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—— Abstract

We consider the extension of FO? with quantifiers that state that the number of elements where a
formula holds should belong to a given ultimately periodic set. We show that both satisfiability and
finite satisfiability of the logic are decidable. We also show that the spectrum of any sentence is
definable in Presburger arithmetic. In the process we present several refinements to the “biregular
graph method”. In this method, decidability issues concerning two-variable logics are reduced to
questions about Presburger definability of integer vectors associated with partitioned graphs, where
nodes in a partition satisfy certain constraints on their in- and out-degrees.
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1 Introduction

In the search for expressive logics with decidable satisfiability problem, two-variable logic,
denoted here as FO?, is one yardstick. This logic is expressive enough to subsume basic
modal logic and many description logics, while satisfiability and finite satisfiability coincide,
and both are decidable [23, 15, 9]. However, FO? lacks the ability to count. Two-variable
logic with counting, C2, is a decidable extension of FO? that adds counting quantifiers. In C2
one can express, for example, 3%z P(z) and V23>%y E(x,y) which, respectively, mean that
there are exactly 5 elements in unary relation P, and that every element in a graph has at
least 5 adjacent edges. Satisfiability and finite satisfiability do not coincide for C2, but both
are decidable [10, 16]. In [16] the problems were shown to be NEXPTIME-complete under a
unary encoding of numbers, and this was extended to binary encoding in [18]. However, the
numerical capabilities of C? are quite limited. For example, one can not express that the
number of outgoing edges of each element in the graph is even.
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A natural extension is to combine FO? with Presburger arithmetic where one is allowed to
define collections of tuples of integers from addition and equality using boolean operators and
quantifiers. The collections of k-tuples that one can define in this way are the semi-linear sets,
and the collections of integers (when k = 1) definable are the ultimately periodic sets. Prior
work has considered the addition of Presburger quantification to fragments of two-variable
logic. For every definable set ¢(x,y) and every ultimately periodic set S, one has a formula
35y ¢(z,y) that holds at  when the number of y such that ¢(z,y) is in S. We let FOp,
denote the logic that adds this construct to FO%.

On the one hand, the corresponding quantification over general k-tuples (allowing semi-
linear rather than ultimately periodic sets) easily leads to undecidability [11, 3]. On the
other hand, adding this quantification to modal logic has been shown to preserve decidability
[1, 7]. Related one-variable fragments in which we have only a unary relational vocabulary
and the main quantification is 3%z ¢(x) are known to be decidable (see, e.g. [2]), and their
decidability is the basis for a number of software tools focusing on integration of relational
languages with Presburger arithmetic [14]. The decidability of full FO3, . is, to the best
of our knowledge, still open [4]. There are a number of other extensions of C? that have
been shown decidable; for example it has been shown that one can allow a distinguished
equivalence relation [22] or a forest-structured relation [6, 5]. FO3,.. is easily seen to be
orthogonal to these other extensions.

In this paper we show that both satisfiability and finite satisfiability of FOI%,res are
decidable. Our result makes use of the biregular graph method introduced for analyzing C?
in [13]. The method focuses on the problem of existence of graphs equipped with a partition
of vertices based on constraints on the out- and in-degree. Such a partitioned graph can be
characterized by the cardinalities of each partition component, and the key step in showing
these decidability results is to prove that the set of tuples of integers representing valid
sizes of partition components is definable by a formula in Presburger arithmetic. From this
“graph constraint Presburger definability” result one can reduce satisfiability in the logic to
satisfiability of a Presburger formula, and from there infer decidability using known results
on Presburger arithmetic.

The approach is closely-related to the machinery developed by Pratt-Hartmann (the “star
types” of [21]) for analyzing the decidability and complexity of C?, its fragments [19], and its
extensions [22, 5]. An advantage of the biregular graph approach is that it is transparent
how to extract more information about the shape of witness structures. In particular we
can infer that the spectrum of any formula is Presburger definable, where the spectrum of a
formula ¢ is the set of cardinalities of finite models of ¢. It is also interesting to note that a
more restricted version of our biregular graph method is used to prove the decidability of
FO? extended with two equivalence relations [12].

Characterising the spectrum for general first order formulas is quite a difficult problem,
with ties to major open questions in complexity theory [8]. This work can be seen as a
demonstration of the power of the biregular graph method to get new decidability results.
We make heavy use of both techniques and results in [13], adapting them to the richer logic.
We also require additional inductive arguments to handle the interaction of ordinary counting
quantifiers and modulo counting quantification.

2 Preliminaries

Let N={0,1,2,...} and let Ny, = NU {c0}.



M. Benedikt, E. V. Kostylev, and T. Tan

Linear and ultimately periodic sets. A set of the form {a + ip | i € N}, for some a,p € N
is a linear set. We will denote such a set by a*?, where a and p are called the offset and
period of the set, respectively. Note that, by definition, a™® = {a}, which is a linear set. For
convenience, we define () and {oo} (which may be written as co™) to also be linear sets.

An ultimately periodic set (u.p.s.) S is a finite union of linear sets. Usually we write a
wps. {eiyU--Ufen}UalP U---Uaf? as just {c1,...,cm,al ™, .. afPr}, and abusing
notation, we write a*? € S for a u.p.s. S if a +ip € S for every i € N.

Two-variable logic with ultimately periodic counting quantifiers. An atomic formula is
either an atom R(%), where R is a predicate, and 4 is a tuple of variables of appropriate size,
or an equality u = «’, with u and v’ variables, or one of the formulas T and L denoting the
True and False values. The logic FO%res is a class of first-order formulas using only variables
z and y, built up from atomic formulas and equalities using the usual boolean connectives
and also ultimately periodic counting quantification, which is of the form 3%z ¢ where S is a
u.p.s. One special case is where S is a singleton {a} with a € Ny, which we write 3%z ¢; in
case of a € N, these are counting quantifiers. The semantics of FO% . is defined as usual
except that, for every a € N, 3%z ¢ holds when there are exactly a number of z’s such that
¢ holds, 3 ¢ holds when there are infinitely many z’s such that ¢ holds, and 3%z ¢ holds
when there is some a € S such that 3%z ¢ holds.

Note that when S is {co} U0 = N, 3%z ¢ is equivalent to T. When S is 01!, 3%z ¢
semantically means that there are finitely many x such that ¢ holds. We define 3%z ¢ to
be L for any formula ¢. We also note that 3%z ¢ is equivalent to Yz —¢, and —3%z ¢ is
equivalent to INe—5z ¢.

For example, we can state in FOIZ:.rCS that every node in a graph has even degree (i.e., the
graph is Eulerian). Clearly FOIQ;.]rCS extends C2, the fragment of the logic where only counting
quantifiers are used, and FO?, the fragment where only the classical quantifier 3z is allowed.

Presburger arithmetic. An existential Presburger formula is a formula of the form
dx1 ...z ¢, where ¢ is a quantifier-free formula over the signature including constants 0,1, a
binary function symbol +, and a binary relation <. Such a formula is a sentence if it has no
free variables. The notion of a sentence holding in a structure interpreting the function, rela-
tions, and constants is defined in the usual way. The structure N' = (N, +, <, 0, 1), is defined
by interpreting +, <, 0, 1 in the standard way, while the structure NV, = (N, +, <, 0,1) is
the same except that a + 0o = 0o and a < oo for each a € N.

It is known that the satisfiability of existential Presburger sentences over N is decidable
and belongs to NP [17]. Further, the satisfiability problem for Ay, can easily be reduced to
that for A/. Indeed, we can first guess which variables are mapped to co and then which
atoms should be true, then check whether each guessed atomic truth value is consistent with
other guesses and determine additional variables which must be infinite based on this choice,
and finally restrict to atoms that do not involve variables guessed to be infinite, and check
that the conjunction is satisfiable by standard integers.

» Theorem 1. The satisfiability problem for existential Presburger sentences over both N
and N5, are both in NP.

3 Main result

In this section we prove the decidability of FOI%,res satisfiability. Our decision procedure is

based on the key notion of regular graphs. Note that whenever we talk about graphs or
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digraphs (i.e., directed graphs), by default we allow both finite and infinite sets of vertices
and edges.

3.1 Regular graphs

In the following we fix an integer p > 0. Let N, 4, denote the set whose elements are either
a or a™P, where a € No,. For integers t,m > 1, let Nf)éfﬁp denote the set of matrices with ¢
rows and m columns where each entry is an element from N 4.

A t-color bipartite (undirected) graph is G = (U, V, Ey, ..., Ey), where U and V are sets
of vertices and Fi, ..., E, are pairwise disjoint sets of edges between U and V. Edges in
E; are called E;-edges. We will write an edge in a bipartite graph as (u,v) € U x V. For a
vertex u € U UV, the E;-degree of u is the number of F;-edges adjacent to u. The degree of
u is the sum of the E;-degrees for ¢ = 1...¢. We say that G is complete, if U x V = Uzzl E;.

For two matrices A € Ntoéf_ﬁp and B € Ngﬁ_p, the graph G is a A|B-biregular graph, if
there exist partitions Uy,...,U,, of U and Vi,...,V, of V such that for every 1 < ¢ < ¢,
for every 1 < k < m, for every 1 <! < n, the E;-degree of every vertex in Uy, is A; ; and

the E; degree of every vertex in V; is B; ;.1 For each such partition, we say that G has size

M|N, where M = (|Uy],...,|Un|) and N = (|V4],...,|Vy|). The partition Uy, ..., U, and
Vi,...,V, is called a witness partition. We should remark that some U; and V; are allowed
to be empty.

The above definition can be easily adapted for the case of directed graphs that are not
necessarily bipartite. A t-color directed graph (or digraph) is G = (V, Es,..., E;), where
Ey, ..., E; are pairwise disjoint set of directed edges on a set of vertices V. As before, edges
in F; are called F;-edges. The E;-indegree and -outdegree of a vertex u, is defined as the
number of incoming and outgoing E;-edges incident to u.

In a t-color digraph G we will assume that (%) there are no self-loops — that is, (v,v) is
not an E;-edge, for every vertex v € V and every F;, and (i) if (u,v) is an E;-edge, then its
inverse (v,u) is not an Ej-edge for any F;. This will suffice for the digraphs that arise in
our decision procedure. We say that a digraph G is complete, if for every u,v € V and u # v,
either (u,v) or (v,u) is an E;-edge, for some E;.

We say that G is a A|B-regular digraph, where A, B € Ngﬁp, if there exists a partition
Vi,..., Vi of V such that for every 1 < i < ¢, for every 1 < k < m, the E;-indegree and
-outdegree of every vertex in Vj is A;; and B, respectively. We say that G has size
(IVil, -, [Viml]), and call V4, ..., V;, a witness partition.

Lemma 2 below will be the main technical tool for our decidability result. Let x and y

be vectors of variables of length m and n, respectively.
» Lemma 2. For every A € Nﬁ,ﬁfj}p and B € Ngﬁp, there exists (effectively computable)
existential Presburger formula c-biregy p(7,y) such that for every (M,N) € N x Ni_,

the followz'ng h9lds.' there is complete A|B-biregular graph with size M|N if and only if
c-bireg s 5 (M, N) holds in Nx.

Lemma 3 below is the analog for digraphs.

» Lemma 3. For every A € Nﬁ,ﬁfj}p and B € N}Qﬁfjﬁp, there exists (effectively computable)

ezistential Presburger formula C—regA‘B(f) such that for every M € N7}, the following holds.
There is complete A|B-regular digraph with size M if and only if c—regA|B(M) holds in N .

1 By abuse of notation, when we say that an integer z equals a*?, we mean that z € a*P. Thus, when
writing A; p = a™P, we mean that the degree of the vertex is an element in a™*?.



M. Benedikt, E. V. Kostylev, and T. Tan

Lemmas 2 and 3 can be easily readjusted when we are interested only in finite sizes, i.e.,
M € N™ and N € N, by requiring the formulas to hold in A/, instead of M. Alternatively,
we can also state inside the formulas that none of the variables in & and y are equal to co.
The proofs of these two lemmas are discussed in Section 4.

3.2 Decision procedure

Theorem 4 below is the main result in this paper.

» Theorem 4. For every FO%,., sentence ¢, there is an (effectively computable) existential
Presburger formula PRESy such that (i) ¢ has a model iff PRES, holds in N& and (ii) ¢
has a finite model iff PRESy holds in N .

From the decision procedure for existential Presburger formulas (Theorem 1) mentioned
in Section 2, we immediately will obtain the following corollary.
» Corollary 5. Both satisfiability and finite satisfiability for FO?;,.CS are decidable.

We will sketch how Theorem 4 is proven, making use of Lemmas 2 and 3. We start by

observing that satisfiability (and spectrum analysis) for an FO3__ sentence can be converted
effectively into the same questions for a sentence in a variant of Scott normal form:

k
¢ :=Vavy a(z,y) A N\ VeI%y Bi(w,y) Ax #y, (1)

i=1

where a(z,y) is a quantifier free formula, each §;(z,y) is an atomic formula and each S; is
an u.p.s. The proof, which is fairly standard, will appear in the full version of this paper. By
taking the least common multiple, we may assume that all the (non-zero) periods in all S;
are the same.

We recall some standard terminology. A 1-type is a maximally consistent set of atomic
and negated atomic unary formulas using only variable x. A 1-type can be identified with
the quantifier-free formula that is the conjunction of its constituent formulas. Thus, we say
that an element a in a structure A has 1-type m, if 7 holds on the element a. We denote
by A the set of elements in A with 1-type 7. Clearly the domain A of a structure A is
partitioned into the sets A,. Similarly, a 2-type is a maximally consistent set of atomic and
negated atomic binary formulas using only variables x,y, containing the predicate x # y.
The notion of a pair of elements (a,b) in a structure A having 2-type F is defined as with
1-types. We denote by Il = {my,m9,...,m,} and € = {E1,...,E, F1, ..., E;} the sets of all
1-types and 2-types, respectively, where E;(z,y) = E;(y, z) for each 1 < ¢ < ¢t — that is, each

; is the reversal of F;.

Let g : £ x II = Ny 4p be a function. We will use such a function g to describe the
“behavior” of the elements in the following sense. Let A be a structure. We say that an
element a € A behaves according to g, if for every E € £ and for every 7 € II, the number of
elements b € A, such that the 2-type of (a,b) is E belongs to g(E, ). We denote by Ax 4
the set of all elements in A, that behave according to g. The restriction of g on 1-type 7 is
the function ¢, : £ = Neo 4, where g (E) = g(E, 7). We call the function g, the behavior
(function) towards 1-type .

We are, of course, only interested in functions g that are consistent with the sentence ¢
in (1), and we formalize this as follows:

A 1-type m € IT and a function g : £ x I = Ny 1, are incompatible (w.r.t. VaVy o(z,y)),
if there is E € £ and #" € II such that 7(z) A E(x,y) A7’ (y) = —a(z,y) and g(E,7") # 0

112:5
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A function g : € x II = Ny 4, is a good function (w.r.t. /\f:1 Va3%y Bi(x,y) Ax #y), if
for every 7 € II and for every i the following holds:?

> Y 9B =a for some a € S;.

E=Bi(x,y) mell

If Al ¢ then A, 4y = 0, whenever m and g are incompatible, and in addition every element
in A behaves only according to some good function.

The main idea is to construct the sentence PRESy that “counts” the cardinality |A(, 4| in
every structure A = ¢, for every m and g. Toward this end, let G = {g1, g2, . . ., gm } enumerate
all good functions. Note that G can be computed effectively from the sentence ¢, since it
suffices to consider functions g : £ x II = Nu 4, with codomain {0, ...,a,0%?,... a™? oo},
where a is the maximal offset of the (non-oco) elements in Uf:l S;.

The sentence PRESy4 will be of the form

PRES, := 3X consistent; (X) A consistenty(X) (2)

where X is a vector of variables (X(r1,91)s X(m1,g2)s -+ s X(mn,gm)) - Intuitively, each Xz, o
represents |Ar, ,.|. By the formulas consistent; (X) and consistenty(X), we capture the
consistency of the integers X with the formulas VaVy a(z,y) and /\i-c:1 Va3%y Bi(z,y)Ax # v,
respectively.

We start by defining the formula consistent; (X). Letting H be the set of all pairs (7, g)
where 7 and g are incompatible, the formula consistent; (X) can be defined as

consistent; (X)) := /\ Xirg) =0 (3)
(m,9)€EH

Towards defining the formula consistentz(X), we introduce some notations. For 7 € II,

define the matrices M, M, € Ngﬁp as follows:

G (Bym) e gm(By ) a(BL ) o gm(EL)
M, = : : and MW = : . :
gl(Etaﬂ-) gm(Et77T) gl(Eaﬂ-) gm(Eaﬂ-)

The idea is that M, captures all possible behavior towards 1-type mw, where each column
j represents the behavior of g; towards 7. Note that for a structure A and 1-type 7, the
restriction of A on the set A, can be viewed as a t-color digraph G = (V, Ey,..., E;). It is
sufficient to consider only the 2-types E, ..., E}, because each F; determines its reversal F;.
Moreover, an element a has an incoming E;-edge if and only if it has an outgoing F;-edge.
Thus, if A = ¢, the graph G is a complete M| M -regular digraph.

Now, we explain how to capture the behavior between elements with distinct 1-types.

: 2txXm
Define matrices L., L, € NS +p

Ly = (%:) and L, = (%:)

That is, in L, the first £ rows come from M, with the next ¢t rows from MW. On the other
hand, in L, the first £ rows come from ﬁ =, followed by the ¢ rows from M.

as follows:

2 Here the operation + on Neo, 4+ is defined to be commutative operation where a + co = a™ 4 0o = o
and a*? + b= a'? + b™P = (a4 b)TP. On integers from N, it is the standard addition operation.
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The idea is that for a structure A, the 2-types that are realized between A, and A,
can be viewed as a 2t-color bipartite graph G = (A, A, Er, ..., By, Eq, ..., E;), where the
direction of the edges are ignored. Moreover, a pair (a,b) has 2-type E if and only if (b, a)
has 2-type %, Thus, if A |= ¢, the graph G is a complete L,/| L r-biregular graph.

Now we are ready to define the formula consistent2(X). We enumerate all the 1-types
T, ..., T, and define consistents as follows:

consistenty(X) := [\ creg,, |57 (Xx) A\ cbireg, | (Xrin X)) (4)

1<i<n 1<i<j<n ¢

The formula consistent; (X) is Presburger definable by inspection, while consistents (X)
is Presburger definable using Lemmas 2 and 3. The correctness comes directly from the

following lemma.

» Lemma 6. For every structure A |= ¢, consistent;(N) A consistenty(N) holds, where N =
(|Anigils - s |An, g ). Conversely, for every N such that consistent;(N) A consistenty(N)
holds, there is A = ¢ such that N = (|Ax, gi |, -+ | Arn,gm])-

Proof. Let ¢ be in Scott normal form as in (1). As before, Il = {my, 7o, ..., 7, } denote the set

of all 1-typesand &€ = {Ey, ..., E, E, .. ,E} the set of all 2-types, where E(x, y) = Ei(y, x)
for each 1 < ¢ < t. Recall that each 2-type E contains the predicate = # y and that
G ={91,--.,9m} is the set of all good functions.

Note that for w, 7" € Il and E € &, the conjunction m(x) A E(x,y) A n’(y) corresponds
to a boolean assignment of the atomic predicates in a(z,y). Thus, either w(z) A E(z,y) A
' (y) E a(z,y) or m(x) A E(x,y) A7'(y) E —~a(z,y). Similarly, 7(z) Az =y E alz,y) or
m(z) Ax =y E —a(z,y).

We first prove the first statement in the lemma. Let A = ¢. Partition A into A, ;’s. We
will show that consistent; (X) A consistenta(X) holds when each X , is assigned with the
value |Ar 4|

Since A = VaVy a(z,y), by definition A, ;, = 0, whenever m and ¢ are incompatible.

Thus, consistent; (X) holds.

Next, we will show that consistentg()_() holds. Let 7 € II. By definition of A,, A, is a
complete MHM,r—regular digraph G = (V, E1, ..., E;), with size (|Ax,g,|,.-,|Ax g, |). Thus,
by Lemma 3, Creg, |57, (X,) holds.

For m;, m; € II, where i < j, the structure A restricted to A, and A, can be viewed as
a complete L, |<fm—biregular graph G = (U,V, Ey, ..., Ey, E, ce E), where U = A, and
V' = Ay, and for each 1 <14 < t, we have the interpretation denoted (by a slight abuse of
notation) as I; consist of all pairs (a,b) € Ar, x A;; whose 2-type is E;, and similarly for
T (Xr,» Xr,) holds.

Now we prove the second statement. Suppose PRES, holds. By definition, there exists an
assignment to the variables in X such that consistent; (X) A consistents(X) holds. Abusing
notation as we often do in this work, we denote the value assigned to each X, by the
variable X , itself.

E. By Lemma 2, c-bireg,

For each (,g), we have a set V; ; with cardinality X, ,. We denote by V, = Ug Vig-

We construct a structure A that satisfies ¢ as follows.
The domain is A = Uﬂ’g Vi,g-
For each 7 € II, for each a € V, the unary atomic formulas on a are defined such that
the 1-type of a becomes 7.
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For each 7 € II, the binary predicates on (u,v) € V; x V. are defined as follows. Since
C-regy |57, (X,) holds, there is a complete M, |M r-regular digraph G = (Vy, Ey, ..., E;)
with size X,;. The edges E1, ..., E; define precisely the 2-types among elements in V.

For each m;,7;, where i < j, the binary predicates on (u,v) € Vi, x V. are defined

- - paa
as follows. Since c-bireg, (X, Xx;) holds, there is a Lg/| L -biregular graph

G = Ve, Vo, Br,..., By, By, ..., By) with size X,|X,. The edges By, ..., Ey, By, ..., B,
define precisely the 2-types on (u,v) € Vi, x Vg .

We first show that A = VaVy a(z,y). Indeed, suppose there exist u,v € A such that
m(u) A Eeu,v) A7'(v) [~ a(u,v). By definition, there is g such that u € V4 and g(E, ") # 0.
Thus, Vy 4 # 0. This also means that 7 is incompatible with g, which implies that X , =0
by consistentl()_()7 thus, contradicts the assumption that V4 # 0.

Next, we show that A = /\f:1 Vz3%y Bi(z,y)Ax # y. Note that G = {g1, ..., gm } consists
of only good functions. Thus, for every g € G, for every f3;, the sum Zﬂi(w’y)eE g(E, )
is an element in S;. |

4 Proof ideas for Lemmas 2 and 3

We now discuss the proof of the main biregular graph lemmas. Due to space constraints, we
deal only with the 1-color case, which gives the flavor of the arguments. The general case,
which is much more involved, is deferred to the full version of this paper.

This section is organized as follows. In Subsection 4.1 we will focus on a relaxation of
Lemma 2 where the requirement being complete is dropped. This will then be used to prove
the complete case in Subsection 4.2. Finally, in Subsection 4.3 we present a brief explanation
on how to modify the proof for the biregular graphs to the one for regular digraphs.

4.1 The case of incomplete 1-color biregular graphs

This subsection is devoted to the proof of the following lemma.

00,+p 0o,+p’
existential Presburger formula bireg p(,y) such that for every (M, N) € NI x NI the

following holds: there is an A|B-biregular graph with size M|N if and only if biregA|B(J\_4, N)
holds in Ns.

» Lemma 7. For every A € NIXT and B € NI | there exists (effectively computable)

The desired formula c-bireg 4 5(, y) for complete biregular graphs will be defined using
the formula bireg 4|5 (7, 7).

We will use the following notations. The term vectors always refers to row vectors, and
we usually use @,b,... (possibly indexed) to denote them. We write (@,b) to denote the
vector @ concatenated with b. Obviously 1-row matrices can be viewed as row vectors. For
a=(ai,...,ax) € NE we write a*? to denote the vector (a)?,...,a}"?).

Matrix entries of the form a™? are called periodic entries. Otherwise, they are called fized
entries. By grouping the entries according to whether they are fixed/periodic, we write a
I-row matrix M as (@, b™P), where @ and b*? correspond to the fixed and periodic entries in
M. Matrices that contain only fixed (or, periodic) entries are written as a (or, a*?).

To specify A|B-biregular graphs, we write (@,bt?)|(¢,d*P?)-biregular graphs, where
A = (a,b™) and B = (¢,d*P). Similarly, when, say, A contains only fixed entries, it
is written as a|(¢, dTP)-biregular. The size of (a,bt?)|(¢, d?)-biregular graph is written as
(My, M)|(No, N1), where the lengths of My, My, Ny, Ny are the same as a, b, ¢, d, respectively.
The other cases, when some of @,b™?, ¢, d*? are omitted, are treated in similar manner.
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As before, we will write Z,y (possibly indexed) to denote a vector of variables. We write
1 to denote the vector with all components being 1. We use - to denote the standard dot
product between two vectors. To avoid being repetitive, when dot products are performed,
it is implicit that the vector lengths are the same. In particular, Z - 1 is the sum of all the
components in .

We now outline the proof of Lemma 7, focusing only on the case where there is no co
degree in the matrices. The case where such a degree exists is similar but simpler. Without
loss of generality, we can also assume that none of the fixed entries are zero. For vectors
My, My, Ny, N7 with the same length as @, b, ¢, d, respectively, we say that (M, M1)|(No, N1)
is big enough for (a,b™?)|(¢,d*P), 1f the followmg holds:

(a) M, - 1+M1 1+N0 T+ N -1>282, +
(b) M1 6r2nax
(C) Nl 1 2 61%14):
Here dpayx is max(p, a, b c, d) — that is, the maximal element among p and the components
in a,b,éd. When b or dt? are missing, the same notion can be defined by dropping
condition (b) or (c), respectively. For example, we say that M|N is big enough for alb, if
M-1+N-1> 2(512nax + 3, where 0pax = max(a, 13) Similarly, (Mo, My)|N is big enough for
+3, and M;-1> 62

(@, b*P)|¢, if Mo-1+M;-1+N-1 > 252
The proof idea is as follows. We first construct a formula that deals with big enough

max max

sizes. Then, we construct a formula for each of the cases when one of the conditions (a), (b)
or (c) is violated. The interesting case will be when condition (b) is violated. This means
that the number of vertices with degrees from b7 is fixed, and they can be “encoded” inside
the Presburger formula.

We start with the big enough case. When there are only fixed entries, we will use the
following lemma.

» Lemma 8. For M|N big enough for alb, there is a alb-biregular graph with size M|N if
and only if M -a= N -b.

Proof. Note that if we have a biregular graph with the desired outdegrees on the left, then
the total number of edges must be M - @, and similarly the total number of edges considering

the requirement for vertices on the right, we see that the total number of edges must be N - b.

Thus this condition is always a necessary one, regardless of whether M|N is big enough.

When both M and N do not contain oo, (13, Lemma 7.2] shows that when M]|N is big
enough for a|b the converse holds: M -a = N - b implies that there is a a|b biregular graph
with size M |N . We briefly mention the proof idea there, which we will also see later (e.g., in
the proof of Lemma 9). There is a preliminary construction that handles the requirement
on vertices on one side in isolation, leaving the vertices on the right with outdegree 1. A
follow-up construction merges vertices on the right in order to ensure the necessary number
of incoming edges on the right. In doing so we exploit the “big enough” property in order to
avoid merging two nodes on the right with a common adjacent edge on the left.

We will now prove that the condition is also sufficient when either M or N contains co.

So assume M - @ = N - b, and thus both M, N contain cc.

We construct an a|b-biregular graph G = (U,V, E) with size M|N as follows. Let
a=(ay,...,am) and b= (by,...,b,). Let M = (My,...,M,,) and N = (Ny,...,N,). We
pick pairwise disjoint sets Uy, ..., Uy, where each |U;| = M; and V4,...,V,, where |V;| = N;
We set U =J,U; and V = J, V;.

The edges are constructed as follows. For each ¢ < i < m, when |U;] is finite, we make
each vertex u € U; have degree a;, as follows. For each 1 < j < ¢, we pick a; “new” vertices
from some infinite set V; — that is, vertices that are not adjacent to any edge, and connect
them to u. Likewise, for each vertex v € V; when |V;| is finite. After performing this, every

+1, where 0ax = max(p, a, b, c).
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vertex in finite U; and V; has degree a; and b;, respectively, and every vertex in infinite sets
U; and V; has degree at most 1.

Finally, we iterate the following process. For every infinite U;, if u € U; has degree other
than a;, we change the degree to a; by picking “new” vertices from some infinite set V;, and
connect them to u by an appropriate number of edges. Likewise, we can make each vertex
v in infinite V; to have degree b;. Note that in any iteration, for every infinite set U;, the
degree of a vertex u € U; is either a;, 1, or 0. Likewise, in any iteration, for every infinite
set V;, the degree of a vertex v € Vj is either b;, 1, or 0. Since there is an infinite supply of
vertices, there are always new vertices that can be picked in any iteration. |

Now we move to the case where the entries are still big enough, but some of the entries
are periodic on one side. Then we consider the following formula \IJ(a’l;ﬂ,)l (%o, Z1,9):

3z (2#00) A (a-Zg+b-Ty+pz = 7). (5)

Note that if G = (U, V, E) is a (a, b*?)|c-biregular graph with size (Mo, M;)|N, then the
number Qf edges |F| should equal the sum of the degrees of the vertices in U, which is
a- My +b- M, + zp, for some integer z > 0. Since this quantity must equal the sum of the

degrees of the vertices in V', which is ¢- N, we again conclude that this formula is a necessary
condition — regardless of whether the entries are big enough. We again show the converse.

» Lemma 9. For (My, M,)|N big enough for (a,b*?)|¢ the following holds. There is a
(@, b+P)|e-biregular graph with size (Mo, M1)|N if and only if \Il(a,l;ﬂ,)‘é(]\;[o, My, N) holds.
Proof. Assume that ‘I’(a’g+p)|5(Mo,M17 N) holds. As before, abusing notation, we denote
the value assigned to variable z by z itself. Suppose @ - My +b- M; + pz = N - & Since
(My, M1)|N is big enough for (a,bt?)|¢, it follows immediately that (Mg, My, 2)|N is big
enough for (a,b,p)|é. Applying Lemma 8, there is a (a, b, p)|é-biregular graph with size
(Mo, My, 2)|N. That is, we have a graph that satisfies our requirements, but there is an
additional partition class Z on the left of size z where the number of adjacent vertices
is p, rather than being b as we require. Let G = (U,V, E) be such a graph, and let
U =UyUU, UZ, where Uy, Uy, and Z are the sets of vertices whose degrees are from a, b,
and from p. Note that |Ug| = My - 1, |U;| = M; -1 and |Z]| = 2.

We will construct a (@, b+?)|c-biregular graph with size (My, M;)|N. The idea is to merge
the vertices in Z with vertices in Uy. Let zg € Z. The number of vertices in U; reachable
from zp in distance 2 is at most 62,,,. Since (Mo, M;)|N is big enough for (a,b*?)|¢, we
have |Uy| = My -1 > 62, + 1. Thus, there is a vertex u € U; not reachable in distance 2.
We merge zg and u into one vertex. Since the degree of zj is p, such merging increases the
degree of u by p, which does not break our requirement. We perform such merging for every
vertex in Z. <

Finally, we turn to the big enough case where there are periodic entries on both sides.
There we will deal with the following formula \Il(a75+p)‘(é7g+p)(§:0, Z1,Y0,Y1):

321322 (21 7é OO) A (22 #OO) A (d'i’o+6°£1 +le :Ego-l-ggl +p22) (6)
» Lemma 10. For (Mg, M,)|(Ny, N1) big enough for (a, E‘f”)|(6, dt?) the following holds:

there exists a (a, 5"’?)|(Ef, cZ“'f’)—biregular graph with size (Mg, My)|(No, N1) if and only if
‘I/(a,1;+p)\(5,g+p)(M07Ml,NO,Nl) holds.
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Proof. As before, the “only if” part is straightforward, so we focus on the “if” part. Suppose
‘1/(&’5+p)|(5ﬂ+p)(]\_40, Ml, NO, Nl) holds. Thus, a - Mo +b- M1 +pzp=c- No +d- N1 + pzy. If
z1 > 22, then the equation can be rewritten as a- Mo +b- My + p(z1 — 22) =¢- Ng +d - Ny.
By Lemma 9, there is a (a, b™P)|(¢, d)-biregular graph with size (Mg, M;)|(No, N1), which of
course, is also (@, b1?)|(¢,d*P)-biregular. The case when zo > z; is symmetric. <

The previous lemmas give formulas that capture the existence of 1-color biregular graphs
for big enough sizes. We now turn to sizes that are not big enough — that is, when one of the
conditions (a), (b) or (c) is violated. When condition (a) is violated, we have restricted the
total size of the graph, and thus we can write a formula that simply enumerate all possible
valid sizes. We will consider the case when condition (b) is violated, with the case where
condition (c) is violated being symmetric.

If (b) is violated we can fix the value of M -1 as some 7, and it suffices to find a formula
that works for this r. The idea is that a fixed number of vertices in a graph can be “encoded”
as formulas. For @ = (ay,...,ax), b= (b1,...,b), ¢=(c1,...,¢m) and d = (dy,...,d,), and
for integer r > 0, define the formula CI)Z&,B+P)|(E,J+P)@0’ Z1,Yo, Y1) as follows:

1. when r =0, let

(bzﬁaf;”)\(é,dﬂ)(foafl’goaﬂl) = -/fl : I =0 A \I/a‘(ag+p)(£0ag07gl)a
where \I/al(a(;ﬂ)(:’co, Yo, Y1) is as defined in equation (5);
2. when r > 1, let 1 = (%11,...,21,) and

fa,z;+p)\(5,g+p)(fo,531,:t]o,:%) =

1 (1 #0) A (bi+ps = z1-14+23-1) A (s # 0)
35320353235 \/ | A Go+ 2 =100) A (242 =1) :
i=1 \ A @ga;gml(aafi’w’@iw)(@0, I1 — e, %0, 21, Z2, Z3)

where e; denotes the unit vector (with length k) where the i-th component is 1, and the
lengths of z; and z; are the same as yg, and the lengths of zo and z3 are the same as ;.
The motivation for these formulas will be explained in the proof of the following lemma.

» Lemma 11. For every a,b, ¢, d, every integer v > 0 and every Mo, My, No, Ny such that
1. My-1+ No-1+Ny-1>262,, +3,
2. Ny -1>62, +1,

max

3. Ml . i =T,
where Suyax = max(p, a,c,d), the following holds: there is a (@, bP)|(¢, d*P)-biregular graph
with size (MQ, M1)|(N0, Nl) Zf and O’Illy ’Lf (028 (Mo, Ml, No, Nl) holds.

(abtr)|(e,dte)
Proof. The proof is by induction on r. The base case r = 0 follows from Lemma 9, so we
focus on the induction step.

We begin with the “only if” direction, which provides the intuition for these formulas.
Suppose G = (U,V,E) is a (a,b™?)|(c,d™P)-biregular with size (Mo, M1)|(No, N1). We

let U = U071 y---u U07k U Ul,l y---u Ul,h where Mo = (‘U0)1‘7...,|U07k|) and Ml =
(|U14l,---,|U1,4l). Likewise, we let V.= Vo1 U---UVy, UVig U---UVp,, where Ny =
(Vol-- - [Vo,m|) and Nv = ([Vial, ..., [Vial).

Since we are not in the base case, we can assume M; - 1 = 22:1 |Ui,;| =7 # 0. Thus we
can fix some ¢ with 1 < ¢ < such that Uy ; # 0, and fix also some u € Uy ;. Based on this u,
we define, for each 1 < j <m, Zy; to be the set of vertices in V; ; adjacent to u. For each
1< j<nwelet Z;; be the set of vertices in V; ; adjacent to u. Figure 1 illustrates the
situation.

If we omit the vertex u and all its adjacent edges, we have the following:

112:11

ICALP 2020



112:12 Two Variable Logic with Ultimately Periodic Counting

Vo1

s

Vin

Figure 1 Inductive construction for the “not big enough” case.

1. for every 1 < j < m, every vertex in Zy ; has degree ¢; — 1,

2. for every 1 < j < n, every vertex in Z; ; has degree (d; — 1)™?.

Thus, we have a (a,bt?)|(¢,¢ — 1,d"?, (d — 1)*?)-biregular graph with size (Mg, M; —
)‘(KO Q,Ko 17K1 O;Kl 1) where

‘7|Z0,m|)7
e | Z1n))-

Ko = (Voil = 1Zo1ls-- - [Vom| = | Zoml), K = (
Ko = (\Vial = Zuals-- s [Vinl = | Z1nl), K; = (

We can check that the sizes allow us to apply the induction hypothesis to this graph,
keeping in mind that the sizes on the left have now decreased by one. We conclude

that (D? ;“’)I(Eé Ldtr (d 1)+p)(MO,]\Zf1 —e,»)|(f(0 o,f(o 1,[(1 O,Kl 1) holds. Moreover, since

u € Uy ;, and hence the degree of w is bﬂ) we have K;-1+K5-1 = b; i+ps, for some integer s > 0.
Note also that Ky + K; = Ny and Ky + K5 = N;. Thus, <I>( )l d+p)(M0,M1)|(NO7N1)
holds where the variables Zy, 21, Z2, Z3 are assigned with Ky, K1, Ky, K3, respectively.

For the “if” direction, suppose (I)(a,E+P)|(E,J+P)(MO’M1’ No, Nl) holdS; Then we can fjx
some s, 2o, Z1, 22, 23, and 4 such that (a) x1; #0, (b) bj+ps=Zz1-1+23-1, (c) Zo + 21 = Ny,
(d) 52 + 53 = Nl, and ( ) @Za ;*P)|(EE 1,d+e, d 1)+pi1Mo, Ml €e;, 20, 21, 22, 53) holds.

We prove from this that a blregular graph of the appropriate size exists. Note that the
hypothesis requires that Mg -1+ Np -1+ Ny - 25?nax + 3, where dpax is as defined in the
statement of the lemma. Since max(p,a,b,¢,¢ — 1,d,d — 1) = Spmax, the equalities in (c) and
(d) imply that Mo -1+ Zp- 1+ 2 -1 + 2o - 1 + z3 - 1 is bigger than 262, + 3.

Note that (M; —e;) -1 = r — 1. Thus we can apply the induction hypothesis and
obtain a (a,b™?)|(¢,¢ — 1,d™P, (d — 1)*P)-biregular graph G = (U, V, E) with size (Mo, M; —
e;)|(2o, 21, 22, 23). Let V.=V, U V3 UV, U V3 be the partition of V', where

Vo = VoaU---UVym, Vi =VigU---UViy,,
Vo = Vo U---UVy,, Vi = Vg 1U---UV3,,

and such that
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1. for every 1 <+¢ < m, the degree of vertices in Vg ; and Vi ; are ¢; and c¢; — 1, respectively;

2. for every 1 < i < n, the degree of vertices in Vo ; and Vs ; are dj” and (d; — 1)*7,
respectively.

Note also that Zo = (|Vo1l,-- -, [Voml), 21 = ([Vial,-- s [Viml)s 22 = (V2

Zs = (IVaal,---, |Vaml)-

Let u be a fresh vertex. We can construct a (a,b*?)|(¢,d*P)-biregular graph G’ =
(U U {u},V,E"), by connecting the vertex u with every vertex in V; U V3. Note that the
formula states that z; - 1 + 23 - 1 = b; + ps, which equals to |Vi| + |V3|, thus, the degree
of w is b; + ps, which satisfies our requirement for a vertex to be in U;. Since prior to the
connection, the degrees of V; ; and V3 ; are ¢; — 1 and (d; — 1)™?, after connecting u with
each vertex in Vi U V3, their degrees become c¢; and d;‘p . That is, the right side vertices now
have the desired degrees, i.e., G’ is (@, b™P)|(¢, d*P)-biregular. Moreover, Z, + z; = Ny and
Zy + Z3 = Nj. Thus, the resulting graph G’ has size (Mg, My )|(No, N1 ). <

seeoy [Vaml), and

The formula bireg; 5+1)(z4+») (%0, T1, %0, Y1) characterizing the sizes of (a, btP)|(c, dtP)-
biregular graphs can be defined by combining all the cases described above.

4.2 Proof of Lemma 2 for 1-color graphs (the complete case)

We now turn to bootstrapping the biregular case to add the completeness requirement imposed

in Lemma 2. Let @ = (ay,...,ax), b= (by,...,b),¢=(c1,...,¢m) and d = (dy,...,d,). Let

To = (To,1,-- -, Tok), T1 = (T1,1,---,T11), Yo = (Yo,1,---»Yo,m), and Y1 = (Y1,1,- -+, Y1,n)-
The formula c-bireg; 5+5)|(z,4+r) (Z0, Z1, Y0, Y1) for the sizes of complete (a, btP)|(c, dtP)-

biregular graphs is the conjunction of bireg(a,ﬁp)l(agﬂ)(ico, Z1,Yo, Y1) such that

1. for every 1 <i < k, if xg; #0, then §o- 1+ 1 - 1 = a;;

2. for every 1 <i <, if x1,; # 0, then §o - 1 + 41 - 1 = b; + pz;, for some z;;

<
<1<
3. for every 1 <i < m, if yo; # 0, then Zo- 1 + 71 - 1 = ¢;;
<1<

4. for every 1 n, if y1; # 0, then To - 1 + 1 - 1 = d; + pz;, for some z;.

To understand these additional conditions, consider a complete biregular graph meeting
the cardinality specification. The completeness criterion for 1-color graphs implies that
each element on the left is connected to every element on the right. Thus if the size of a
partition required to have fixed outdegree a; is non-empty, we must have that a; is exactly
the cardinality of the number of elements on the right. This is what is captured in the first
item. If we have non-empty size for a partition whose outdegree is constrained to be b; plus
a multiple of p, then the total number of elements on the right must be b; plus a multiple of
p. This is what the second item specifies. Considering elements on the left motivates the
third and fourth item. Thus we see that these conditions are necessary.

Suppose c—bireg(@gﬂ)‘(@gﬂ)(Mo,Ml,Mo,Ml) holds. Then, there is a (a,b*?)|(¢,d1?)-
biregular graph G' = (U, V, E) with size (My, M )|(No, N1), which are not necessarily complete.
Note that Ny - 1 + N; - 1 is precisely the number of vertices in V. The first item states that
the existence of a vertex u with degree a; implies u is adjacent to every vertex in V. Now,
suppose there is a vertex u € U with degree bj'p . If u is not adjacent to every vertex in V,
then we can add additional edges so that w is adjacent to every vertex in V. The second
item states that |V| = bjp . Thus, adding such edges is legal, since the degree of u stays b;’p .
We can make vertices in V' adjacent to every vertex in U using the same argument.
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4.3 The proof for regular digraphs

Recall that in the prior argument we consider only digraphs without any self-loop. Thus,
a digraph can be viewed as a bipartite graph by splitting every vertex u into two vertices,
where one is adjacent to all the incoming edges, and the other to all the outgoing edges.
Thus, A|B-regular digraphs with size M can be characterized as A|B-biregular graphs with
size M|M. For more details, see [13, Section §].

5 Extensions and applications

A type/behavior profile for a model M is the vector of cardinalities of the sets A, , computed in
M, where 7 ranges of 1-types and g over behavior functions (for a fixed ¢). Recall that in the
proof Theorem 4 we actually showed, in Lemma 6, that we can obtain existential Presburger
formulas which define exactly the vectors of integers that arise as the type/behavior profiles
of models of ¢. The domain of the model can be broken up as a disjoint union of sets A 4,
and thus its cardinality is a sum of numbers in this vector. We can thus add one additional
integer variable Zyoral in PRESy, which will be free, with an additional equation stating that
Tiotal s the sum of all X ;’s. This allows us to conclude definability of the spectrum.

» Theorem 12. From an FO?;,.ES sentence ¢, we can effectively construct a Presburger
formula 1 (n) such that N |= (n) exactly when n is the size of a finite structure that satisfies
@, and similarly a formulas Voo (n) such that Now = eo(n) ezactly when n is the size of a
finite or countably infinite model of ¢.

We say that ¢ has NP data complezity of (finite) satisfiability if there is a non-deterministic
algorithm that takes as input a set of ground atoms A and determines whether ¢ A A A
is satisfiable, running in time polynomial in the size of A. Pratt-Hartmann [20] showed
that C2? formulas have NP data complexity of both satisfiability and finite satisfiability.
Following the general approach to data complexity from [20], while plugging in our Presburger
characterization of FO%res, we can show that the same data complexity bound holds for
FOZ

Pres*

» Theorem 13. FO%;TGS formulas have NP data complexity of satisfiability and finite satis-
frability.

Proof. We give only the proof for finite satisfiability. We will follow closely the approach
used for C? in Section 4 of [20], and the terminology we use below comes from that work.

Given a set of facts D, our algorithm guesses a set of facts (including equalities) on
elements of D, giving us a finite set of facts DT extending D, but with the same domain as
D. We check that our guess is consistent with the universal part « and such that equality
satisfies the usual transitivity and congruence rules.

Now consider 1-types and 2-types with an additional predicate Observable. Based on this
extended language, we consider good functions as before, and define the formulas consistent;
and consistents; based on them. 1-types with that contain the predicate Observable will be
referred to as observable 1-types. The restriction of a behavior function to observable 1-types
will be called an observable behavior. Given a structure M, an observable one-type m, and
an observable behavior function gg, we let My 4, be the elements of M having 1-type 7 and
observable behavior go, and we analogously let D 4, be the elements of D whose 1-type and
behavior in D* match 7 and go.
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We declare that all elements in A are in the predicate Observable. Add to the formulas
consistent; and consistenty additional conjuncts stating that for each observable 1-type w
and for each observable behavior function gg, the total sum of the number of elements with
1-type 7 and a behavior function g extending go (i.e., the cardinality of M g4,) is the same
as |Dr g,|. with the cardinality being counted modulo equalities of D*.

At this point our algorithm returns true exactly when the sentence obtained by existentially
quantifying this extended set of conjuncts is satisfiable in the integers. The solving procedure
is certainly in NP. In fact, since the number of variables is fixed, with only the constants
varying, it is in PTIME [17].

We argue for correctness, focusing on the proof that when the algorithm returns true we
have the desired model. Assuming the constraints above are satisfied, we get a graph, and
from the graph we get a model M. M will clearly satisfy ¢, but its domain does not contain
the domain of D. Letting O be the elements of M satisfying Observable, we know, from
the additional constraints imposed, that the cardinality of O matches the cardinality of the
domain of D modulo the equalities in DT, and for each observable 1-type 7, and observable
behavior go, | Mz go| = |Dxr,go-

Fix an isomorphism X taking each My 4, to (equality classes of) Dy . Create M’ by
redefining M on O by connecting pairs (01, 02) via E exactly when A(01), A(02) ise connected
via E in DT. We can thus identify O with DT modulo equalities in M’.

Clearly M’ now satisfies D. To see that M’ satisfies ¢, we simply note that since all of the
observable behaviors are unchanged in moving from an element e in M to the corresponding
element A(e) in M’ and every such e modified has an observable type, it follows that the
behavior of every element in M is unchanged in moving from M to M’. Since the 1-types
are also unchanged, M’ satisfies ¢. <

Note that the data complexity result here is best possible, since even for FO? the data
complexity can be NP-hard [20].

6 Conclusion

We have shown that we can extend the powerful language two-variable logic with counting to
include ultimately periodic counting quantifiers without sacrificing decidability, and without

losing the effective definability of the spectrum of formulas within Presburger arithmetic.
We believe that by refining our proof we can obtain a 2NEXPTIME bound on complexity.

However the only lower bound we know of is NEXPTIME, inherited from FO?. We leave the
analysis of the exact complexity for future work.
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