number ¢, i.e., the binary tree ©(.A),, belongs to the set B, (7).
Together with Lemma [5.5] this observation completes the proof of Claim []

Claim 5.7. ¢}, is preserved under extensions on €.

Proof of Claim[5.7. Let A € € be a model of ¢;,. By definition of ¢y, there are pairwise
distinct nodes ao, - - -, @rower(h4+3)—1 in A such that, for each i € [0, Tower(h+3)—1], the
binary tree O(A),, belongs to the set By, (7).

Let B € € be an extension of A. By construction of ¢y, for each i € [0, Tower(h+3)—1],
the substructure Ag, [< 2-Tower(h+1)] is a complete ordered binary tree. Therefore, ©(A),,
and O(B),, are isomorphic and thus, also ©(B),, belongs to the set B (7). On the other
hand, let b be a node from B such that B |= encj; [b]. Then, there is an i € [0, Tower(h+3)—1]
such that ©(B);, belongs to B,(i) and hence, either B |= O(mazy,)[b] or B = ©(sucey)[b, aiv1].
Altogether, it follows that B |= ¢p. This completes the proof of Claim [5.7] []



PRESERVATION AND DECOMPOSITION THEOREMS FOR BOUNDED DEGREE STRUCTURES 39

Since (¢n)n>1 is a sequence of FO(o)-sentences of increasing size O(Tower(h)), there is
a real number € > 0 such that € - |¢n| < Tower(h), for every h > 1. By Claim [.6] every
existential FO(o)-sentence that is equivalent to ¢y, on € has size at least

2Tower(h) llenl
22

Tower(h+3) = 92*

This concludes the proof of Theorem [(£.3] U]

=

For the proof of Theorem [5.4] we need to construct FO-sentences with large minimal
models that are preserved under homomorphism. Let o’ := {Sy, S1} U{Vy : M C {0,1}}
be a signature, where Sy and S; are binary relation symbols and, for each M C {0,1}, Vs
is a unary relation symbol. Consider the class €’ of all finite ordered and colored binary
forests over o’ i.e., finite o’-structures A where the binary relations 564 and Sf‘ correspond
to the left and right successor relation of a forest, every node is allowed to have at most
one left and at most one right successor, and the unary relations V]\“/‘}, for M C {0,1}, are
a partition of the universe of A. Note that, for each A € ¢’ and each B € ¢, if there is
a homomorphism h from A to B then for every a € A and each M C {0, 1}, it holds that
a € Vi iff h(a) € VE.

We only sketch a proof of Theorem [5.4] which is very similar to the one of Theorem [5.3]

Let © be the transduction (¢',6%) from {E} to o’ that is defined by ¢'(z) := x=x and

Op(x,y) = \/ <Si(x,y) A \/ VM(x)>.

ie{0,1} MC{0,1},ieM

Proof of Theorem[5.]]. For colored and ordered binary trees and forests from €', we make
use of the same notation already introduced for ordered binary forests. Consider a complete
colored and ordered binary tree A € € of height d > 1 and let a be its root node. Assume
that ©(A), is a binary tree of height at most d—1. Observe that every homomorphism h
from A to a colored and ordered binary forest B € € is injective. Furthermore, for each
B € ¢ for which there is a homomorphism h from A to B, the binary trees O(A), and
O(B)}(q) are isomorphic.

Define a sequence (¢}, )p>1 of FO(o')-formulas similar to the sequence (¢p)p>1 in the
proof of Theorem [5.3] with the only modification being the application of the transduction
©' instead of ©. Of course, for each h > 1, also ¢}, has size O(Tower(h)).

Let h > 1. Since every existential-positive sentence is an existential sentence and
the class @ is closed under induced substructures we can follow the lines of the proof of
Theorem [5.3] to show that every existential-positive FO(o)-sentence that is equivalent to ),
on ¢ has size at least Tower(h+3).

Similarly, using the observation above, some small adaptations to the proof of Theo-
rem suffice to show that ) is preserved under homomorphisms on ¢’. This concludes
the proof of Theorem [5.4 L]

5.3. Lower bounds for Feferman-Vaught decompositions. The following two lower
bounds show that for structures of degree 3 or 2 the algorithm of Theorem for the con-
struction of reduction sequences for Feferman-Vaught decompositions is basically optimal.
Recall that a binary forest is a disjoint union of directed trees of signature { E'}, where every
node has at most 2 children.
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Theorem 5.8. There is a real number € > 0 and a sequence of FO(E)-sentences (op)n>1
of increasing size such that, for every h > 1, every 2-disjoint decomposition for oy on finite
binary forests has size at least

92¢ lonl

Let o’ := {S, Lo, L1} be the signature consisting of a binary relation symbol S and two
unary relation symbols Ly and Li. A labeled chain is a finite o’-structure C whose {S}-
reduct is a chain of finite length, i.e., a finite directed path, and where the sets Lg and
LS are disjoint subsets of the universe of C. The class of all o’-structures that are disjoint
unions of finitely many labeled chains is denoted by €. Note that all structures in U¢€ have
degree at most two.

Theorem 5.9. There is a real number € > 0 and a sequence of FO(o')-sentences (¢),)n>1
of increasing size such that, for every h > 1, every 2-disjoint decomposition for ¢} on UE
has size at least

Al

22"

Both theorems are corollaries to a generalisation of Proposition 6.7 in [GJL15]. For proving
our lower bounds, we use the following Lemma [5.10] along with suitable encodings of num-
bers by binary trees (for Theorem [0.8)) and labeled paths (for Theorem [5.9). The lemma is
proved by a simple counting argument and distills the combinatorial essence of the proof of
Proposition 6.7 in [GJL15].

Lemma 5.10. Let o be a relational signature and let oo := o U{Py, P}, where Py and P,
are unary relation symbols that are not contained in o. Let € be a class of o-structures, and
let ¢ be an FO(og)-sentence. Let H > 1. If there are o-structures Ay, ..., Aya_; € € such
that for all i,j € [0,2H —1] it holds that

AdA E ¢ if  i=1,
then every 2-disjoint decomposition for ¢ on € has size at least H.
Proof. Assume that Ao, ..., Asn_; are structures from € such that for all i, j € [0,27 —1],
AidA E o iff  i=j (5.1)
For contradiction, assume that there is a 2-disjoint decomposition D := (A1, Aq, 3) for ¢
on € of size less than H. Thus, A; and Ay are finite sets of FO(o)-sentences and 3 is a

propositional formula with variables from the set Xp := {Xy5: k € [1,2],0 € A}, and for
all 4,5 € 0,27 —1] we have

AdA E o it w; =B, (5.2)
where p1; ;: Xp — {0, 1} assigns variables of 8 such that for all §; € Ay,
pij(Xis)=1 it A E 4,
and for all o € Ao,
pij(Xos,) =1 iff A E .
From (5.2) and (5.1) as just mentioned above, we know that for all i, j € 0,27 —1],
wy BB = (5.3)
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Note that the number of variables of 3 is less than H, and hence the number of distinct
variable assignments is less than 27, Thus, there exist i, j € [0,2" —1] with i # j such that
Wi = fuj5. We let p:= p; ;. Clearly, due to (5.3]), we have

woE B (5.4)
Along the definition of y; j, and using the fact that p = p;; = p; j, it is straightforward to
see that y; j = p. Thus, from (5.4) and (5.2)) we obtain that A; & A; = ¢. This, however,
contradicts (B.1). O

Using the above lemma, along with the binary tree encodings introduced in Subsec-
tion [5.1] we obtain a proof of Theorem B.8 Let us remark that the FO-formulas we use
within the proof do not even make use of the unary relation symbols P; and Ps.

Proof of Theorem[5.8 We use the FO(FE)-formula eg,(x,y) from Lemma For every
h>1,let

op = Vax (root(x) — Jy (root(y) N egy(z,y) A —m;=y)>.

The formula root(x) is satisfied by exactly the root nodes of the trees in a forest; it can
easily defined by root(z) := =3y E(y,x). Because egq;, has size in O(Tower(h)), also ¢}, has
size in O(Tower(h)).

Let h > 1 and let H := Tower(h+3). For every i € [0, H—1], let By ; be a binary tree
encoding of ¢ with parameter h, i.e., let By, ; € B (i) (see Section[E.Ilabove for the definition
of By,(i)). Furthermore, for each i € [0,2—1], let A} ; be the disjoint union of all binary
tree encodings By, ;v for i’ € [0, H—1] such that Bit(i’,7) = 1.

It is easy to verify that for numbers i, j € [0,2H —1]

Ani®An; FE oon  iff i=

By Lemma [5.10, every 2-disjoint decomposition for ¢p on the class of binary forests has
size at least H = Tower(h+3). Analogously to the final step of the proof of Theorem [(.3]
and since @y, has size in O(Tower(h)), we can conclude that

226'\\&% [

H > 2 ,
for a suitable real number ¢ > 0. This completes the proof of Theorem (.8 []

For the proof of Theorem we employ the obvious encodings of numbers by strings
(cf., e.g., [FGO4.HKSI3]): Let ¥ = {0,1}. For & > 1 and i € [0,2%" —1] let biny (i) denote
the binary expansion of i of length 2". Strings w € X1 are represented by structures
By € 3¢ in the usual way: the universe of B, is the set of positions of the string w, the
relation SBv is the successor relation on the positions of w, and LBv consists, for each a € %,
of all positions of w that carry the letter a.

We will use structures By, for strings w = bings (i) with i € [0,22" —1], and we will rely
on the following result of [FGO04].

Lemma 5.11 (Lemma 20 in [EG04]). There is a sequence of FO(o”)-formulas (eq),(z,y))n>1
of size |eq),(z,y)| € O(h) such that for all structures B € U€ and all nodes a,b of B the
following holds: If a and b are the starting positions of labeled chains isomorphic to Bbingh (1)

and Byin,), (7), respectively, fori,j € [0, 22h—1], then
(B,a,b) [ eqlay)  iff  i= O
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We are now ready to prove Theorem
Proof of Theorem[2.9. For every h > 1, let
o = Vx (motj(x) — Jy (root'(y) A eqy(z,y) A —wzy)),

where root (z) := =3y S(y, z). Because eg), has size in O(h), also ¢}, has size in O(h).

Let h > 1 and let H := 22", For each i € 0,251 —1], let A, ; be the disjoint union of all
labeled chains Byin,, (i') for i’ € [0, H—1] such that Bit(i',7) = 1. It is easy to verify that
for all numbers 4,5 € [0,2 —1] it holds that

Ai®@ Ay B¢, it i=g
Therefore, by Lemma [5.10} every 2-disjoint decomposition for ¢} on € has size at least
h ellepl
H = 22 > 2277

for a suitable real number € > 0. This completes the proof of Theorem (5.9 U]

6. CONCLUDING REMARKS

In this section, we give a short summary of our main results and some directions for further
research. For this, we fix a relational signature o and a class €; of g-structures of degree
<d, forad> 3.

Our first two main results, to which we will refer in the following with (PE) and (PH),
are algorithmic versions of two preservations theorems that are restricted to the class €.
Both require the class €4 to be closed under induced substructures and disjoint unions.

(PE) For each sentence ¢ of FO+MOD,,, (o) that is preserved under extensions on €4, a €g4-
equivalent existential FO(o)-sentence can be constructed in 5-fold exponential time.

(PH) For each sentence ¢ of FO4+MOD,, (o) that is preserved under homomorphisms on
¢4, a €g-equivalent existential-positive FO-sentence can be constructed in 4-fold ex-
ponential time, provided that €, is decidable in 1-fold exponential time.

For (PE) and (PH) we have shown that a 3-fold exponential blow-up of the computed
existential or existential-positive sentence is unavoidable.

Our third main result is an algorithmic version of the Feferman-Vaught theorem for
disjoint sums (and, using transductions, other products of structures) of o-structures of
bounded degree.

(FV) For each formula ¢(Z) of FO(os), where s > 1, a disjoint decomposition with re-
spect to disjoint sums and direct products of €4-structures can be computed in 3-fold
exponential time.

Furthermore, a matching lower bound shows that our algorithm for (FV) is basically opti-
mal.

For most of our results it is known that there is no hope to considerably extend the
class of structures to which they apply. Notably, concerning (PE) and (FV), non-elementary
lower bounds on trees of unbounded degree are known from [DGKSO07].

An obvious task for future research is to close the gap between the upper and lower
bounds concerning (PE) and (PH). Another direction for future work is to consider other
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generalised quantifiers (instead of modulo counting quantifiers) and study to what extent
corresponding generalisations of our results (PE), (PH) and (FV) can be achieved.
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