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We characterize the relations which are first-order definable in the model of the group of integers with the constant
1. This allows us to show that given a relation defined by a first-order formula in this model enriched with the usual
ordering, it is recursively decidable whether or not it is first-order definable without the ordering.

Keywords: Presburger arithmetics

Introduction

Presburger arithmetic is the fragment of arithmetic concerning the integers with addition and order. Pres-
burger’s supervisor considered the decidability of this fragment too modest a result to deserve a Ph.D.
degree and he accepted it only as a Master’s Thesis in 1928. Looking at the number of citations, we
may say that history revised this depreciative judgment long ago. There still remains, at least as far as
we can see, some confusion concerning the domain of the structure: Z or N? with or without the order
relation? (the main popular mathematical web sites disagree on that respect). The original paper deals
with the additive group of positive and negative integers with no binary relation, but in a final remark of
the original communication, the author asserts that the same result, namely quantifier elimination, holds
when the structure is enriched with the binary relation “<”. In (L), which is the main reference on the
subject, Presburger arithmetic is defined as the elementary theory of integers with equality, addition and
having 0 and 1 as constant symbols and “<” as binary predicate, see also (20). On the other hand, the
majority of the “modern” papers referring to Presburger arithmetic is concerned with the natural numbers
where the order relation is unnecessary as it is first-order expressible in (N; +).

The origin of the present work is the simple remark that concerning the set of integers Z, the binary
relation matters. Here we study the decidability of the definability in the structure (Z; +, 0, 1) which we
call the weak Presburger arithmetic, for a given relation defined in (Z; 4+, <,0,1). We show that it is

TA preliminary version of these results was published in the proceedings of the Conference ICTCS 2007, held in Rom, Italy,
2007, (5)
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indeed recursively decidable and we prove this result by revisiting the notion of linear subsets introduced
by Ginsburg and Spanier (95 [10; 115 [12)) in the sixties for n-ary relations on N. Other problems of
definability in substructures of Presburger arithmetic introduced in (15) have been solved positively in
(4): given a formula in the Presburger arithmetic, it is recursively decidable whether or not it can be
expressed in the structure with domain Z (resp. N) and with the unique predicates of the formz —y > a
and ¢ > aforall a € Z (resp. a € N).

Despite its simplicity, Presburger arithmetic is central in many areas of theoretical and applied computer
science. From a theoretical point of view, it has many remarkable properties: 1) it admits quantifier
elimination (15195 [20) and therefore it is decidable, 2) given a formula on the expansion of the structure
obtained by adding the function which to each integer assigns the maximal power of 2 which divides it, it
is decidable whether or not it is definable by a Presburger formula over N, (18)); the claim of a polynomial
time algorithm can be found in (17). Moreover, there is a strong and old connection between language
theory, Presburger definable sets and rational relations on Z and N dating back to the sixties (2;[7;9). The
concept is also widely used in many application areas, such as program analysis and model-checking and
more specifically timed automata since it models infinite systems, see for example (3)).

The paper is organized as follows. Section [I|recalls known results which are necessary for the rest of
the paper, essentially around the notion of linear sets in Z". Section 2] investigates the closure properties
of the linear sets. This allows us to give in Section [3| a characterization of the subsets of Z" which are
definable in the weak Presburger arithmetic, along with a decision procedure.

1 Preliminaries
1.1 \Variants of Presburger arithmetic

In this paper we deal with first-order languages with equality, i.e., the signature of a structure implicitly
contains the symbol “=". As observed in the introduction, a source of confusion is the lack of agreement
in the definition of Presburger arithmetic itself. We make the convention of calling weak Presburger arith-
metic the structure 2% = (Z;+;0, 1) originally studied in (19) (see also (21) for an English translation
and commentary), while with Z we mean the (standard) Presburger arithmetic (Z;+, <,0,1). Observe
that the predicate <, as restriction of the order on Z to N, is already definable in (N;+). These struc-
tures are decidable in the sense that given a closed formula, it is recursively decidable whether or not it
holds in that structure. In particular Z"' admits quantifier elimination in the augmented language with
the additional unary functional symbol “— * and the (recursive) set of binary relations {Em}meN\{oJ 1
having the usual meaning of opposite and modulo. As for Z, quantifier elimination is obtained in the
same augmented language enriched with the binary relation <.

1.2 Logical definability

Here we are concerned with the definability issue. Consider a structure D with domain D and a first-order
formula on this structure, say ¢(x1,...,x,), where x1,...,x, are its free variables. Then the n-ary
relation R defined by ¢ is the set of n-tuples (a1, . ..,a,) such that ¢ holds true when the variable z; is
assigned the value a;, i.e., R = {(a1,...,a,) € D" | D |= ¢(a1,...,a,)}. Arelation is D-definable or
simply definable when the structure is understood, if it can be defined by a first-order formula on D.

The following is the main result on the integer arithmetic without multiplication. It proves that it admits
quantifier elimination and it is due to Presburger, cf. (19).
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Theorem 1.1 (Presburger) A subset X of Z" is Z-definable if and only if it is a Boolean combination of
relations defined by predicates of the form

t<t' and t=t (modb) (1)

where t and t' are linear expressions on the integer variables x; of the form ag + Z?:l a;x; with a; € Z,
andb eN, b > 1.

A subset X of Z" is ZW -definable if and only if it is a Boolean combination of relations defined as in
where the binary relation < is replaced by the equality.

1.3 Linear sets

The following definitions could be given for arbitrary finitely generated commutative monoids but we are
mainly interested in the free commutative group Z". We consider it as a subset of the Q-vector space Q"
and view its elements as row vectors. The operation of addition is extended from elements to subsets: if
X, Y CZ", thenthe sum X +Y C Z" is the set of all sums x +y where x € X andy € Y. When X is a
singleton {z} we simply write z+Y . Given x in Z", the expression Nz represents the subset of all vectors
nax where n range over N and similarly for Zx. For example, Zx + Zy represents the subgroup generated
by the vectors x and y. We extend also the matricial notation to subsets, e.g., if A is an (n x p)-matrix
with integer or rational entries, then Q™ A stands for the set of all p-row vectors of the form x A for some
n-row vector x € Q™.
We now briefly recall the classical theory of the linear and semilinear subsets of Z™ as exposed in (7).

Definition 1.2 A subset of Z is N-linear if it is of the form
k
a+ Y Nb, abieZ”i=1,... k. (2)
i=1

It is N-simple if the vectors b; are linearly independent as vectors of Q™. It is N-semilinear if it is a finite
union of linear sets.

Ginsburg and Spanier proved (11) the following equivalent statements for N™, but it can readily be seen
to hold for Z™. Together with Theorem it can be interpreted as saying that the first-order definable
sets in (Z;+,0,1, <) are exactly the rational subsets of Z". Actually Eilenberg and Schiitzenberger in
(7)), and independently Ito in (14)), strengthened the third condition by proving that the simple sets may be
assumed disjoint.

Theorem 1.3 Given a subset X of Z", the following assertions are equivalent:
1. X is first-order definable in Z;
2. X is N-semilinear;
3. X is a finite union of N-simple sets.

Furthermore, each of the specifications can be effectively transformed into another.
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When dealing with a linear subset, this result allows us to assume that it is given as a finite union of simple
subsets.

The following notion of dimension will be useful in the sequel. It is defined on linear sets but extended
to arbitrary sets in a natural way.

Definition 1.4 The dimension of the simple set a + Y .-, Nb; is the integer m. More generally, the
dimension of an arbitrary nonempty subset X C Z" is the minimum integer m, denoted dim(X), such
that X is included in a finite union of simple sets of dimension at most m. The dimension of the empty set
is equal to —1.

Observe that the dimension of a finite union of simple sets does not depend on the specific expression
which defines it. This is seen by observing that an expression of a simple set of dimension m as a
finite union of simple sets contains a simple set of dimension m and no simple set of dimension greater
than m and that equality dim(A U B) = max{dim(A),dim(B)} holds. Indeed, since dimension is a
nondecreasing operator, we have dim(A U B) > dim(A) and dim(A U B) > dim(B) and therefore
dim(A U B) > max{dim(A), dim(B)}. The other direction is trivial. As a result we have the following
proposition.

Proposition 1.5 Given a subset X C 7" specified by some first-order formula in Z and some integer
0 < d < n, it is recursively decidable whether or not it has dimension at most d.

Proof: Indeed, using Ginsburg and Spanier’s construction in (11, Theorem 1.3.), an expression as a finite
union of simple sets for X can be effectively computed from the first-order formula specifying it. A
simple inspection suffices to determine whether or not the linear sets composing it have dimension less
than or equal to d. O

1.4 Z-linear sets

We now extend the notion of N-linear subsets defined in Section |1.3|to Z-linear subsets by allowing the
coefficients of expression (2 to be in Z.

Definition 1.6 A subset of Z" is Z-linear if it is of the form
E
a+y 7Th,  ab €L i=1,...,n 3)
i=1

The notions of Z-simple and Z-semilinear sets are defined with the obvious modifications of Definition

(L2

There exists a notion which is halfway between that of simple and that of arbitrary disjoint unions of
simple sets. We use the standard geometric notion of translation, restricted to Z™, which is a mapping of
the form x — a + x for some given vector a € Z™. A translate of a subset is its image in a translation.

Definition 1.7 A subset is quasi-simple if it is a finite union of translates of a given simple set S. This is
equivalent to saying that it is a set of the form A + S, where A C Z" is finite and S is a subgroup of Z".
The set S is called template.

Clearly, a finite union of Z-linear subsets is also a finite union of N-linear subsets.

Proposition 1.8 Every Z-linear subset of Z'™ is a finite union N-linear subsets.
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Proof: Indeed, a Z-linear subset as in expression (3)) is equal to the union of all a + Zle N(e;b;) where
(€1,...,€x) ranges over the set {4-1}*. m

The converse does not hold, e.g., the subset N is not expressible as a finite union of Z-linear subsets
(this is a direct consequence of Theorem [I.T|and Theorem [I.3]but can be worked out directly too).

2 Closure properties
2.1 Properties of Z-linear sets

Our decidability result is based on the equivalence between definable subsets in the structure Z" and the
family of finite unions of subset differences of Z-semilinear subsets, see subsection This character-
ization is obtained by a careful study of the closure properties of the family of Z-linear sets carried out
here.

We will show that the class of Z-linear sets enjoys many properties such as closure under finite sum as
defined in subsection projection, direct product and even more interestingly intersection, making it a
more robust family than the family of N-linear sets since N-linear sets are not closed under intersection.
On the opposite, the family of N-semilinear sets is more robust than that of Z-semilinear sets, in fact
while the first is closed under all Boolean operations, the second is not. The sets belonging to the Boolean
closure of the Z-linear sets have a more complex representation (see Theorem 3. 1J).

We start with a property which shows how different the N- and the Z-linear subsets are. In the case of
the nonnegative integers, every linear set is a finite disjoint union of simple sets. For Z, we have a stronger
property which is a direct consequence of a classical algebraic result.

Proposition 2.1 Every Z-linear set is Z-simple.

Proof: Consider the set X = a + Z:’;l Zb;, with b; € Z™ for 1 < 7 < m. It suffices to consider the case

where a is null. Then X is a subgroup of Z™ and therefore it is free, (16, Theorem 4, (1,§9))), i.e., there

exists h < n linearly independent vectors b; € Z™ such that X = Z?zl 7., O
Using standard manipulations we get the following proposition.

Proposition 2.2 The family of Z-linear sets is closed under projection, direct product and finite sum.

Observe that N-linear sets are closed under direct product and finite sum but they are not closed under
projection. Indeed, consider the N-linear (actually N-simple) set N(2, 1) +N(3, 1). Its projection onto the
first component is the set {0} U {n | n > 2}.

The following is a kind of closure property under composition.

Proposition 2.3 Let X =a+> " Zb; CZ" andY = c+ Z;”:l Zd; C ZP be two Z-linear subsets.
Then the set

P
{a+) Nibi | (A1, 0p) €Y} )
i=1
is Z-linear.

Proof: Indeed, denote by B the (p x n)-matrix consisting of the p row-vectors b; and by D the (m X p)-
matrix consisting of the m row-vectors d;. Then the set defined in (4) is equal to

a+ (¢c+Z"D)B = (a+cB)+Z™(DB)
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a

The intersection of two N-linear subsets is a finite union of N-linear subsets, not necessarily an N-linear
subset. Here we have a stronger property: the intersection of two Z-linear subsets is a Z-linear subset.
We prove this result by resorting to a different approach from that in (7)) which is purely combinatorial
and proceeds by induction on the dimension of the space while we make use of a classical theorem of
linear algebra. We recall that GL,,(Z) represents the unimodular group which consists of all the invertible
n X n-matrices with entries in Z. We denote by rank(A) the rank of the matrix A.

Theorem 2.4 (Smith normal form (6, §2.4.4)) Let A € Z"*™ be an integer matrix of rank s. Then there
exist two unique invertible matrices U € GL,,(Z) and V' € GL,(Z), such that

;. (D 0
wova-(20)

where D = (d;;) € Z°*® is an integer square diagonal matrix such that d;; divides d;;, for1 < i < j <s.
The matrix A’ is called the Smith normal form of A. The following is a preparatory result.

Proposition 2.5 Given A € Z"*" and b € Z", the set of solutions in Z'™ of the linear system Az = b is
a Z-simple set of dimension m — rank(A).

Proof: Let rank(A) = s and A’ = U AV be the Smith normal form of A. The given system is equivalent
to UAVV 1z = Ub. Setting V12 = y and Ub = ¥/, the set of solutions of A’y = ¥’ is the Z-simple set
S'=c+ YL, 1 Ze;, where ¢; = b /aj; for 1 < j < sand¢; = 0fors < j < m and the ¢; are the
vectors of the canonical basis (observe that the system admits solutions in Z™ if and only if a;; divides
b;-, for 1 < j < s). Then the set of solutions of the equation Az = b is equal to S = V' S’, and so if
¢=Vcand é; = Ve;, wehave S = ¢ + Z;":’S“ Zé;. Because V is unimodular, the vectors é; are again
linearly independent, so the set has dimension equal to m — rank(A). a

Consequently, we have the following theorem.

Theorem 2.6 If P and Q are Z-simple sets of Z" of dimension p and q respectively, then P N Q is a Z-
simple set of dimension less than or equal to min{p, q}. Furthermore, an expression for this intersection
can be computed effectively.

Proof: Let P = a + Y7, Zb; and Q = c + Y 9_, Zd; be two Z-simple sets in Z" with p < ¢ and
suppose that P N Q # (). Let us consider the linear system > +_, b;z; + f;:f“ di—qr; = ¢ — a and let
S be its set of solutions in ZPT4. Then S is a Z-simple set in ZPT9 and so, its projection 1" on the first p
components is a Z-linear set in ZP, say T’ = e + Zle Zf;, for some e, f; € ZP and £ < p. Considering
the first p components of .S, we have the following expression for P N Q:

p
POQ: {a—l—Z;lel | (.’El,....’Ep)GT}.
i=1

It then suffices to apply Proposition[2.3] Concerning the complexity of the computation, it directly follows
from the fact that Smith normal form of A can be computed in polynomial time, see (22). O
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We now turn to the union operation. Its is clear that the union of two Z-simple sets in Z" is not
necessarily simple, e.g., in Z, the singletons {0} and {1} are simple but their union is not. However, when
the simple sets have maximal dimension, i.e., when their dimension equals n, the union is almost simple.
This is expressed rigorously in the next result.

Proposition 2.7 Every finite union of Z-simple sets of maximal dimension is a Z.-quasi-simple set.

Proof: Let S C Z™ be a Z-semilinear set of the form

where forall 1 < i < m, X; = a(® + 2?21 Zb;l) is a Z-simple set. Since for each fixedi = 1,...,m,
the vectors b;l), 1 < j < n, are linearly independent, these vectors generate a subgroup of Z" of finite
index. In particular X; — a(?) is the inverse image of the unit of a finite commutative group. In other
words there exists a surjective morphism ; of Z" into a finite commutative group G; such that X; =
¢; H(pi(a)). Consider the morphism ¢ of Z™ into the direct product G; x --- x G,, defined by
o(u) = (p1(u), ..., om(u)) andset K = {x € Gy x --- X Gy | i = p;(a?) for some 1 < i < m}.
Then S = ¢~ !(K), which means that S is a union of cosets of the subgroup ¢ ~!(e) where ¢ is the unit
of the direct product G X - -+ X Gyp,. O

The following proposition expresses also an interesting property.

Proposition 2.8 Let S, T be Z-simple sets in Z*. If dim(S) = dim(T) and T C S, then X = S\ T isa
Z-quasi-simple set with template T'.

Proof: Let dim(S) = dim(T) = m < n,then S = a+ Y /* Zb; and T = c + Y., Zd;, with
a,c,bi,d; € Z" for1 <i <m.FromT C Swehavec=a+ Y ", vbi, so

S =t iy (=y)bi + 2, Zb; s
=c+ Y (Z—y)bi = c+ 310 Zb;.

Observing that for A, B C Z", v € Z"™, we have (A + v) N (B + v) = (AN B) + v, we can suppose
without loss of generality that ¢ = 0, so that S = >""" | Zb; and T" = .. | Zd,;. Then S and T are
additive groups of finite index and moreover 7T is a subgroup of S, so S\ 7' can be written as a finite union
of cosets of T', which completes the proof. O

Corollary 2.9 Let S and T be Z-simple sets of maximal dimension n in 7. Then X = S\ T is a
Z-quasi-simple set of dimension n with template T

Proof: Observe that S\ T = S\ (SNT). From Theorem[2.6] S N T is again a Z-simple set of dimension
n. Then (S NT) C S holds so that we can apply Proposition 2.8] O

The following proposition provides us with a remarkable family of Z-simple sets which are the traces
of the affine QQ-spaces in Z".
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Proposition 2.10 Ler H = a+ Y 7, Qb; C Q" with0 < p < nand a,b; € Z™, i = 1,...,p. Then
H' = HNZ"™ is a Z-simple set of " of the same dimension as that of H. Moreover a Z-simple expression
for H' is effectively computable.

Proof: Without loss of generality we can suppose that 0 € H and that dim(H) = p < n holds so that
H = QP A, where A is the (p x n)-matrix whose rows are the p vectors b;. From Theorem 2.4] there exist
two integer invertible matrices U € GL,(Z) and V € GL,,(Z) such that

d -+ 0 0 ... 0
UAV=A'=| : i
0 ... dy 0 ... 0

where all the coefficients d; are integers. Since U and V" are invertible we have
QrUTAVTINZ VYV = (QU A nZ V)V,
and, from the unimodularity of U and V', Z"V = Z" and QPU ~!' = QP. Furthermore, we clearly have
n—p times
QA" = QP x {0} x -+ x {0},
so we we obtain

QANZ" =QU AV NZVY T = (QUUTA N ZM V)V

n—p times

= (QPA' NZMV 1 = ((QF x {0} x -+ x {0}) N Z")V !

n—p times

= (Z° x {0} x --- x {0} VL.

Denote by V’ the matrix obtain from V ~! by substituting O for all entries in the last n — p rows, we finally
get:
QPANZ" = 7PV,

which completes the proof. O

As a rephrasing of the previous proposition we obtain the following result which involves a notion of
saturation.

Corollary 2.11 For all Z-simple sets X = a+ Y _, Zb;, the set

(a+> Qb;)NzZ"

i=1

is Z-simple and has the same dimension as X.
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2.2 Boolean closure

The previous results show that the Z-linear subsets enjoy stronger closure properties than the N-linear
subsets but that they still fail to form a Boolean algebra. As the family of finite unions of N-linear sets
is closed under the Boolean operations, we may wonder whether or not so is the family of finite unions
of Z-linear subsets. This is not so and here is how it can be seen. Consider the singleton {0} in Z. Its
complement cannot be expressed as a finite union of Z-linear subsets. Indeed, such a finite union would
consist of a finite subset of Z and, by Proposition[2.7} a union of cosets of a subgroup of the form pZ, i.e.,
it would be cofinite if and only if it were equal to Z, contradiction. So, we are led to consider the family
of finite unions of differences of Z-semilinear sets.

Definition 2.12 We denote by F the family of finite unions of subsets of the form A\ B where A and B
are Z-semilinear sets.

We shall see that F is the Boolean closure of the Z-linear subsets. In the meantime, we show that these
subsets may be written in different relatively simple ways.

Proposition 2.13 Let X C Z™. Then the following conditions are equivalent:
(i) the set X belongs to F;

(ii) the set X is a finite union of subsets of the form

-

(Si\Ty), (6)

1

where Ty, ..., Ty and Sy, ..., Sy, are Z-simple sets and T; C S; for 1 <i < m;

(iii) the set X is a finite union of subsets of the form

S\(L_"JT) ™

where T, ..., T,, and S are Z-simple sets and T; C S for 1 <i < m;

(iv) the set X is a finite union of subsets of the form
S\ ( U T) (8)
i=1
where Ty, ..., Ty, and S are Z-simple sets and dim(T;) < dim(S), for 1 <i < m.

Proof: We prove that condition (i) implies (ii). It suffices to start with a subset of the form

(Us)\(Uz)

J=1
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where the sets Sy, ...,.5:,11,..., T, are Z-simple. Applying the three rules of set differences (X UY)\
Z = (X\Z)U(Y\Z),X\(YUZ) = (X\Y)O(X\Z) = (X\Y)\ZandX\(YﬂX) = (X\Y)
the subset defined in (9) becomes

l m m m

U (s (Un) =U(Nem)=U(N (s @mns))),

i=1 j i j

j=1 i=1 j=1 =1 “j=1

so the first implication is proved.
Now let us prove that condition (ii) implies condition (iii). It suffices to start with a subset of the form

ﬁ (S:\Ty) (10)

where the sets S, ..., Sm, 1, ..., T, are Z-simple and T; C S; for all 1 < ¢ < m. Then the set in
can be written as

m m

()0 (N7 = (N (Un) = (N (Un)

i=1 i=1 =1 i=1 i=1

where T/ = T; N ([, S;). Observe that the set (1}, S;) is Z-simple by Theorem [2.6/and that so is
each of the sets 7 for the same reason.

To prove the implication from condition (iii) to condition (iv), it suffices to show that each Z-linear
subsets T; may be furthermore assumed of dimension less than s where s = dim(S). Indeed, after
possible renumbering of the sets 7;, we may assume that the p first of them are of dimension s and that
the remaining are of lesser dimension. Write

S\(@Ti):((...(S\Tl)\...)\Tp)\<4_O T). (i

By Propositionthe seti((...(S\T1)\...)\Tp) is a finite union of Z-simple set of dimension s,

say S1,...,S,. Since the set difference distributes over the union the above expression (I1)) is the union
overij =1,...,r of the subsets
m
S5\ ( U @ ﬂSj))
i=p+1

which completes the verification of this implication.
The implication from condition (iv) to condition (i) is trivial. O

We are now in a position to prove the main result of this section.

Theorem 2.14 The family F is an effective Boolean algebra, i.e., given two subsets X,Y C 7' specified
as in Definition there exists a procedure that computes the specification of the subsets X UY, X NY
and 7"\ X.
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Proof: Since F is defined as a collection of finite unions of sets, in order to prove the closure under com-
plement we first have to prove the closure under intersection. Remembering that intersection distributes
over union, it suffices to consider intersections of the form P N @ with

p:S\(LlJTi) and Q=S’\(CJT£)a

1= Jj=

where all the sets S, 5", T,...,T;,T},..., T} are Z-simple. Applying the general set theoretical equiv-
alence (X \Y)N(Z\T)=(XnNZ)\ (Y UT), we obtain

l m
PNQ=(SNS)\ <(UT) u(UT;)>,
i=1 j=1
and then applying Theorem [2.6]to S N S’, we get the required form for the intersection P N Q.

Concerning the complement, and due to the fact that F is trivially closed under union and, as we have
proved, also intersection, is suffices to consider the complement of the set

P—S\(Oﬂ),

i=1
defined as above. Then its complement P can be equivalently written as

l l
P (SUUT,-) — U@\ 9),
i=1 i=1
namely in the required form.
Effectiveness follows from Theorem [2.6since intersection between Z-simple sets is the only real oper-
ation we have to perform. a

We can interpret the previous result as a bound for nested Boolean operations, in the sense that no matter
what Boolean combination of Z-simple sets, it can be always written in such way that its derivation tree
has no more than three levels.

For our decision procedure we will need more detailed information about Boolean operations between
sets belonging to the family . In particular we can be more precise when simple subsets of maximal
dimension are involved.

Proposition 2.15 Let X a subset of Z™ such that

X =

—:

(si\7), (12)

=1

where the S1, ..., Sy, are Z-simple of maximal dimension n, each 11, ..., T,, belongs to the family F
and is included into a finite union of Z-simple of dimension strictly less than n. Moreover if we have that
T, C S forall1 <i <n, then X can be written in the form

(@&)\T,
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where T' belongs to the family F and is included in a finite union of Z-simple sets of dimension strictly
less than n.

Observe that we may not assume that 7" is a finite union of simple sets of dimension less than n, even if
this is true for all sets 7;. Indeed, consider for example the set X defined as

X = (Sl \Tl) U (52 \T2)v

where
S =177, T, =7 x{0},
SQ =27 X Z, TQ = {0} X 7.

Then
X =122\ ((N\{0}) x {0} U(=N\ {0}) x {0}) = 2\ ((Z\ {0}) x {0}),
and we already know that the set ((Z \ {0}) x {0}) is not Z-semilinear.

Proof: Without loss of generality we can suppose n = 2. Then from set theoretical rules, we have the
equivalence

(SI\T) U ($:\T2) = ($1US:)\ (S NT) U (SN ) U (T N T3)).

From Proposition it follows that S; U Ss is a Z-quasi-simple set of maximal dimension n. From
Proposition the subsets S; and S, are again Z-quasi-simple. Finally from Theoremit follows that
the union of the last three terms of the above expression is included into a finite union of Z-simple sets of
dimension less than n and moreover belongs to F as an immediate consequence of Theorem [2.14] O

3 The weak Presburger arithmetic
3.1 Definable sets in the weak Presburger arithmetic

We are now in a position to prove the main result of this section which gives an algebraic characterization
of the Z" -definable sets.

Theorem 3.1 The family F coincides with the family of Z% -definable sets.

Proof: Since F is the Boolean closure of the family of Z-simple sets, in order to prove that each element
of F is ZW -definable, it suffices to prove that an arbitrary Z-simple set

m
X=a+ Z Zb; C 7"
i=1
is ZW-definable. Denote by a; and b;; respectively the j-th component of the vectors a and b;. For

simplicity, identify assignments of variables with variables themselves. Then (z1, ..., ;) belongs to X
if and only if the variables 1, . . ., z,, satisfy the formula ¢ with

n
So(mla"'axn) = Elyl Elyvn /\ Tj = aj +y1b1j + - +ymbm,j~
j=1
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We now prove the converse. To that order, we use Presburger’s elimination of quantifiers which asserts
that every formula (1, . . ., ©,,) with n free variables is equivalent to a Boolean combination of formulas
of the form >_." | a;,x; + b = 0 and of the form Y. | a;z; =,, b, with a;,b € Z. Concerning the first
type of predicate, Proposition where the matrix A is reduced to a unique row, guarantees that the set
of solutions is linear. As for the second type, we prove by induction on n that it defines a Z-semilinear
set. For n = 1, we get ax =,, b. If the equation axz = b has no solution in the finite cyclic group Z/mZ,
then the relation defined by ¢ is empty. Otherwise, let 0 < ¢; < --- < ¢s < m be the set of solutions
in Z/mZ (we identify the nonnegative integers less than m with their natural image in the group Z/mZ).
Then the formula ¢ defines the subset of integers x such that x = ¢ 4+ mZ, for some ¢ € {c1,...,¢s},

i.e., the Z-semilinear set
S

U (ci +Zm).

i=1
Now let n > 1. The condition Z?:l a;T; =, bis equivalent to the disjunction

-1

nvl ((nz: A;T; Zm J) N Qp&y = (b —j))
=0

i=1

By induction hypothesis, the subformula Z;:ll a;T; =y, j defines a Z-semilinear subset, say T; C VAN
and a,z, =, (b—j), as proved above, another Z-semilinear subset, say R; C Z. Because of Proposition
[2.2] the family of finite union of Z-simple sets is closed under direct product, so the relation is equal to

m—1
U (T] X RJ)
7=0

a

The last result asserts, loosely speaking, that a Presburger (resp. weak Presburger) definable subset of
Z" included in a simple set, is a Presburger (resp. weak Presburger) definable subset of that subspace.

Proposition 3.2 Let X = a+ Y -_, Zb; C Z™ be a simple set and let T : X — ZP be the mapping of X
onto ZP which assigns to each a + Y _, \;b; the element (X1, ..., \,) € ZP.

Then a subset Y of X is Z-definable (resp. Z" -definable) if and only if the set T(Y') is Z-definable (resp.
ZW _definable).

Proof: Observe that the function 7 is well-defined since the vectors b; are linearly independent. Now, if
o(T1,...,7,)is a Z- (resp. Z"-) formula defining a subset Y C X, then the subset 7(Y) is defined by
the Z- (resp. Z"-) formula

n p
Jzy ... 3z, | (X1, x0) A /\ (x]- =aq; +Zbijyj) ,
j=1 i=1

where a; and b;; represent the j-th component of the vectors a and b;.
Conversely, if for some subset Y of X the set 7(Y) is definable by some Z- (resp. Z"-) formula
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Y(y1,...,Yp) , then Y is definable by the Z- (resp. Z"-) formula

Hylﬂyp 1/J(y1>~-~7yp)/\

n
J=

p
(zj =a; + Zbijyj)
1=1

1

3.2 Decidability of weak Presburger logic in Presburger logic

We recall that the problem of deciding whether or not a relation definable in Biichi arithmetic can be
actually defined in Presburger arithmetic has been positively answered in (18). Here instead of consid-
ering Presburger arithmetic with a superstructure, we consider it with a substructure: we prove that it is
decidable whether or not a given formula of the structure (Z; +, <, 0, 1) is equivalent to some formula in
the structure (Z; +,0, 1).

The procedure for deciding weak Presburger definability proceeds by induction on the dimension of
the subsets. To that purpose, we introduce the following notation. Let X and Y be two subsets of Z". If
dim(X) = dim(Y) = k > 0, we write X ~ Y if the symmetric difference XAY = X \ YUY \ X has
dimension less than k. Otherwise, i.e., if dim(X),dim(Y) < 0, weput X ~ Y ifand only if X =Y.
The relation is clearly an equivalence relation and plays an important role in our decision procedure.

3.2.1 A special case

Our decision procedure relies on the following structural characterization of the Z-definable subsets of
maximal dimension. The general case, i.e., when no assumption is made on the dimension, is, as we shall
see, a reduction to this special case. Therefore, the following theorem can be considered as the crux of the
algorithm. Given an N-simple set S = a + Y./~ Nb; we denote by S” the Z-simple set a + > ;- | Zb;
and we extend this notation to finite unions of N-simple sets. Also we denote by S the Z-simple sets
(a+ >, Qb;) N Z™, cf. Corollary [2.11

Theorem 3.3 Let X C Z" be a Z-definable set,

m
X=TulJV,
i=1
where the sets Y; are N-simple sets of dimension n and where T is a finite union of N-simple sets of
dimension less than n.

Set P =J;~, Y. Then X is Z" -definable if, and only if, the sets X \ P and P\ X are Z" -definable
subsets of dimension less than n.

Proof: The subset P is clearly Z" -definable. Now we have
X=(X\P)u(P\(P\X)) (13)

which shows that the condition is sufficient. Let us prove that it is necessary.
If X is ZW-definable so are X \ P and P\ X. Since always holds, it suffices to prove that X \ P
and P\ X are of dimension less than n and since X \ P C T holds, we prove that P \ X has dimension
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less that n. Because of propositions 2.13] and 2.T5] we can isolate all the simple sets of dimension n and
write

X=QU((A+)> Zdj)\R)
j=1
where A C 7Z" is finite, the vectors d; are linearly independent and () and R are Z W _definable sets of
dimension less than n. Foralli = 1,...,m, setY; = a(® + 2?21 Nb;l) where the bg-l) are linearly
independent. Now we prove
m m ) n . n
UYZ=UJ (e +3 26" ~ (A+ " 7d;). (14)
~ =

i=1 i=1 j=1

Clearly, if we take a vector in A + E?Zl Zd; not belonging to R U T (which is contained in R U TZ, that
is, a finite union of Z-simple sets of dimension less than n), it must belong to one of the Y;, and thus to
U, (a(i) + 2?21 Zbgl))'

Conversely, consider one of the sets Y;, namely Y = a+ Z;;l Nb; (we drop the upper indices to simplify
the notation). We observe that @ is in particular Z-definable, so @ = |J, -, Qi, where every Q; is a
N-simple set of dimension less than n. Set o

v={J @f

1<i<e

(recall the definition of QZ before the theorem) which, by Corollary [2.11] is a finite union of simple sets
of dimension less than n.
Now we show by induction on j that the set

W;=(a+Zby+-+Zbj_1 +Nbj +---+Nb,)\ U

is included in A + E;’:l Zd;. The case j = 1 is obvious, so we suppose 1 < j < n. By induction
hypothesis, for every h < j we have W}, C (A + Z?Zl Zdj). Consider a vector v € W; and observe that
the line v + Nb; intersects a subset Q7 in at most one point so that its intersection with U is a finite set.
Indeed, set @; = ¢+ ), Ney and assume that for two integers o, § € Z we have that v + ab; and v + 3b;
belong to ¢ + ), Qey. This implies that b; belongs to the Q-vector space generated by the vectors ey, so
thatv € (¢ + Y, Qep) NZ™ = Q%, contradiction.

Consequently, for every sufficiently large integer s, we have v + sb; = as + > ., )\gi)di, where as € A
and )\gi) € Z. Since A is finite, so there exists s € Nand 0 < r < |A] such that a5, = as,4,. By
computing v + (s1 + 7)b; — (v + s1b;), we obtain 7b; = > | 19 d;, where p, = Asy+r — As;- Now
for all integers s let m € Z and 0 < 7/ < r be such that s = s; + mr + 7/, then we have

v+sb; =v+((s1+7r")+mr)b; _
= Qs Tt Z?:l()\(e?Jrr’di) + mZ?:l(/ig)di) € (A + Z?Zl Zdj)'

Now we have X ~ (A + Z;;l Zd;) ~ P which completes the proof. O
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3.2.2 The procedure

The procedure solves the following decision problem:
Input: a Z-definable set X given as a finite union of N-simple sets

Question: decide whether or not the set X is Z" -definable and, in the affirmative case, give a represen-
tation as a Boolean combination of Z-simple sets.

We cannot directly use Theorem [3.3] because it requires that the finite union has an N-simple subset of
maximal dimension. We thus proceed as follows. The set X C Z" is given as a union of sets of the form

Xi=adD+ 3 N0, 1<i<m, (15)

We use an induction on dim(X) = max{r; | 1 <4 < m}. When this dimension is at most 0 the answer
is “yes”. Assume thus that d = dim(X) > 0. Set H; = X©@ for 1 < i < m and observe that it is
Z-simple by Corollary thus Z" -definable by Theorem Suppose, after possibly changing some
indices, that Hy, ..., H,, p < m, are the maximal elements for the subset inclusion, of the collection of
sets {H; | 1 < i < m}. We claim that X is Z"-definable if and only if every intersection X N H;,
1<i<p,is Z W _definable. Indeed, this is clearly necessary since H; is Z W _definable. Conversely, if
every X N H; is ZW _definable, because each X is a subset of H; for some 1 < ¢ < p, i.e, because of the
inclusion X C (J?_, H, holds, we have

X_XO<OH¢)_LPJ(XQH¢).

i=1
For each H; of dimension less than d, we call the procedure recursively. If one of these calls returns
“no”, then the procedure returns “no” and stops . Now, for each H; of dimension d we call the procedure
recursively as described below and we return “yes” if all these calls return “yes”. We now explain how we
treat each H;, denoted H for simplification. Write H = a + Z‘;zl Zc; where the c;s are a set of vectors
generating H freely. Let 7 : H — 7 be the mapping which assigns the d-tuple ()1, ..., \q) € Z? to the
element a + 2?21 Ajcj. By Proposition forall Y C H we have: Y is ZW -definable if, and only if,
T(Y)is 2 W _definable. Let I be the set of indices 1 < J < msuch that X; C H has dimension d and let
T be the union of all other X ;s included in H. Then we have

(X NH)=7(T)u (X)),
jeI
so that every 7(X) for j € I, has maximal dimension in 7(H) = Z?. Then we are in the conditions of
Theorem 3.3]and it suffices to check the equivalence

Z
U~ r(xy)
JeI jeI
which is decidable by Proposition[I.5]since it involves Boolean operations on N-semilinear subsets. If the
equivalence does not hold, then the procedure returns “no” and stops. Otherwise we call the procedure

recursively with 7(X N H) \ Pand P\ (P \ 7(X N H)) where P = U (X))
iel
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Considering Ginsburg and Spanier’s construction, the previous procedure has the following conse-
quence.

Theorem 3.4 Given a first-order formula over (Z;+, <, 0, 1) it is recursively decidable whether or not it
is expressible in (Z;+,0, 1).

4 Further works

We have presented an algorithm based on an algebraic characterization of the sets of integers that can be
expressed in first order logic with the binary function of sum and the constants 0 and 1. We did not tackle
the problem of evaluating the complexity of the algorithm (which is probably nonelementary as written)
nor that of the problem. Concerning the former, we think that even more elementary issues should be
addressed first relative to the constructions of Ginsburg and Spanier to which we have alluded at several
instances. Little has been undertaken since their publications. For example, Huynh proved in (13)) that
inequality of two finite unions of N-linear sets is log-complete in X5, but other questions remain unsettled:
the intersection of two N-linear sets is a finite union of N-linear sets, but we ignore the size of the output as
a function of the size of the two N-linear sets. This leaves room for further research which might simplify
or improve the present results.
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