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Abstract

It has been known for a long time that the sets of integer vectors that are recog-
nizable by finite-state automata are those that can be defined in an extension of
Presburger arithmetic. In this paper, we address the problem of deciding whether
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to a finite-state representation of a set. Finally, we show that the necessary and
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1 Introduction

In order to be able to compute exactly the set of reachable configurations of
an infinite-state system, even for restricted classes of programs, one needs to
solve the two following problems: Representing infinite sets by a finite amount
of information, and generating in finite time infinite sets of reachable config-
urations.

A simple solution to the former problem consists in using finite-state repre-
sentations, which amounts to representing a set by a finite-state automaton
recognizing its elements with respect to a suitable encoding scheme. There
are several motivations to following this approach. First, one knows efficient
algorithms for manipulating finite-state automata [1]. In particular, finite-
state representations can easily be reduced to a canonical form by means of
a minimization operation [18]. Second, these representations have a high ex-
pressive power. Consider for instance programs relying on integer variables.
Using the classical encoding of numbers as words of digits in a base r > 1, it
is well known that all the sets that are definable in Presburger arithmetic, i.e.,
the first order theory (Z, +, <), are recognizable by finite-state machines [10].
Finite-state representation methods have also been developed for other data
domains, namely for real vectors [4] and unbounded FIFO channels [5-7].

In order to compute infinite sets of reachable configurations in finite time, the
underlying idea to many central results in the field of infinite-state systems
verification consists in studying the effect of loops executed by the programs
being analyzed. Indeed, a loop that can be followed unboundedly many times
from a location reached during a system run might lead to a infinite number
of reachable configurations, thus generating an infinite set from a finite one.
We can now restate our second problem in the more specific framework of
studying the effect of loops: Given a representation of a set U of values and a
transformation # over these values, the goal is to compute a representation of
the set 0*(U) containing the images of the elements of U by arbitrary repeti-
tions of §. This computation is not always feasible though, since the set 6*(U)
may not always be representable by finite-state automata with respect to the
encoding scheme that is used. We get around this limitation by decomposing
our main goal into two separate problems :

e Given 6, deciding whether 6*(U) is effectively representable for every rep-
resentable U, and

e Given 6 satisfying the previous criterion and a representation of U, com-
puting a representation of 6*(U).

The purpose of this paper is to solve the two previous problems in the following
context :



e The data domain is Z™ (n > 0), i.e., the values are vectors of integers with
a fixed dimension;

e The sets are expressed in a finite-state representation system based on the
classical encoding of numbers in a given base r > 1;

e The operations 6 are of the form 0(7) = AZ+b, with A € Z"*" and b € Z",
i.e., they are linear transformations with arbitrary integer coefficients.

In addition, we will also show that the solutions obtained in this context are
also applicable (with some restrictions) to more general operations, namely
those combining a linear guard and a linear transformation.

This paper is structured as follows. First, we describe a finite-state repre-
sentation system suited for unbounded integer vectors and present some of
its properties. We also define some basic notions of algebra and combina-
torics that are extensively used in the paper, and recall some known results.
Next, we extend in an original way the notion of sets that are recognizable by
finite-state automata to the domain of vectors with complex components. This
generalized notion of recognizability is then used as a powerful tool for estab-
lishing necessary and sufficient conditions! over the linear transformations
whose closure preserves the recognizable nature of sets. Then, we give algo-
rithms implementing with finite-state representations the decision procedures
expressed by the necessary and sufficient conditions. Next, we address the case
of linear operations with guards. Finally, we conclude with some proofs that
are omitted from the main text for clarity sake.

2 Finite-state Representation of Integer Vectors
2.1 Number Decision Diagrams

The first step towards obtaining a finite-state representation system suited for
subsets of Z™ is to define an encoding scheme for vectors. We base ours on the
classical encoding of integers as finite sequences of digits belonging to a finite
alphabet.

Let r € N, with r > 1, be a numeration base (or simply base). Any positive
integer z can be encoded as a finite word w = a,—1 - ap_2---a1 - ay (p >
0) of digits belonging to {0,1,...,r — 1}, such that z = Y, a;r". The
encoding of z is not unique. Indeed, its length can be increased at will by
adding an arbitrary number of leading “0” digits. This encoding scheme is

I Tn the main text, these conditions are first expressed in the form of several distinct
theorems, which are then summarized into one main result.



easily generalized to all the integers in Z by requiring that the encoding of
an integer z € Z such that —rP~! < 2z < rP~! where p > 0 is the smallest
integer satisfying these inequalities, has at least p digits. If z < 0, then the
encoding of z consists of the last p digits of the encoding of r? + z (the number
rP? + z is called the r’s complement of z). As a consequence, the first digit of
the encoding of an integer will be equal to 0 if the number is greater or equal
to zero, and to r — 1 otherwise (this first digit is called the sign digit). The
fact that the word w € {0,1,...,7 — 1}* encodes the integer z € Z in base r
is denoted w € [2],.

Let n > 0 be a dimension and r > 1 be a base. The synchronous encoding
scheme E, is the relation that associates to a vector of Z" the tuples com-
posed of the same-length encodings in base r of the components of this vector.
Formally, we have

E, CZ"x Vg, ={((v1,...,00), (w1, ..., wy,)) | |wi| = |ws| =+ = |w,|

Awy € [v1], ANwg € [va], A - A wy, € [y}

where Vi, = [ J ({0,7 — 1} -{0,...,7 — 1}*)" is the set of valid encodings.
keN

An encoding of an element of Z" can indifferently be viewed either as a tuple
of n words of identical length over the alphabet {0,1,...,7—1}, or as a single
word over the alphabet {0,1,...,r — 1}™.

We are now ready to define the representation system for sets of vectors.

Definition 1 Let n > 0 be a dimension and r > 1 be a base. A Number Deci-
sion Diagram (NDD) representing the set U C Z™ is a finite-state automaton
accepting the language

L(U) = {w € Vi, | (30 € U)(w € E,(9))}.

In other words, an NDD representing a set U is simply a finite-state automaton
accepting all the synchronous encodings of all the elements of U.

2.2 Representable Sets of Vectors

Finite-state representations of sets of integer vectors have been studied for a
long time [10]. In [11], Biichi gave the first characterization of representable
sets of vectors in terms of logic. A flaw was discovered in Biichi’s proof by
MacNaughton [21], and a correct characterization was proposed in [21] and [9].



Simplified proofs of this characterization can be found in [22] and [29]. Pre-
cisely, the characterization is expressed as the following necessary and suffi-
cient condition.

Theorem 2 Let n > 0 be a dimension, r > 1 be a base, and U C Z™ be a
set of vectors. A set U is recognizable by a finite-state automaton with respect
to the synchronous encoding scheme E, if and only if U is definable in the
first-order theory (Z,<,+,V,), where V, is a function defined as

the greatest power of r dividing z if z # 0,
1 if z=0.

V., i Z—-N:z—

It is worth mentioning that the proof of the sufficient condition is construc-
tive [10], and can easily be turned into an algorithm for building the repre-
sentation of any set specified by a formula of (Z, <, +,V,).

The previous result characterizes the sets that are representable with respect
to a particular base r. The question of determining whether a set can be repre-
sented by a finite-state automaton in any base has been solved by Cobham [13]
and Semenov [23,27], whose main result can be stated as follows.

Theorem 3 Let n > 0 be a dimension, and U C Z" be a set of vectors.
The set U is recognizable in every base r > 1 with respect to the synchronous
encoding scheme E, if and only if U is definable in the first-order theory
(Z,<,4). Moreover, an NDD representing U can be computed from a formula
of (Z,<,+) defining U.

The theory (Z, <,+) has been studied by Presburger [25] and is usually re-
ferred to as Presburger arithmetic. It is known [15,24,14] that deciding Pres-
burger arithmetic is ATIME-ALT[22”"™ O(n)]-complete.

An advantage of considering the sets of vectors that are definable in Presburger
arithmetic rather than the sets definable in (Z, <,+,V,) for some base r > 1
is that lots of techniques have been developed for dealing with Presburger
arithmetic, and that efficient implementations of these techniques have been
made available. An example of such an implementation is the Omega Test [26)]
which allows to manipulate formulas of Presburger arithmetic with a surprising
efficiency. Another result of interest, due to Boudet and Comon [8], shows
that the minimal and deterministic NDD representing the set of vectors that
satisfies a system of linear equations and inequations is very compact and can
be computed efficiently.

On the other hand, there are applications for which using the theory (Z, <,
+, V) for some base r > 1 is nonetheless more advantageous than using Pres-



burger arithmetic. For instance, the model of a hardware circuit performing
some arithmetic operation on unbounded binary numbers might very well have
a control location at which the set of reachable values is the set of the powers
of 2. It can be shown that this set cannot be defined in Presburger arithmetic.
It can however be denoted in (Z, <, +, V3) by the formula ¢(x) = V,(z) = z.

Since both theories have advantages, the approach followed in this paper is
to stay as general as possible. Each result dealing with the possibility of rep-
resenting a set of vectors as an NDD will thus be expressed twice: once with
respect to the theory (Z,<,+,V,) for any r > 1, and once with respect to
Presburger arithmetic. Intuitively, the former case consists in choosing the
numeration base used by the NDD, and the latter one consists in requiring
that the result has to hold in any base. We will make use of the following
definitions.

Definition 4 Let r > 1 be a base, n € N be a dimension, and U C Z" be a
set of vectors. The set U is r-recognizable if it is recognizable with respect to
the synchronous encoding E,..

Definition 5 Let n € N be a dimension and U C Z™ be a set of vectors. The
set U is Presburger-definable if for every base r > 1, it is recognizable with
respect to the synchronous encoding E,.

In the rest of this paper, we will only consider bases r > 1 for which there does
not exist j € N, with j > 2, such that 7(*//) € N. This can be done without
loss of generality thanks to the following result? .

The following result is well known [10].

Theorem 6 Let n € N be a dimension, r > 1 be a base and U C Z" be
a set of vectors. For every k € Ny, U s r-recognizable if and only if U 1is

r*-recognizable.

PROOF SKETCH. A finite-state automaton recognizing U with respect to
the base r can easily be turned into one operating in the base 7* by means of a
transducer outputting exactly one symbol for every sequence of k consecutive
input digits. The reverse transformation is carried out in a similar way after
exchanging the input and the output labels of the transducer. A detailed proof
is given in [3]. O

2 The notation Ny is introduced as a shorthand for N\ {0}, i.e., the set of all the
strictly positive integers.



2.8 Algebra and Combinatorics Basics

The sets of rational numbers and of complex numbers are respectively de-
noted by Q and C. For every n € Ny, I, denotes the identity matrix [, =
diag(1, 1, ..., 1) of dimension n. The successive columns of I,, are denoted
€1, €, ..., €. Let A € C™"™ be a complex matrix. If S C C” is a set of
vectors, then AS is a shorthand for {Az | ¥ € S}. Similarly, if ¢ € C", then
S + ¢ denotes the set {¥ + U | ¥ € S}. The sets of rows and of columns
of A are respectively denoted row(A) and col(A). The maximum number of
linearly independent rows or columns of A is the rank of A. Any A € C and
# € (C\ {0}) such that AZ = A\Z are respectively called an eigenvalue and
an eigenvector of A. The eigenvalues of A are the roots of the characteristic
polynomial of A, defined as II(\) = det(A — AI,). They are also the roots
of the minimal polynomial of A, which is defined as the polynomial II'(\) of
lowest degree such that IT'(A) = (0). If Ay, Ag, ..., A\, are the eigenvalues of
A, then M) M5 ... AP are the eigenvalues of AP for any p € Ny. For every
n € Ny and A € C, the Jordan block of dimension n associated to A is the
matrix

Al
Al

A matrix A € C™" only composed of Jordan blocks on its main diagonal,
in other words such that A = diag(J,, n,, Jnyres - - ), 1S said to be in Jordan
form. For every A € C"*" there exists a nonsingular matrix U € C"*" such
that A = UA;U~!, with A; being in Jordan form (U is said to transform A
into its Jordan form Aj;). The Jordan form A; of A is unique up to reordering
its diagonal blocks. For each diagonal block J,, y, composing Ay, the corre-
sponding J; is an eigenvalue of A. Reciprocally, for every eigenvalue \; of A,
there exists a (possibly non unique) Jordan block J,, », that belongs to the set
of diagonal blocks of A;. If the components of A and its eigenvalues belong
to Q, then there exists U € Q™*" transforming A into A;. If the Jordan form
of A is diagonal (in other words, if all its Jordan blocks are of size 1), then A
is said to be diagonalizable.

Let p, ¢ € N with p < gq. The binomial coefficient C¥ € N is defined as



Binomial coefficients are related to Jordan blocks in the following way. If A € C

and n, m € N with 0 < n < m, then the m-th power of the Jordan block .J,, x

is such that

—/\moo )\mflcl Am7202 )\mfnJrlenfl—
)\mco )\m—lcl o )\m—n+20n—2

= AmCO, L A On

AmCo

We now define some notions related to cyclotomic fields. It is known that
every polynomial with integer coefficients can be factorized into a product of
irreducible polynomials with integer coefficients. This factorization is unique
up to multiplicative constants. For every n € Ny, the indivisible factors of the
polynomial x™ — 1 are called cyclotomic polynomials. There is a cyclotomic
polynomial ®,,, associated to every integer m € Ny, defined as

P, (2) = ] (2 - egiﬁﬂ),

[k,m]

where [k, m] stands for 1 <k <m A ged(k, m) = 1. Actually, we have

" —1=]]®w(x),

k|n

where k|n means “k divides n”. For every m € Ny, the degree of ®,,(z) is
equal to ¢(m), where ¢ is the FEuler function. This function is defined as

¢:N0—>N0:xr—>x<1_i> (1_i>...<1_i>’
b1 P2 DPq

where p1,pa, ..., p, are the (distinct) prime factors of x. Actually, ¢(m) rep-
resents the number of integers in {1,2,...,m} that are relatively prime to
m.

3 Recognizability of Sets of Complex Vectors

Let n € N be a dimension. In this section, we generalize the notion of recog-
nizable set of vectors to subsets of C". The reason why we consider complex



vectors is that Jordan forms of matrices will be heavily used, and that trans-
forming a matrix into its Jordan form is generally not possible within R. In-
tuitively, the idea behind the generalization of recognizability is the following.
Let S C Z" be a set of vectors and let 6 = (Z := AT + b), where A € Z"*"
and b € 7™, be a linear transformation. If the matrix A is nonsingular, then
the set S is recognizable (either with respect to a given base r > 1 or to all of
them) if and only if the set 6(.S) is recognizable. This shows that the recogniz-
able nature of a set of integer vectors is not influenced by nonsingular linear
transformations. It is therefore natural to define a set of complex vectors as
recognizable if it can be expressed as the image of a recognizable set of in-
teger vectors by some linear transformation. Formally, we have the following
definition.

Definition 7 Let n,r € Ny with r > 1. A set of complex vectors S C C" is
r-definable if and only if there exist m € Ny, S C Z™ and U € C" ™ such
that S’ is r-recognizable and S = US’.

The following result shows that the notion of r-definability is indeed an gen-
eralization of r-recognizability, i.e., that the two notions coincide for sets of
integer vectors.

Theorem 8 Letn,r € Ny withr > 1. A set S C Z" is r-definable if and only
if it is r-recognizable.

PROOF. The proof is given in Section 8. [

The next step is to show how to obtain definable sets of complex vectors. The
following theorem establishes the definability of some elementary sets, and
presents operations that can be used for combining definable sets.

Theorem 9 Letr € N withr > 1, ny,ny € Ny, 57 C C™, Sy C C™ such that
Sy and Sy are r-definable, v € C™, p,q € Ny, k € N such that 0 < k < ny,
and T € CP*™ . The following sets are r-definable? :

Any finite subset of C™,

Sy + U,

TSl;

S1 U Sy, provided that nqy = nao,

S1 N Sy, provided that ny = na,

Sl X SQ,

{(x1, . X1, a1y -y ) | (21, ) € St}

3 R(£) and 3(Z) denote respectively the real and the imaginary part of the complex
vector Z.
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T
J RE) || 7€ Sy,

3(7)
e cxpand(Sy,r?) = {r*7 |7 € S; A k € N}.

PROOF. The proof is given in Section 8. [

It is surprising that the intersection and union of two definable sets are always
definable themselves. Indeed, S; and S, are images of recognizable sets of
integer vectors by two linear transformations which might be different. It is
worth noticing that their intersection or union can always be expressed as
the image of a single set of integer vectors by the same transformation. This
observation strengthens our claim that definable sets of complex vectors are
a “good” generalization of recognizable sets of integer vectors.

Of course, not all sets of complex vectors are definable. The following theorems
characterize families of sets that are proved to be undefinable. In Sections 4
and 8, those theorems will be used as tools for establishing that the closure of
some linear operations does not preserve the definable nature of sets.

Theorem 10 Let r € N with r > 1, and a,b,c € Z with a # 0. The set

S = {ak® + bk +c| k € N}

is not r-definable* .

PROOF. The proof is given in Section 8. [

Theorem 11 Letr,p € Ny withr > 1, A € C such that \’ =1, and a,b,c,d €
C with a ¢ R\ Q. The set

| +a)(k+0b)+c
s x| UTAEEDTel N

Jj+d
s not r-definable.

PROOF. The proof is given in Section 8. [

4 A similar result for natural numbers appears in [11].
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Theorem 12 Letr € N withr > 1, A € C such that there do not exist p € Ny
and m € N such that N’ = r™. The set

S={\|keN}

s not r-definable.

PROOF. The proof is given in Section 8. [

Theorem 13 Let r,p,m € Ny with r > 1, A € C such that \? = r™, and
a € C such that a ¢ R\ Q. The set

S ={\(k+a)|keN}

15 not r-definable.

PROOF. The proof is given in Section 8. [

Theorem 14 Let r,p,m € Ny with r > 1, and A € C such that \? =r™. The

set
k
s{ ]N}
)\k

PROOF. The proof is given in Section 8. [

s not r-definable.

Theorem 15 Let r,p,m € Ny with r > 1, A € C such that \? = r™, and

a € C. The set
S{ j,kEN}

PROOF. The proof is given in Section 8. [

Ne(G +a)

J

s not r-definable.

11



Theorem 16 Let r,py, pa, mq, mo € Ny with r > 1, and A, A\s € C such that
A= N2 =2 and | M| # |Ae|. The set

M
S = |k eN
Ay

s not r-definable.

PROOF. The proof is given in Section 8. [

4 Necessary Conditions

Here, we give conditions that must be verified by A if the linear transformation
0 = (% := AZ+b) is such that 6* preserves the definable nature of sets. Those
conditions consist of conditions on the eigenvalues of A, and on the size of the
blocks of the Jordan form of A. For clarity sake, each group of conditions is

presented separately. A summary of all the necessary conditions follows.

The idea behind the necessary conditions that will be developed is to show
that the violation of any of them implies that there exists a set that is at the
same time r-definable and not r-definable. The sets that are considered are
related to the Jordan form of the transformation matrix. Precisely, we have
the following result.

-

Theorem 17 Let n,r € Ny with r > 1, 0 = (¥ = AZ +b) with A € Z™"
and b € 7', U € C™" transforming A into its Jordan form Ay, Jy,x be a

Jordan block of A; with m € Ny, A € C, w be the projection mapping Ay onto
I, and S be a r-definable subset of Z™. If 6*(S) is r-definable, then the set

S ={Jk .7+ Y S W |keNATen(US)},
0<i<k
with b = w(U~'b), is r-definable.

PROOF. We have

0*(S)={A*7+ > Ab|keNA eSS}
0<i<k
—{UAR U7+ Y UAL U | keNA Ze S}

0<i<k

12



If this set is r-definable, then applying Theorem 9 shows that 7(U~10*(9)) is
r-definable. Hence the result. [

We are now ready to state the necessary conditions on the eigenvalues of the
transformation matrix. The first condition expresses a relationship that must
exist between those eigenvalues and the numeration base.

=

Theorem 18 Letn,r € Ng withr > 1 and 0 = (¥ := AZ+b) with A € 2"
and b € Z™ be such that for every v € 7", the set 0*({U}) is r-definable. For

every nonzero eigenvalue X\ of A, there exist p € Ny and m € N such that
AP =™,

PROOF. Let A be a nonzero eigenvalue of A, A; be the Jordan form of A,
Jm. be a block of A; associated with A (m € Ny), and 7 be the projection
mapping A; onto J,, x. From Theorem 17, it follows that for every ¢ € Z",
the set

S ={JE 0+ S TV | ke N,

0<i<k

with 7/ = m(U~'%) and ¥/ = m(U~'b), is r-definable. Let 7’ be the projec-
tion mapping each vector onto its component of highest index. There are two
possible situations.

o If (V') = 0. We choose & € Z" such that 7' (m(U~17)) # 0 (this is always
possible, otherwise U~! would be singular). According to Theorem 9, this
implies that the set

1

(S = )k
T ) = ke

is r-definable.
o If /(b)) # 0. We choose ¥ = 0. According to Theorem 9, this implies that
the following sets are r-definable:

1 .
—7'(8)={ > XN |keN},
(') 0<i<k
{\F—1]keN},
{\* | k € N}.

We have thus established that the set

Nk eN}

13



is r-definable. The existence of p € Ny and m € N such that AP = r™ is then
a consequence of Theorem 12. [

The property expressed by Theorem 18 is easily adapted to sets of vectors
that are definable in any base.

Corollary 19 Let n € Ny and 6 = (Z := AZ + b) with A € Z*" and b € Z"
be such that for every v € Z", the set 0*({v}) is Presburger-definable. For
every nonzero eigenvalue A of A, there exists p € Ny such that \P = 1.

PROOF. Since every Presburger-definable set of integer vectors is r-defin-
able in any base r > 1, the result follows from applying Theorem 18 to two
relatively prime bases r; and 75 (chosen arbitrarily). O

Now, we go further and establish a correlation between the different eigenval-
ues of the transformation matrix.

-

Theorem 20 Letn,r € Ny withr > 1, and 0 = (¥ := A¥+b) with A € Z"*"
and b € 7" be such that for every v € 7", the sets 0*({U}) and 0*({jv | j € N})
are r-definable. Every pair of nonzero eigenvalues (A1, o) of A is such that

(A1) = [Aa.

PROOF. The proof is by contradiction. Let U € C™*" be a matrix trans-
forming A into its Jordan form Aj;. Let S be either equal to {v} or to
{jv'| j € N}, with ¢ € Z". The set

0*(S)={A* 7+ Y Ab|keNATFeS}
0<i<k
={UAR U7+ Y UAL U |keN A Te S}

0<i<k

is r-definable. Suppose that A has two nonzero eigenvalues A\; and A\ such that
|A1] # |A2|. Without loss of generality, we may assume that |A;| < |Ao|. Let
Iy and Jo,, 5, (Mg, ma € Ny) be two blocks of A respectively associated to
A1 and to A9, and let m be the projection onto the two components matching
the positions of the last row of J,,, », and of the last row of J,,, », in Aj.
According to Theorem 9, the set S’ = 7(U~10*(S)) is r-definable. We have

pYAN() T pYAN() b T
S — ! eSS U T e keNy,
0 )\’2" To o<i<k | 0 A b To

14



b

ba

with S” = m(U~'S) and — w(U~1b). We distinguish several situations.

e /f A\ =1 and b; = 0. We have

X1 X1

)\k_l ‘
)\2—162 T

S = €S keN

)\IQC.TQ +

Let @ € Z" be such that the two components of 7(U ') are different from
zero (such a ¢ always exists, otherwise U~! would be singular). Choosing
S = {jv| j € N}, we obtain that the set

v
S = | likeNy,
A Evy + py—C
v
with | | = 7(U~17), is r-definable. From Theorem 9, it follows that the
(%)
set ]
(o L k(o b
0 V9 S/ + 0 _ )\2 (] + ’U2(>\22_1)) ‘ ]’k 6 N
b -
L v Ao—1 J
is r-definable, which contradicts Theorem 15.
o /f \y =1 and by # 0. We have
x1 + kb x
S = I esmkeN
/\I2cx2 + )\Z:lbg )

Let ¥ € Z" be such that the second component of 7(U~17) is different from

132/\2 (such a v always exists, otherwise U~ would be singular). Choosing

S = {U}, we obtain that the set

U1 + kbl

S = . | ke Ny,
Nyva + 321by
v
with | | = 7(U~17), is r-definable. From Theorem 9, it follows that the
%)

15



set

1

U —v k

E 1 S+, []=1]. |lkeN
U2+/\§271 )\22,1 )\2

is r-definable, which contradicts Theorem 14.
If \y # 1. We have

k_
Mai+ 53570 | [
S = | eS" keN
k A5—-1 T
)\2-%2 + )\2_162 2

Let ¥ € Z" be such that the two components of 7(U~'¥) are respectively

different from 151,\1 and from 132)\2 (such a ¥ always exists, otherwise U~

would be singular). Choosing S = {7}, we obtain that the set

k AF—1
Aeyy + =1,

-1
S = ) |keNy,
Ab—1
Ny + 322 by
v
with | | = 7(U~17), is r-definable. From Theorem 9, it follows that the
V2
set
1
0 b k
D s | m T =M ke
1 bo )\k
v2+% A2—1 2

is r-definable, which contradicts Theorem 16.

O

Before establishing the conditions that involve the Jordan blocks of the trans-
formation matrix, we need to give a few lemmas.

Lemma 21 Let n,r € Ny withn > 1,r > 1, A € C such that A # 1, p € Ny,

m € N such that \P =1, g € Nwith1 < q <n, Ve CP»" of rank q, and

b € Z". There exists a r-definable set S C Z" such that the set
S ={Jh@+ Y JW|TeVS AkeN},
0<i<k

where V' = Vb, is not r-definable.
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PROOF. The proof is given in Section 8. [
The next lemma deals with Jordan blocks associated to the eigenvalue 1.

Lemma 22 Letn,r € No withn >1,r>1, g€ Nwithl <qg<n, V € Q7"
of rank q, and b € Z". There exists a r-definable set S C Z" such that the set

S ={Jk@+ Y JV|TeVS A keN},

0<i<k
where b = Vl;, 1s not r-definable.

PROOF. The proof is given in Section 8. [

Lemma 23 Let n € Ny and A € Z™*™. There exists a nonsingular matrix
U € C™" transforming A into its Jordan form Ay, and such that every row
of U™' at the same position as a row of a Jordan block J, in Ay contains
only rational components provided that A is rational.

The proof is given in Section 8. [

We are now ready to state the necessary condition on the size of the Jordan
blocks of the transformation matrix.

Theorem 24 Letn,r € Ny withr > 1 and 0 = (¥ := AZ+b) with A € Zmn
and b € Z" be such that for every r-definable set S C Z", the set 6*(.S)
is r-definable. Let Ay be the Jordan form of A. Every Jordan block of A,
corresponding to a nonzero eigenvalue of A is of size 1.

PROOF. The proofis by contradiction. Suppose that A; has a Jordan block
Jm.x such that A # 0 and m > 1. Let U € C"*" transforming A into A, and
such that its rows at the same position as a row of J,,, » in A; contain only
rational components if A = 1 (according to Lemma 23, such a U always exists).
Let 7 be the projection mapping A; onto J,, ». Applying Theorem 17, we have
that for every r-definable set S C Z", the set

S ={Jk 7+ Y S W |keNATen(US),
0<i<k
with o = (U _15), is r-definable. Depending on the value of A, this contradicts

either Lemma 21 or Lemma 22. O

The necessary conditions are now complete. They can be summarized as fol-
lows.
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Theorem 25 Letn,r € Ng withr > 1 and 0 = (¥ := AZ+b) with A € Z"*"
and b € Z". If 0 is such that for every r-definable set S C Z", the set 0*(S) is
r-definable, then

(1) There exist p € Ny and m € N such that every nonzero eigenvalue X of
A satisfies \P = r™, and

(2) The Jordan form of A is such that all the blocks corresponding to a
nonzero eigenvalue are of size 1.

PROQOF. This result is a direct consequence of Theorems 18, 20, and 24. [J

-

Corollary 26 Letn,r € Ny withr > 1, and § = (¥ := AZ+b) with A € Z™"
and b € Z". If 0 is such that for every r-definable set S C Z", the set 0*(S) is
r-definable, then there exists p € Ny such that

(1) AP has at most one nonzero eigenvalue \, and
(2) X (if any) is an integer power of r, and
(8) AP is diagonalizable.

PROOF. If#is as required, then Theorem 25 implies that there exist p’ € Ny
and m’ € N such that every nonzero eigenvalue \' of A satisfies (X)P" = 7™
Moreover, the Jordan form of A is such that all the blocks corresponding to
a nonzero eigenvalue are of size 1. Let a € Ny be such that a > n/p’, and
let p = ap’, m = am’. Since every eigenvalue A of AP is the p-th power of an
eigenvalue of A, we have A = r™. Furthermore, every matrix transforming A
into its Jordan form A; transforms AP into Af. This last matrix is diagonal,
for any power of a block of size one is of size one, and the n-th power of a
block associated to the eigenvalue zero is only composed of zeroes. [

Theorem 27 Letn € Ny and 6 = (T := AT +b) with A € Z"*" and b € 7.
If 0 is such that for every Presburger-definable set S C 7" the set 0*(S) is
Presburger-definable, then there exists p € Ny such that

(1) The eigenvalues of AP belong to {0,1}, and
(2) AP is diagonalizable.

PROOF. The result is obtained by applying the same reasoning as in the
proofs of Theorems 18, 20, 24 and 25 with two relatively prime bases r; and
79 (chosen arbitrarily). This can be done only because the sets {'} and {jv |
j € N} used in the proof of Theorem 20 and in the ones of Lemmas 21 and
of 22 are Presburger-definable. [J
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5 Sufficient Conditions

Here, we show that the necessary conditions given in Section 4 are also suf-
ficient. In other words, if a linear transformation satisfies the conditions ex-
pressed by Corollary 26, then its closure preserves the definable nature of sets
of vectors. This property is formalized as follows.

-

Theorem 28 Letn,r € Ng withr > 1 and 0 = (¥ := AZ+b) with A € Z""
and b € Z". If there exists p € Ny such that AP is diagonalizable, AP has at

most one nonzero eigenvalue A, and A (if any) is an integer power of r, then
for any r-definable set S C 7", the set 0*(S) is r-definable.

PROOF. Suppose that there exists such a p. For any r-definable set S C Z",
we have

rs)= U oms)

0<j<p, keN

-y (U ePk(S))

0<j<p keN

= U & ((0")(9).

0<j<p

According to Theorem 9, every €’ preserves the r-definable nature of sets,
as does the finite union of sets. Therefore, it is sufficient to prove that (67)*
preserves r-definability. Let S = (67)*(S), J be the Jordan form of AP (we
know that it is diagonal), and U € Q"*" be a matrix transforming A? into J.
We have

S ={APF 4+ Y AP | Fe S AkeN},
0<i<k
with o = > A’b. Hence,
0<i<p
S'={US*U '+ Y UJUW |Ze€ S A keN}.
0<i<k
We distinguish two situations.

o [f all the eigenvalues of AP belong to {0,1}. We have

S'=SU{UJU '+ (k—1)UJU W +V |T€S A keNy}
—S U {APT+ kAPY +V | £ €S Ak eN}.
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Since the last member of this equation is expressed in Presburger arithmetic,
the set denoted by this term is r-definable, and so is 5.
o [f all the eigenvalues of AP belong to {0,r™}, with m € Ny. We have

S'={UJ* Ui+ Y. UJUW |#€S A keN}
0<i<k
=S U (DU Ui+ Y e Eu Uy
0<i<k

| 7€ S AN keNg}
=S U {rmkAPE 4 S pMAMY 48 | # €S A ke N}
0<i<k

mk

=S U {rmharg 4 L

1
rm—1

-1 -
1Apb'+b'\f€S/\k€N}

rm —

[k (= 1) APF + AP ) — AP | 4 7

:Su{
|feSAkeN}

=S U

— {expand ((rm —1)APS + APY Tm) — Aplﬂ + 0

r

According to Theorem 9, the last formula denotes a r-definable set.
OJ

A similar result holds for Presburger-definable sets.

-,

Theorem 29 Let n,r € Ng withr > 1 and 0 = (¥ := AZ+b) with A € Z""
and b € 7. If there exists p € Ny such that AP is diagonalizable and has its

eigenvalues in {0,1}, then for any Presburger-definable set S C 7", the set
0*(S) is Presburger-definable.

PROOF. The proof is identical to the first part of the proof of Theo-
rem 28. [

6 Algorithms

The necessary and sufficient conditions given in Sections 4 and 5 are not
directly usable in practical applications. Indeed, they are defined in terms of
eigenvalues and of Jordan blocks, which can in general only be computed up
to a limited accuracy. In this section, we give an algorithm for determining
whether a given linear transformation with integer coefficients satisfies the
necessary and sufficient conditions expressed by Theorem 25. This decision
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procedure is only based on integer arithmetic. An algorithm is also given for
computing a finite-state representation of the set 6*(.S) given a representation
of the set of vectors S C Z" and a linear transformation 8 that satisfies the
necessary and sufficient conditions for preserving definability.

Let r,n € Ny with » > 1, and # be the linear transformation 7 := AZ + b with
A € Z™m and b € Z". The first problem consists in checking whether 6*(S)
is r-definable for every r-definable set S C 7Z". In addition, if the answer
is positive, we would like to compute m € N and p € Ny such that AP is
diagonalizable and has all its eigenvalues in {0, r"}.

First, we check whether the eigenvalues of A satisfy the conditions required by
Theorem 25. We know that those eigenvalues are the roots of the characteristic
polynomial II;(z) of A. Since this polynomial has integer coefficients, the
product a (or —a) of all its nonzero roots can easily be computed as the ratio
of its nonzero coefficients of lowest and of highest degree (this implies a € Q).
According to Theorem 25, all the nonzero roots of I1; () must be of the same
magnitude, and this magnitude must be equal to some rational power of r.
Therefore, if |a| is not a rational power of r, then 6 does not preserve the
r-definable nature of sets of vectors.

Let us now assume that |a| = /%) with v € Z, v € Ny and ged(u,v) =
1. The eigenvalues of A satisfy the conditions expressed by Theorem 25 if
and only if every nonzero root of II;(z) has the magnitude |a|*/™), where n’
is the difference between the highest and the lowest degrees of the nonzero
coefficients of Il (z). If n’ = 0, then zero is the only root of II;(z) and the
condition is trivially satisfied. If n’ > 0, then let z = (n'v)/ged(n'v, u) and
y = (zu)/(n'v). Every eigenvalue of A* that is different from zero must have
the magnitude r¥. Therefore, each root of the characteristic polynomial ITy(z)
of A% must be either equal to zero or of magnitude Y. Hence, if k € N is the
greatest integer such that Iy(z) is divisible by the polynomial z*, then all the
roots of the polynomial Il3(x) = II5(rvx), where Iy (x) = Iy(x) /2", must be
complex roots of 1.

The problem consisting in checking whether the eigenvalues of A satisfy the
conditions expressed by Theorem 25 has thus been reduced to checking if all
the roots of II3(z) are complex roots of 1. This is the case if and only if there
exists | € Ny such that Il3(z) divides 2! — 1. Since the polynomial II3(x) has
integer coefficients, such an integer [ exists if and only if II3(z) is a product of
cyclotomic polynomials. Checking this by trying successively to divide II3(x)
by ®(x), ®o(z), P3(x),. .. introduces two difficulties. First, given an integer
i € Ny, computing the coefficients of ®;(x) is tedious. One must therefore find
a way of testing the divisibility of II3(x) by ®;(z) without computing explicitly
®;(z). Second, one must find an upper bound on the indices i of the ®;(x)
that have to be considered.
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The first problem is solved thanks to the following theorem.

Theorem 30 Let i € Ny and II(x) be a polynomial with integer coefficients
such that for every 0 < j < i, Il(x) is not divisible by the cyclotomic polynomial
®;(x). The polynomial I1(x) is divisible by ®;(x) if and only if the degree of
the polynomial ged(x — 1,11(x)) is at least equal to 1.

PROOF. We have z' — 1 = ®;(x)®;,(x) - -- P, (), where each j; is such
that 0 < j, < i. Since the factorization of 2 — 1 into cyclotomic polynomials
is unique, the result is immediate. [

As a consequence of this theorem, trying successively to divide II3(x) by ®(z),
Oy (), P3(x),... can be done by dividing successively II3(x) by its common
factors with # — 1,22 — 1,23 — 1,.... The conditions on the eigenvalues of A
are satisfied if and only if one eventually obtains a polynomial of degree 0.

It remain to give an upper bound on the indices ¢ of the cyclotomic polynomials
®,; () that can potentially divide II3(x). Intuitively, the idea is that it is useless
to consider the ®;(z) whose degree is greater than the one of II3. We have the
following theorem.

Theorem 31 For every integer k € Ny and for every degree d € N such that
logp 11
k> 210 (4%) #1070 we have degree(Pr(z)) > d.

PROOF. It is known [19] that degree(®(x)) = ¢(k), where ¢ is the Euler
function, defined as

o(k) = (1—]%1) (1_]%)(1_]);)

where py, pa, ..., p, are the (distinct) prime factors of k.

Assume first that ¢ > 5, i.e., that k& has at least five distinct prime factors.
We have p; > 2, py > 3, p3 > 5, py > 7, as well as p; > 11 for all © > 5. These
inequalities imply

S I I I B



and
L B R

Moreover, since k > p; - --pq, we have k > 2.3.5.7.11%  and hence ¢ — 4 <
log,;(k/210). Replacing into Equation (2), we obtain

(202 ()

Introducing Equations (1) and (3) into the expression of ¢(k), we obtain

w2 (-0 (- (-1

Now, let us show that the previous inequality also holds if ¢ < 5, i.e., if £ does
not have more than four distinct prime factors. Let p| =2, p, = 3, p5 = 5 and
Py = 7. We have

with

It is thus sufficient to show that ¢(k) > 1, i.e., that

1 1 1 _10g11(21
l—— ) (1= §<1——>
pq+1 Py 11

For every i € {¢+1,...,4}, we have
1 1 1\ logi1 P
1-— gl——g(l——) ,
o 11 11

23

B

)

(=}




which yields

< 1 ) ( 1 ) 1 (logyy p;+1+---+10g11 I
1— el =-=< (1 _ _)
Pa+1 Pl 11

1 10g11(p11+1"'p£1)
— (1 - —> .

Since k > p} - - p, and p} - - - py = 210, we have

210 210

Therefore,

< 1 >10g11(p;+1...p£1) 1 >10g11(T)

1—— <(1-=
11 11

1\ ~leen(3ls)
—(1- —
i)

and hence p(k) > 1.

In summary, we have for every k € Ny

o 24(1-3)(1-3) (-9 (-7) (-1 ™

This yields

(k) > %6(10g11(10)—1)10ge S

Sk k log;; (10)—1
=% (m)

k logq; 10
=48 [ — :
; <210>

If k is such that k > 210(
d. O

)logw 1

1
% , then this last expression implies ¢(k) >

Note that the same reasoning can be followed so as to obtain a better bound
(up to an arbitrary amount of accuracy), by considering a greater number
of prime factors in the expansion of ¢(k). The choice of expanding only the
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first five prime factors was motivated by an explicit computation of the first
few hundred cyclotomic polynomials, which demonstrated that the bound ex-
pressed by Theorem 31 is nearly optimal for these polynomials.

It remains to check whether the sizes of the Jordan blocks of A satisfy the
conditions required by Theorem 25. We assume that the conditions on the
eigenvalues of A are satisfied. Let i1,42,...,4, (¢ € N) be all the integers ¢
such that IT3(x) has common factors with 2 — 1. The least common multiple
[ of iy,1s,...,4, is such that the [-th power of every root of II3(z) is exactly
equal to 1. This means that all the nonzero eigenvalues of A* are equal to r¥’.
Let

l if 2zl > n or Iy(z) = (x),
I[n/(2l)] if 2l < n and Ily(z) # 5(x),

I =

and let m = yl’, p = zl'. All the eigenvalues of A” belong to {0,7™}. If A? has
the eigenvalue 0, then the definition of I’ yields p > n, which implies that the
Jordan blocks of AP associated to the eigenvalue 0 are only composed of zeroes.
The condition on the size of the Jordan blocks of A will thus be satisfied if
and only if AP is diagonalizable. This can be checked thanks to the following
result.

Theorem 32 A square matriz is diagonalizable if and only if its minimal
polynomial has only simple roots.

PROOF. A proof of this well-known result can be found in [2] or [16]. O

In the present case, we know that the minimal polynomial of AP has to be
either 0, z, x — r™ or z(x — ™), depending on the eigenvalues of A. This can
be checked explicitly.

An algorithm formalizing the decision procedure that has just been developed
is given in Figures 1 and 2. (In this algorithm, the test performed at Line 11
can easily be carried out by comparing the prime factors of ag, a; and r.)

Theorem 33 Let r,n € Ny and 0 be the linear transformation ¥ = AT+ b
with A € Z™" and b € Z". The set 0*(S) is r-definable for every r-definable
set S C Z" if and only if DEFINABLE-CLOSURE?(r,n, A) returns a triple
of the form (T, m,p), with m € N and p € Ny. If this is the case, then m and
p are such that AP is diagonalizable and has all its eigenvalues in {0,7™}.

PROOF. The algorithm in Figures 1 and 2 is a direct implementation of the
computation method discussed in this section. In Lines 4142, the condition
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function DEFINABLE-CLOSURE?(base r, dimension n, integer matrix A) :
{T,F} x N x Ny

1 var II;,1l5,I1 : polynomials with integer coefficients;
2 do,dy,ap,a1,a,u,v,n', z,y,1,m,p,l : integers;
3 M : integer matrix;
4 begin
5: IT;(z) := characteristic polynomial of A;
6 dp := lowest degree of the nonzero terms of II; (x);
7 dy := highest degree of the nonzero terms of II; (z);
8 ag := coefficient of IIy (z) with the degree dy;
9 ay := coefficient of Iy (z) with the degree dj;
10: a = ap/as;
11: if (r>1 Alog.(Ja]) Q) V (r=1A |a] # 1) then
return (F,0,0);
12: if r =1 then (u,v) := (1,1)
13: else let u/v := log,(|a|) such that u € Z A v € Ny
A ged(u,v) = 1;
14: n' = di — dy;
15: if n’ =0 then return (T,0,n);
16: z = (n'v)/ged(n'v, u);
17: y = (zu)/(n'v);
18: II5(x) := characteristic polynomial of A%;
19: n' = n;
20: while x divides Ilz(z) do
21: begin
22: IIy(z) = Ta(x)/x;
23: n =n -1
24: end;

(...)

Fig. 1. Decision procedure for the preservation of r-definability by the closure of a
linear transformation.
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(...)

25: 3(2) = Ila(r¥=);

26: =1,

27: for i := 1 to [210(n’/48)"¢1011| do

28: begin

29: H(z) = ged(z® — 1,13(x));

30: if degree(Il(x)) > 0 then

31: begin

32: [ := lem(l,1);

33: while II(z) divides II3(z) do
34 y(x) = Ty(x)/M(z)
35: end

36: end;

37 if degree(Il3(x)) > 0 then return (F,0,0);
38: if 2zl <n An' <nthenl :=I[n/(21)];

39: (m,p) = (yl, 21);

40: M = I;

41: if n” > 0 then M := (AP —r™I,,) M,

42: if n” <n then M := APM,

43: if AP = (0) v M = (0) then return (T, m,p);
44: return (F,0,0)

45: end.

Fig. 2. Decision procedure for the preservation of r-definability by the closure of a
linear transformation (continued).

on the minimal polynomial of AP is checked by taking advantage of the facts
that n” > 0 if and only if AP has the eigenvalue 7, and that n’ < n if and
only if AP has the eigenvalue 0. [

Theorem 34 Let n € Ny and 0 be the linear transformation ¥ = AT + b
with A € Z™" and b € Z"™. The set 0*(S) is Presburger-definable for every
Presburger-definable set S C Z" if and only if DEFINABLE-CLOSURE?(1,n,
A) returns a triple of the form (T, m,p), with m € N and p € Ny. If this is
the case, then p is such that AP is diagonalizable and has all its eigenvalues in

[0,1}.
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function APPLY-STAR-BASE(base r, dimension n, NDD A,
linear operation ¥ := AZ +b) : NDD

1: var m,p : integers;

2: b : integer vector;

3: A’ : NDD;

4: begin

5: (T,m,p) := DEFINABLE-CLOSURE?(r, n, A);

6: b= Z Aig;

0<i<p
T if m = 0 then
8: A’ .= NDD (SET(A) U {ij€Z" | (3k € N, % € SET(A))
(F = APT + kAPY + 5')})

9: else
10: A= NDD(SET(A) U 1/ - 1))

{expand((rm —1)APSET(A) + AP5’7 Tm) _ Apg/} + g/>;

11: return NDD ( U (Aj SET(A") + Z A@))

0<j<p 0<i<y
12: end.

Fig. 3. Image of an NDD by the closure of a linear transformation in a given base.

PROOF. The result is a direct consequence of Theorems 27 and 33. [

It remains to give an algorithm for computing the image of a definable set of
vectors S C Z" (n € N) by the closure of a linear transformation 7 := A% +b
that satisfies DEFINABLE-CLOSURE?. An expression of this image in terms
of S and of operations preserving the definable nature of sets has already been
obtained in the proof of Theorem 28. Algorithms based on that result are given
in Figures 3 and 4. In these algorithms, NDD(¢) and SET(.A) denote respec-
tively an NDD representing the formula ¢, which can be computed thanks to
the constructive proof of Theorem 2, and the set represented by the NDD A.

Theorem 35 Let r,n € Ny with v > 1 and 6 be the linear transforma-
tion ¥ = AT + 5, with A € Z™ and b € 7", such that DEFINABLE-
CLOSURE?(r,n,A) = (T, q,p) for some q and p. If A is an NDD represent-
ing the set of vectors S C Z" in base r, then APPLY-STAR-BASE(r,n, A, )

is an NDD representing the set 6*(S) in base .
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function APPLY-STAR-PRESBURGER(dimension n, NDD A,
linear operation ¥ := AZ +b) : NDD

1: var p : integer;
2: Y : integer vector;
3: A’ : NDD;
4: begin
5: (T,0,p) := DEFINABLE-CLOSURE?(1, n, A);
6: o= Z Aig;
0<i<p
7. A’ := NDD (SET(A) U {feZ" | (3k € N,7 e SET(A))

(§ = APZ + kAPD + 5’)}) ,

8: return NDD ( U (Ak SET(A') + Z A’g))

0<k<p 0<i<k
9: end.

Fig. 4. Image of an NDD by the closure of a linear transformation in any base.

PROOF. The algorithm in Figure 3 is a direct implementation of the com-
putation performed in the proof of Theorem 28. [

Theorem 36 Let n € Ny and 0 be the linear transformation ¥ = Ax + Z;,
with A € Z™" and b € Z", such that DEFINABLE-CLOSURE?(1,n, A) =
(T, q,p) for some q and p. If A is an NDD representing the Presburger-
definable set of vectors S C Z™ in some base r > 1, then APPLY-STAR-
PRESBURGER(n, A,0) is an NDD representing the Presburger-definable set
0%(S) in base r.

PROOF. The algorithm in Figure 4 is a direct implementation of the com-
putation performed in the proof of Theorem 28. [

7 Linear Transformations with Guards

We now move to the more general case of operations of the form § = (P7 <
¢§— & = AZ+b), wheren,m e N, P Z™" qgeZ" Ac Z"™" and b € Z".
The semantics of such a guarded transformation is defined by the function

0 :{GelZ'|Pi<q —7Z": G AT+
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(i.e., O(7) is equal to AT+ b if P¥ < ¢, and is undefined otherwise.)

We do not provide a general solution to the problem of checking whether the
closure of a guarded linear transformation preserves the recognizable nature
of sets. Instead, we show that the results developed in Sections 4, 5 and 6 can
be adapted with little difficulty to guarded transformations, in the form of a
sufficient condition for the preservation of recognizability.

Precisely, the sufficient condition is a consequence of a remarkable property:
if 0 is such that its underlying guardless transformation ¥ := AZX + b satisfies
the necessary and sufficient conditions expressed by Theorem 25, then for
every definable set S C Z", the set 6*(S) is definable. Moreover, an NDD
representing 0*(S) can be computed from an NDD representing S. Formally,
we have the following result.

Theorem 37 Letn € N, r e Nwithr > 1, m €N, and § = (P¥ < ¢ —
T = AT+ g) with P € Zm*", g € Z™, A € Z™™ and b € Z". If there exists
p € Ny such that AP is diagonalizable, has at most one nonzero eigenvalue \,
and X (if any) is an integer power of r, then for any r-definable set S C 7",
the set 0*(S) is r-definable.

PROOF. Suppose that there exists a suitable p. Let S C Z" be a r-definable
set, ' be the guardless linear transformation (¥ := AZ +b), and V = {7 €
7" | PZ < }. We have

0'(S)={(0) @) | TeSAkeENA A\ (0)(&) eV}

0<i<k
= {(0)PFHi(z )\xeSAkeNAO<j<p

AANIEY@EVIA A A IO @) e V).

0<i<y 0<i<k 0<Ii<p

Let

={7ez"| A\ [(¢)(@)eV]}

0<i<p

The expression of 0*(S) becomes

9%$:KMM“(HxESAkENAO<]<p
AN HeVIA N [0 (@) eV}

0<i<y 0<i<k

= U s

0<j<p
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with for every j € {0,1,...,p— 1},

S;={@y* (&) |7e SAkeNA A\ [(0)(F) € V]
0<i<y
AN L) (@) e VI
0<i<k

Let us define

Up={Z ez e )@= @) @E") A A [(¢)(@E") e V]}

We obtain

S;={@y*@) | keNATeU A N\ [(0)(F) eV}

0<i<k

By construction, V' is a convex set. Moreover, it follows from the algorithm in
Figure 3 that all the the vectors belonging to {(8)7'(), (¢/)*0+1)(%),...} are
colinear. It follows that for any £ > 1, the condition

A\ 107 (@) e V]

0<i<k

is equivalent to

FeV' A @)PE eV A @)D () eV,
Therefore, we have

Sj=U; U{(0)(@) | £€U; nV'}
U@V @) | keNAE>2AT€U,NV’
A (@@ eV A (0)PED(@) € V'
=(")"(U; NV U @)P)[O)TU; 0 VN V) n v,

with V" ={z e Z" | (¢')?(Z) € V'}. Since V', V" and every U; are Presburger-
definable (and thus r-definable), every S; is r-definable. It follows that 6*(S)
is r-definable as well. [

Unfortunately, the reciprocal of Theorem 37 does not hold. Indeed, there are
guarded linear transformations that preserve the r-definable nature of sets of
vectors, but whose underlying guardless transformation does not. The condi-
tions expressed by Theorem 37 are thus sufficient, but not necessary. Obtaining
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necessary and sufficient conditions over guarded linear transformations that
preserve the r-definable nature of sets of vectors seems to be a very difficult
problem. (Intuitively, the difficulty originates from the fact that, if a linear
operation 6 does not satisfy the hypotheses of Theorem 37, then the orbit
{0%(¥) | k € N} of an individual vector ¥ € Z™ to which @ is repeatedly ap-
plied is in general non-linear. This makes a manageable description of 6*(S),
for a subset S of Z", much more difficult to obtain.)

A result similar to Theorem 37 holds for Presburger-definable sets.
Theorem 38 Letn € N, m € N, and § = (¥ == P¥ < §— AT + g), with
Pez™" qeZ™, AeZ"" and b € Z". If there exists p € Ny such that AP
1s diagonalizable, has at most one nonzero eigenvalue X, and A = 1, then for
any Presburger-definable set S C Z™, the set 0*(S) is Presburger-definable.

Identical to the proof of Theorem 37. [

The previous theorems state that one can use the function computed by the
algorithm DEFINABLE-CLOSURE? of Figures 1 and 2 as a sufficient criterion
for guarded transformations. It remains to give an algorithm for computing
the image of a definable set of vectors S C Z" (n € N) by the closure of a
guarded linear operation (P¥ < §— 7 = A7+ 5) that satisfies this criterion.
An expression of this image in terms of S and of operations preserving the
definable nature of sets is given in the proof of Theorem 37. Algorithms based

on that result are given in Figures 5 and 6.

Theorem 39 Let r,n € Ny with r > 1, and 0 be the guarded linear transfor-
mation (P < §— ¥ := AZ+ I;), withm € N, P € 2", q € Z™, A € Z™"
and b € Z" such that DEFINABLE-CLOSURE?(r,n, A) = (T, q,p) for some
q and p. If A is an NDD representing the set of vectors S C Z™ in base r, then
APPLY-STAR-GUARDED-BASE(r,n, A, 0) is an NDD representing the set

6%(S) in base r.

PROOF. The algorithm in Figure 5 is a direct implementation of the com-
putation performed in the proof of Theorem 37. [J

Theorem 40 Let n € Ny and 0 be the linear operation (P < § — & =
AT +b), withm € N, P € Zm" g€ Z™, A € Z"™" and b € Z" such that
DEFINABLE-CLOSURE?(1,n,A) = (T, q,p) for some q and p. If A is an
NDD representing the Presburger-definable set of vectors S C Z™ in some base
r > 1, then APPLY-STAR-GUARDED-PRESBURGER(n, A, 0) is an NDD
representing the Presburger-definable set 6*(S) in base r.
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function APPLY-STAR-GUARDED-BASE(base r, dimension n, NDD A,

-,

linear operation (P¥ < §— & := AZ+b)) : NDD

1: var m,p,j : integers;
2: 0’ : guardless linear transformation;
3: A A" Ay, A, A3, Ay - NDDs;
4: begin
5: (T, m,p) := DEFINABLE-CLOSURE?(r,n, A);
6: 0 = (T := AT +Db);
7 A; = NDD({Z € Z" | PZ < q});
8: Ay == NDD({Z e 2" | /\ P(©)'(Z) < q});
0<i<p
9: As := NDD({Z € Z" | /\ POHFP(Z) < q));
0<i<p

10: A" .= NDD(0);
11: for j :=0top—1do
12: begin
13: Ay = NDD <{f € Z™| (37" € SET(A))

@ =@ @) A N\ 1)) e SET(Al)D}>;

0<i<j
14: A= AU Ay UNDD((0)P(SET(A4) N SET(Ag)));
15: A" := APPLY-STAR-BASE?(r, n,
Ay 0 Az 0 Ay, AP, N ARD);
0<k<p

16: A" = A" U NDD((0")P((0")P(SET(A")) N SET(A2)))
17: end;
18: return A’
19: end.

Fig. 5. Image of an NDD by the closure of a guarded transformation in a given base.

PROOF. The algorithm in Figure 6 is a direct implementation of the com-
putation performed in the proof of Theorem 37. [J
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function APPLY-STAR-GUARDED-PRESBURGER(dimension n, NDD A,

10:
11:
12:

13:

14:
15:

16:
17:
18:
19:

-,

linear operation (P¥ < §— & := AZ+b)) : NDD

var p,j : integers;
0" : guardless linear transformation;
ALA" AL Ag, Az, Ay NDD;

begin
(T,0,p) := DEFINABLE-CLOSURE?(n, A);
0 = (T := AT +b);
A; = NDD({Z € Z" | PZ < q});
A; = NDD({# e 2" | N\ P(0)(7) < 7))

0<i<p

As == NDD({Z e 2" | N\ P(¢)*?(&) < q});
0<i<p

A’ := NDD();

for j ;== 0top—1do
begin
Ay := NDD <{f € 7" | (37" € SET(A))(Z = (¢") (")
AN LY@ € SETAND) )

0<i<j
A =AU AL U NDD((@’)p(SET(/M) N SET(A2)));
A" := APPLY-STAR-PRESBURGER(n,

As N As N Ay, AP, Z Akg);

0<k<p
A’ == A" U NDD((0")P((0")P(SET(A")) N SET(A2)))
end;
return A’

end.

Fig. 6. Image of an NDD by the closure of a guarded transformation in any base.

8 Proofs of Auxiliary Results

This section contains the proofs that were omitted from Sections 3 and 4 for
clarity sake. They are presented according to their order of occurrence in the
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mailn text.

Theorem 8 Letn,r € Ny withr > 1. A set S C Z" is r-definable if and only
if it is r-recognizable.

PROOF.

o [f S is r-definable, then S is r-recognizable. It S is r-definable, then there
exist m € Ny, S’ C Z™ and U € C™™ such that S’ is r-recognizable and
S=US" Let B C Z™ be a maximal subset of linearly independent vectors
from S’ i.e., a finite subset of S’ such that each vector in S” can be expressed
as a linear combination of vectors in B. There exists a € Ny such that every
vector in S is a linear combination with integer coefficients of vectors in
(1/a)B. Let p be the number of vectors in B, and T" € Q™*? be a matrix
such that col(7") = (1/a)B. Since S’ is r-recognizable, the set

S"={7e7’| T e S}

is r-recognizable as well. We have S = T'S”, hence S = (UT)S”. Every
column ¢ of T belongs to (1/a)S’, and thus is such that U¢ belongs to
(1/a)S. It follows that UT € Q"*P, and therefore the equation S = (UT')S”
leads to a definition of S in the first-order theory (Z, <,+,V,) (recall that
S” is r-recognizable). It follows that S is r-recognizable.

e [fS isr-recognizable, then S is r-definable. Let U = I,, and S’ = S. We have
S =US’, where S’ is a r-recognizable subset of Z", hence S is r-definable.

O
Before proving Theorem 9, we introduce the following lemma.

Lemma 41 Let r € N with r > 1, n,my,ms € Ny, Uy € C"™" | and Uy €
Cr>m2_ The set

e zmre | Uy = Uy
S ‘ 121 = UaTy

Ty

1s r-definable.

PROOF. [t is sufficient to prove that for any m € Ny and « € C™, the set .S
of all the vectors ¥ € Z™ satisfying @ - ¥ = 0 is Presburger-definable. Indeed,
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applying this result to m = m; + my and

Sy
Il
£y
=

where 7 and iy are rows at the same position in U; and in U,, shows that
the set of all the vectors

—

1 c 7 +ma2

—

T2

such that uy - 7 = us - ¥ is Presburger-definable. The intersection of the
sets obtained for each pair of matching rows in U; and U, is thus Presburger-
definable, and therefore r-definable.

It remains to prove that the set S of all the solutions in Z™ of @ - = 0
is Presburger-definable. This set is an additive subgroup of R™. An addi-
tive subgroup of R™ is finitely generated if and only if it is discrete (Theo-
rem 6.1 in [28]). Since S C Z™, S is discrete and thus finitely generated. Let
U1, U, . .., U, be the generators of S. We have

S:{a1171+~-~+ap17p|a1,...,ap€Z}.

This expression can be rewritten as

S:{fezm‘(3@1,...,6%GZ)(f:alﬁl—F"'—Fapﬁp)},

which is a formula of Presburger arithmetic defining S. [

Theorem 9 Letr € N withr > 1, ny,ny € Ny, S7 C C™, Sy C C™ such that
Sy and Sy are r-definable, v € C™, p,q € Ny, k € N such that 0 < k < nq,
and T € CP*™ | The following sets are r-definable:

Any finite subset of C™,

Sy + 7,

TS5,

S1 U Sy, provided that ny = no,

S1 NSy, provided that ny = no,

S1 X Sy,

{(x1, . Tty Thaty -y Tny) | (1, ) € St}
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T
%(f) ’ f S Sl ’
S()

e cxpand(Sy,r?) = {r*7 |7 € S; A k € N}.

PROOF.

Any finite subset of C™ is r-definable. Let S; = {1, ¥, ..., Uy }. Defining
U= [th;...;0,] and S" = {é1,€5,...,€,,}, we obtain S; = US’, where
S" C Z™ is r-definable. It follows that S; is r-definable.

S1 + U is r-definable. There exist m € Ny, U € C™*™ and S’ C Z™ such
that S’ is r-definable and S} = US’. Since S; + ¢ = [U; 0] (8" x {1}), the set
S| + U is r-definable.

TS, is r-definable. There exist m € Ny, U € C™*™ and S’ C Z™ such
that S’ is r-definable and S} = US’. Since T'S; = (TU)S’, the set T'S; is
r-definable.

S1 U Sy 1s r-definable. There exist my, my € Ny, Uy € C™*™ [J, € C™>™m2
S} € Z™ and S) C Z™ such that S] and S} are r-definable, S; = U, 5],
and SQ = UgSé Since 51 U 52 = [Ul; UQ] ((Si X (O)mQ) U ((O)ml X Sé)), the
set 57 U Sy is r-definable.

S1 N Sy 1s r-definable. There exist my, my € Ny, Uy € C™ <™ [J, € C™>™2
S] C Z™ and S5 C Z™ such that S} and S} are r-definable, S; = U957,
and Sy = UySh. Let V € Z™ ™2 be the set

|

S/ - {fl € an ’ fl € Si A (Elfg € Sé)(

—

X1

v

€ ZmlerQ ‘ Ulfl - Ugfg} 5

To
and S’ be the set

o eV)}.

P

According to Lemma 41, V' is r-definable. It follows that the set S’ is also
r-definable. Since S; N Sy = U5, the set S; N Sy is r-definable.

S1 X Sy is r-definable. There exist mq, mo € Ny, Uy € C ™ [, € C™>™m2
S} € Z™ and Sy C Z™ such that S] and S) are r-definable, S; = U;5],
and Sy = UySh. Since Sy x Sy = diag(Uy, Us)(S] x S), the set S; x Sy is
r-definable.

V=A{(x1,..., 251, %41, ..., xn,) | (x1,...,2n,) € S1} is r-definable. There
exist m € Ng, U € C"*™ and S" C Z™ such that S’ is r-definable and
Sy =US'. Let U’ € C™m~D*™ he the matrix obtained by removing the k-th
row from U. We have V = U’S’, hence V is r-definable.
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R(Z) | | € Sy is r-definable. There exist m € Ny, U € C"*™ and

S(7)
S" C Z™ such that S’ is r-definable and S; = US’. Since
z U
RE@) | TSy = |RU)|S,

this set is r-definable.
expand(Sy, ) is r-definable. There exist m € Ny, U € C"*™ and S’ C Z™
such that S is r-definable and Sy = US’. Let L be the language E,(S’) of
the synchronous encodings in base r of the vectors in S’, expressed over the
alphabet {0,...,r — 1}". Since S’ is r-definable, L is regular.

The language L' = L- ((0™)?)* is thus also regular. It follows that the set
S" C Z™ encoded by L’ is r-definable. Since this set obeys

S" ={r*z |7 S A keN},

we have US” = expand (S, ?), from which it follows that expand(Sy, r?) is
r-definable.

O
Theorem 10 Let r € N with r > 1, and a,b,c € Z with a # 0. The set

S = {ak® + bk +c| k € N}

s not r-definable.

PROOF. The proof is by contradiction. Suppose that the set S = {ak?+bk+
¢ | k € N} is r-definable. This implies that —S = {—xz | x € S} is r-definable
as well. Therefore, we may assume that a > 1. Let P be the characteristic

predicate of S:

P(y) = (3k € N)(y = ak® + bk +¢).

Since S is r-definable, P is definable in (Z,<,+,V;). Let n € N be greater
than —b/2a, and F(x,y) be the predicate

Flr,y)=y=ax’> +br+c Az >n.
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This predicate is definable in (Z, <, +,V,):
F(z,y)=P(y) N Ply+2ax+a+b) Nz >n
ANNV2)(=P(z) Vz<yV z>y+2ar+a+b).

Indeed, f(z) = ax® + bx + c is strictly increasing for z > n, and the second
line of the expression of F(x,y) states that y and y + 2ax 4+ a + b are two
consecutive values f(z) and f(z + 1) of the function f. Resolving

Y =az’+bz+c

y+2ar+a+b=alz+1) +bz+1)+c

yields = z, hence y = f(x). Now, let M(z,y, z) be the predicate

M(z,y,z)=x>0Ay>0A z=uzxy.

This predicate is definable in (Z, <, +,V,):

M(z,y,2) = (321, 22, 23, 24)(F(z +y +n, 21)
ANF(@+n, 2) A Fly+n, 23) A F(n, z1) (4)

N2az =z — 29 — 23 + 24).

Indeed,
n=a(z+y+n)’+bz+y+n)+c
z=a(z+n)>+blz+n)+c
z=a(y+n)* +bly+n)+c

za=an® +bn + ¢

implies z; — 29 — 23 + 24 = 2azy. From Equation (4), it follows that the first-
order theory (N, +,.) is a subset of the theory (Z, <,+,V,). This is clearly a
contradiction, since the latter is decidable [29] and the former is not [12]. [

In order to prove Theorem 11, we need to establish the following result.

Theorem 42 Letr € N with r > 1, and p,q € Z with p # 0. The set

i+ q)k
o (pj +q) jkeN
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s not r-definable.

PROQOF. The proof is by contradiction. Suppose that S is r-definable. Let
P be the characteristic predicate of S:

P(y,r) = (Fk € N)(y = k(pr + q)).

Since S is r-definable, P is definable in (Z, <,+,V,). The predicate D(y,x)
over Z? which is true if and only if y is different from 0 and is divisible by
px + q is straightforwardly defined in terms of P:

D(y,I)Ey%O A (P(:%x) \% P(—y,I))

For every = € Z, we have ged(pz+¢q, p(x+1)+q) = ged(p, pr+q) = ged(p, q),
from which we deduce

lem(pz +¢,p(z + 1) +q) = (pz + q@)(p(z + 1) +q).

ged(p, q)

If a number can be divided by two others, then it can be divided by their least
common multiple. Therefore, for every y verifying

D(y,z) N D(y,x + 1), (5)

there exists k € Z such that

y= m(m +q)(p(z +1) +q).

Moreover, if we have x > |¢/p| + 1, then the integer y verifying Equation (5)
that has the smallest magnitude corresponds to k = 1. From this argument,
it follows that the predicate

— 4q
Qy,r) = > p‘

(V2)(l2l = [yl V =D(z,2) vV =D(z,x + 1)),

+1 A D(y,z) AN D(y,z+1) A

which is definable in (Z, <,+,V}), is such that

Qy,z) = x> %‘Jrl A y:%(mﬁLQ)(P(«T‘Fl)‘H])-

ged(p, q
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Let | € N be such that [ > |¢/p| + 1, and R(y) be the predicate

R(y) = (Fz,2)(y = ged(p,q).2 A x>0 A Q(z,x +1)).

This predicate is definable in (Z, <, +,V,), and satisfies

R(y) = Fk)(k=0Ay=(p(k+1)+q)(p(k+1+1)+q)).

It follows that the set

{plk+ 1) +q)(p(k+1+1)+q) | ke N}

is r-definable, which contradicts Theorem 10. [

Theorem 11 Letr,p € Ny withr > 1, A € C such that \? =1, and a,b,c,d €
C with a ¢ R\ Q. The set
mkeN}

S{Ak

(j+a)k+b)+c
j+d

s not r-definable.

PROOF. Without loss of generality, we may assume that p is such that
AN £ 1 for every i € {1,2,...,p — 1}. The proof is by contradiction. We
suppose that S is r-definable. Let us show that this assumption implies that

the set
k
SO{ j7€N}
p

is also r-definable. We have

(j+a)k+0b)+c
j+d

Vi, keNO<k<p)((FeN)N(G+d)=1+dAl>|2]d|])
e k=0Aj7>[2/d]]).
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Indeed,
e If there exists [ € N such that \¥(j +d) =1+d A [ > |2|d|], then we have
lj+d =l+d AN1>[2]d]]
=j=1AN1>|2|d|]
= MN(j+d)=j+d A j>|[2]d]
=k=0Aj>|2/d]].
o If k=0 A j>|2|d|], then, by choosing | = j, we get
NG +d)y=1+d A 1>|2|d|].

It follows that S() = 501 U SOQ, with

-

(j+a)k+b)+c

(Gj+a)k+b)+c
j+d

k
jENAjSLQdJAPEN}

and

502:{

k
|jENAZEN
b

j+d
A(ﬂeNxM@+@=4+dA1>pum}

In order to prove that Sy is r-definable, we show that Sy; and Sy are both
r-definable.

e Su1 is r-definable. The set Sy is a finite union of sets of the form

k
S()lj{ EN},
p

with j € N. Each of those sets is the image of the set {k | % € N} by a

linear transformation, and is thus r-definable (thanks to Theorem 9).
e Sy is r-definable. We have

X2

=S N (m(S)x{l+d|leNAl>]|2|d]}),

(j+a)k+b)+c
j+d

eS(ﬂeNmmz+dA5>pdD}
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where 7 (S) denotes the projection of S over the first vector component.

By Theorem 9, Sy, is r-definable.

We have thus proved that Sy is r-definable. Applying Theorem 9, it follows

that the following sets are also r-definable:
0
d

S5 = So —

1 b c+ab
Séz) _ S(()l) _
0 1 0
1 2 1a
U S§? + =
0<i<p 0 1 0

(j+a)k+b)+c

k
|j7_€N )
j p
4+ a)k k
Grakl b ent,
J p
i+ a)k
{(]‘) mkeN}
J

Let us show that the fact that the last set is r-definable leads to a contradic-

tion. There are two possible cases.

o Ifae Q. Let ¢ € Ny be such that ga € Z.

(¢j + qa)k
J

|

The set

mkeN}

is r-definable, which contradicts Theorem 42.
e /fa e C\R. Applying Theorem 9, the following sets are r-definable:

(7 +a)k
S((J + a)k)

J

S | jkeN

100
0L 0S5

S(a)

0 0 1

1—a 0
SY
0 01

The fact that the last set is r-definable contradicts Theorem 42.
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(j+a)k
| Sk | |jkeNy,
J
—(j—l—a)k
k | j,k e N,
o

‘7.] j,keN}.

J
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In order to be able to prove Theorem 12, we need an additional lemma.

Lemma 43 Let n,r € Ny with r > 1, S C Z" be r-definable, and i € C". If
{u -2 |2 € S} isinfinite, then there exist y1,y5 € Q" and m € Ny such that
{ip +r™ 4, | k € N} C S and @ - # 0.

PROOF. First, S must be infinite. Since it is r-definable, the language L of
the shortest synchronous encodings of its elements in base r is regular. Indeed,
this language is denoted by the expression

L=EM®)\ U (@ax),

ae{0,r—1}n

where ¥ = {0,1,...,7 — 1}". Hence, there exists a finite-state automaton A
accepting L. Let |.A| denote the number of states of A. Every word w € L such
that |w| > |/A| must be accepted by a path of A that contains at least one
cycle, which can be suppressed or further repeated. One can thus decompose
w into ws - we - wy, with |ws| > 0 and ws - w - w; € L for every k € N. The
language ws - wh - w; encodes a subset S’ of S satisfying

S'={#+ Y r™idy + T | ke NY,
0<i<k

with m = |wy| € Ny, and 7, ¥, Z3 € Z". Indeed, 77 is the vector encoded by
0™-wy, T is the vector encoded by 0™-w, multiplied by r*, and Zs is the vector
encoded by ws multiplied by "1/, Note that A only accepts vector encodings
in which the sign digits are not repeated, which implies %3 + 75 # Z3. By
defining 43 = 7y — (1/(r™ — 1))@y and ¢ = (1/(r™ — 1))Z5 + &5, we obtain

S = {4y +r™ 4y | k € N},

with ?jla 372 S Qn and @jg 7é 6

It remains to prove that it is always possible to choose w € L such that the
corresponding s verifies u- o # 0. The proof is by contradiction. Suppose that
for every w € L such that |w| > |A|, we obtain @ - g = 0. By removing one
occurrence of the cycle labeled by ws from a path of A accepting w, we obtain
w' = ws-wy € L. Let ¥ and ¥’ be the elements of S respectively encoded by
w and w’. We have ¥ = 4 +r™9» and ' = i + /5, and therefore - ¥ = @ -2’.
One can thus repeat the same operation so as to remove successively all the
occurrences of cycles in w, finally obtaining w” such that |w”| < |A|. The
word w” encodes " € S, with @ -2 = u-x". Since there is only a finite set of
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w” such that |w”| < | A|, the set {@-Z | ¥ € S} is finite, which contradicts an
hypothesis of the lemma. [J

Theorem 12 Letr € N withr > 1, A € C such that there do not exist p € Ny
and m € N such that \? = r™. The set

S={\"|keN}
1s not r-definable.

PROOF. The proof is by contradiction. Suppose that S is r-definable. There
are two possible cases.

o If S is finite. Then, there exist ki, ks € N such that k; < ko and A¥ = N2,
Choosing p = ky — k1 and m = 0 leads to a contradiction.

o [f S is infinite. Since S is r-definable, there exist n € Ny, v € C" and a
r-definable set S C Z" such that S = {u -7 | ¥ € S'}. By Lemma 43, there
exist 11, y» € C" and m € Ny such that

{1+ |k e N} C 5,

and 7 - %, # 0. Let S” denote the set {7, + r™*¢, | k € N}. Since S” C &,
we have

{a-7|7€8"}y C{\"|keN}.
Let g =1 - 9> and h = @ - ;. We have
{gr™ + h| ke N} C{\'|keN},

with g # 0. Since the left-hand side of this equation is an unbounded set,
it follows that |A| > 1. We have

_ogrmEE)
lim =——— =",
k—oo  grmk 4 |
which gives

(Ve € R{)(3k € N) (

<e).

where R denotes the set of strictly positive real numbers. There must exist
p1,p2 € N with p; < po such that gr™ + h = A1 and gr™* ) 4 b = P2,
Therefore, by choosing p = ps — p1,

grmk 4+ h

(Ve e R§)(Fp € N)(|]\ —r™| < g).
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Since |A| > 1, there can only be a finite number of integers p € N such that
NP — ™| < 1, and taking ¢ = 1/2%, k = 1,2, ... eventually leads to

AP =™
for some p € N. This contradicts an hypothesis of the theorem.
O
Before proving Theorem 13, we need to establish two auxiliary results.

Lemma 44 Let u,v € R with u > 1, p,q € Ny with p > 1, and II(z) be a
polynomial of degree greater than zero with its coefficients in R. We have

{(uP* +0)? | k € N} ¢ {uFTI(K') | k" € N}.

PROOF. The proof is by contradiction. Suppose that we have

{(uP* +v)? | k € N} C {u*'TI(K') | k" € N}.

This is equivalent to

(Vk € N)(3K € N)((uP* + v)? = u*TI(K')). (6)

For sufficiently large values of k, the left-hand side of this equation is strictly
increasing with respect to k. Since II is a polynomial, that implies that there
exists m > 0 such that

(Vs > 1} > m)(I(lx) > II(1;) > 0).

Let z = Jmax u*II(x), and n > 0 be such that (Vk > n)((uP* +v)? > 2).

Equation (6) associates a unique k' € N to every k € N such that k£ > n. This
k' satisfies k' = [(k), where [ is a function R — R verifying

(Vo € R, > n)((uP® +v)? = u!@TI(I(z))). (7)

From this equation, we obtain for x > n

d e oo 4oy d
e ((u?* +v)9) = 4 (u H(l)) al(x)

The left-hand side and the first factor of the right-hand side of this equation
being strictly positive for > n (and thus [ > m), the second factor of the
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right-hand side is strictly positive as well, from which we deduce that [(x) is
strictly increasing for x > n. Let us compute the derivative I'(z) of [(x) with
respect to x. For x > n, Equation (7) gives

(uP® +v)1 = u!@TI(I(z)).

Taking the natural logarithm of both sides, we obtain

qlog(uP® +v) = () logu + log II(I(x)).

Deriving with respect to z, and defining IT'(x) = dII(z)/dz, we get

pq(log u)u” ) I (I()) ' ()
— 2 7 — (1 [
from which we extract
1
l/(x) — pqv
1 7' (1
It 14 ()

This result implies that lirf I'(x) = pq, and therefore
T—T00

(Ve > 0)3n' > n) (Ve > n')(pg — e < 1'(x) < pg+ ¢).

Let us take e = 1. There exists n’ > n such that

(Ve >n')(pg — 1 <l'(z) < pg+1). (8)
For any k£ € N such that & > n/, we have
k1
Ik +1) = U(k) + / I'(x)dz,
k
and it follows from Equation (8) that
pq—1<lk+1)—I(k) <pg+1.

Note that pq, (k) and I(k + 1) are integer numbers. The only integer number
between pqg — 1 and pg + 1 is pq, hence

(Vk > n)(U(k + 1) = (k) = pq),
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which gives

(Vk > n')(I(k) = lo + pak),

/

with ly € Z. Replacing [(k) by its value in (7), we obtain for any k > n

(uP* + v)? = woTPFTI(1) 4 pak),

hence

(I + pgk) = u (1 + %)q.
u

This is clearly impossible, since

kll)rfoo I(ly + pgk) = +o0,

and
. _ v _
lim w1+ —)=u".
k—+o00 uP

O

Theorem 45 Let r,l,a,b € N withr > 1,1 > 1 and a > 1, such that r* = I°.
If II(x) is a polynomial of degree greater than zero with its coefficients in Z,
then the set

S = {I"I(k) | k € N}

s not r-definable.

PROOF. The proof is by contradiction. Suppose that S is r-definable. After
applying Lemma 43 with @ = (1), we obtain that there exist m € Ny and
Y1, Y2 € Q such that y, # 0 and

{yy + 7™y, | ke N} C S,

which can be rewritten as

{(rm™)F + % |k € N} C {I*IT'(k) | k € N},
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where II'(k) = II(k)/y». This result implies

{@MM+§akeN}ggﬁnmykeNL

and thus, since (* = r¢,

{mek+@> \keN}g{@mﬁw@ﬂkeN}

Y2

Applying Lemma 44 to this result directly leads to a contradiction. []
We are now ready to prove Theorem 13.

Theorem 13 Let r,p,m € Ny with r > 1, A € C such that \? = r™, and
a € C such that a ¢ R\ Q. The set

S ={N(k+a)|keN}
s not r-definable.

PROOF. Without loss of generality, we assume that p and m are relatively
prime, and that there does not exist j € Ny such that j > 2 and r(1/7) € N
(thanks to Theorem 6). The proof is by contradiction. Suppose that S is r-
definable. There are two possible cases, depending on the value of a. For each
of them, we will show that our assumption implies that the set

y:{v@+@|geN}

is r-definable, and that this result leads to a contradiction. For each k € N,

we define y = N\ (k + a).

e [fa € Q. For each k € N such that k£ > 2|a| and p divides k, we have
S(yk) =0 A R(ye) > |NPNU(2]a| + a).

Reciprocally, for each k € N such that y; satisfies the previous formula, we
have k > 2|a| and p divides k. It follows that we have S" = S] U S}, with

k
ﬂ:{w@+@|gengm@L

Sy =A{yw € 51 S(ye) =0 A R(yx) > 1},
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and
I =[NP (2]a] + a).

The set S} is finite, hence it is r-definable (thanks to Theorem 9). In order
to prove that S is r-definable, it remains to show that S}, is r-definable. Let
q € N be such that ga € Z. We have

1
S§:Sﬂg{x€N|x>ql},

whose r-definability follows from Theorems 8 and 9. Let us now show that
the fact that S’ is r-definable leads to a contradiction. We have

k
S'={N'(k +a) | — € N}
p
m k
=)k +a) | e
Theorem 9 implies that the set
(k) k
{r\»)(qk + qa) | p € N}

is also r-definable, which contradicts Theorem 45.
e [fa € C\R. We can assume without loss of generality that (a) > 0.
Indeed, Theorem 9 implies that the set

5= {N(k+a)|keN},

where for every z € C, Z denotes the complex conjugate of z, is r-definable
if and only if S is r-definable. Let N € N be such that N > 2|a| and
0 <arg(N +a) < 2?”.

- For every k > N such that p divides k, we have

mk

2
A= (B o arg(yr) = arg(k +a) = 0 < arg(yx) < -,
p

- For every k > N such that p does not divide k, we have

arg(yp) > 2%' (9)

Let M € N be such that M > N and M > |M\Y|N + al, and let o =

arg(M + a). Note that 0 < o < 5 (since M > 2]al).

- For every k > M such that p divides k, we have 0 < arg(yx) < a A (yx) >
I(a).

- For every k > M such that p does not divide k, we have arg(yx) > «
(according to Inequation (9)).
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- For every k < M, we have arg(yx) > a V S(yr) < S(a). (Indeed, 0 <
arg(yr) < a A S(yx) > S(a) implies & > M.)
In summary, we have for each k € N:

k> M A pdivides k < 0 < arg(yp) < a A S(yk) > S(a).

It follows that we have S = S| U 5%, with
! k k
ST ={N\(k+a)l ) eNkE< M}

and
Sy ={y € 510 <arg(ye) <a A S(yk) > (a)}.

The set S} is finite, hence it is r-definable (thanks to Theorem 9). In order
to prove that S’ is r-definable, it remains to show that S} is r-definable. Let
us consider the transformation y, — & such that

T r
7= 1 7 (yk) 7
H) g(yk)
with
_ R(a)
| %)] .
1

0 5@

R(ye) | |1 R(a) | |7
S(y) 0 S(a) T2
By Theorem 9, the set
R
A L N P
S(yr)

is r-definable if and only if S is r-definable. Note that every y; € ) is such
that



Let S” be the set

S = {T %(yk)] | yx € S}.

We thus have S5 C N2 From the previous results, we deduce

sgz{

x
' e N | 0 < arg(z; + R(a)zs +iS(a)z2) < «

X2

A S(a)zs > %(a)} n 5"

xy S(a)za (M + a)

= € N? < ANxy>1p NS

{ T ‘%(@)ﬂfzﬂLxl ROM+a)

{ o €N2xg(éfﬁ(a)+M)<x2§R(a)+x1/\x2>1} ns”
£
21 2 "

= EN‘[L'1>MZ'2/\£172>1 n s
Z2

This set is r-definable (thanks to Theorem 9), hence S, and S’ are r-
definable. Let us now show that the fact that S’ is r-definable leads to
a contradiction. We have

k
S’ ={\(k+a) | » e N}
m k
)k +a) | S €NL
It follows from Theorem 9 that the set
R(a) , (ze), K
_ N\ - b k| =
{?R(x) %(a)\s(mﬂxes r |p€N

is r-definable, which contradicts Theorem 45.

O

Theorem 14 Let r,p,m € Ny with r > 1, and A € C such that \? =r™. The

set
k
S{ }keN}
)\k

o2




s not r-definable.

PROOF. The proof is by contradiction. Without loss of generality, we as-
sume that there does not exist j € Ny such that j > 2 and 7(!/9) € N (thanks
to Theorem 6). Suppose that S is r-definable. According to Theorem 9, the
following sets are also r-definable:

k
san={|" |ren!,
,rmk
1 k
! 2
s=|7 (5NN = keN
01 rmk

Let L be the language of the shortest synchronous encodings in base r of
the vectors in S’, expressed over the alphabet {0,1,...,7 — 1}?. Since S’ is
r-definable, L is regular. Let A be a finite-state automaton accepting L. Any
w € L is of the form

w:(070)'(071)'w1'w27

where w; is equal to the empty word if & = 0 or to (0, 0)™*~e-kl=1 if i € Ny,
and ws is such that (0,0) - ws is the shortest encoding of k€ in base r. For any
sufficiently long word w in L, the path of A that accepts w must encounter
an occurrence of a cycle while reading w,. This cycle can be further iterated,
accepting words that do not belong to L. Hence the contradiction. [

The proof of Theorem 15 requires three additional results.

Lemma 46 Letr,m,p € Ny with r > 1, A € C such that X’ =r™, and a € C.
The set

AR .
| j,keN
No(j +a)

1s r-definable.
PROOF. We have

, AEj k

S= [J {N / | j,— €N
0<i<p M(j+a) p



It is thus sufficient to prove that the set

is r-definable. We have

s =4l Tl jkenN
J+a

The set N is r-definable, thus by Theorem 9, the set

1 0 ]
s — | N+ | | =] 7 ||jen
1 a Jj+a

is r-definable. Since S’ = expand(S”,r™), it follows from the same theorem
that S’ is r-definable. [

Theorem 47 Let r,m € Ny with r > 1, and p,q € Z with p # 0. The set

(@ q) keN

J

1s not r-definable.

PROOF. The proof is by contradiction. Suppose that S is r-definable. From
Theorem 9, it follows that the set

o (pj +q) jkeN

pJ +4q

is also r-definable. Let L be the language of the shortest synchronous encodings
in base r of the vectors in S, expressed as a set of pairs (wy,ws) of words of
same length over the alphabet {0,...,r —1}*. Let f be the function

f:Z—>Z:a:I—>Vr(x).
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Intuitively, f(x) is the number obtained by removing all the trailing “0” digits
from the encoding of = in base r. The value of f(x) stays unchanged when z
is multiplied by r. It follows that we have

0 || € ) (flar) = f(a): (10)

T2

For any [ € N, let us define

p(rt+1) if ¢ = 0,
U=
p(rt) +qif ¢ #0.

Note that V,.(y;) stays bounded with respect to [ (in other words, the number
of trailing “0” digits of y; encoded in base r stays bounded when [ increases).
Let n € Ny be such that ™ > V,.(y;) for every [ € N, and such that n is greater
than the length of the shortest synchronous encodings of p and of ¢ in base
r. Let A be a finite-state automaton accepting L. There exists [ € N such
that the shortest synchronous encoding of y; in base r has more than |A| 4+ n
symbols, where |4| denotes the number of states of A. Let us take k € N such
that mk is greater than the length of the shortest synchronous encoding of y;
in base r. We know that the vector

mk

Y
Ui

belongs to S’. Therefore, its shortest synchronous encoding (wy, ws) in base r,
expressed as a pair of same-length words, belongs to L, and is thus accepted
by A. This encoding can be decomposed into (w; - w} - wy, wq - wh - wh), with
|wi| = |wh| = |A] and |w| = |wi| = n. It follows that w] and w} only contain
the symbol 0. Any subpath of A accepting (w], w5) must contain a cycle that
can be iterated one more time. This allows to transform a path accepting
(w1, ws) into one accepting a different word (uq, us), from which it follows that
(u1,us) € L. By construction, w; and u; differ only by their number of trailing
“0” digits, whereas us and ws have the same number of trailing “0” digits and
encode different integers. Let 1 and x5 be the integers encoded by u; and us.
From the previous results, it follows that f(z1) = f(y) and f(z2) # f(w),
and therefore that f(x;) # f(x2). This contradicts Equation (10). Hence, S is
not r-definable. [

Lemma 48 Letr,p,m € Ny with r > 1, A € C such that \? =r™, and a € C.
There exists N € N such that for all ki, ks, 71, j2 € N with j; > N and jo > N,
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we have

NGy +a) = N2 (jy +a) & A =22 A g =g

PROOF. That the right-hand side of the equivalence implies the left-hand
one is immediate. Besides, if A* = A\*2, then

N1+ a) = A2 (ja + a)

reduces to j; = jo and the proposition hence holds for any value of N. More-
over, the proposition is symmetrical in (k1,71) and (ko,jo). It is therefore
sufficient to prove that there exists N € N such that for all k1, ks, 71,72 € N
satisfying k1 > ko and j; > N, the equation

M1 +a) = A2 (j, + a) (11)

does not hold.

Let y = A*7%2 and o = arg(u). From the hypotheses on \, we have |u| > 0
and a € {j27/p | —p/2 < j <p/2 A j # 0}. We distinguish two cases.

e [f|a| =m. Then, u = —|pu| and Equation 11 reduces to
=|ul(r +a) =j2 +a,
which yields
J2 a

J1=—""=———a<2d.
lul ul

Choosing N = [2|a|]| thus makes Equation 11 unsatisfiable.
e [f|a| < m. Taking the imaginary part of each side of 11, one gets

|l sina(jy + R(a)) + [p] cos aS(a) = I(a),
which gives

X(a)

= -9 ta — R(a).

= e 8 cota - Rla)

The largest possible values of |sin«| and |cot a| are obtained with a value
of a equal to 3 = [(p — 1)/2|27/p. Therefore,

= (g + oot 19601+ )
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Equation 11 is thus unsatisfiable for values of N at least equal to the right-
hand side of this inequality. [

We are now ready to prove Theorem 15.

Theorem 15 Let r,p,m € Ny with r > 1, A € C such that \? = r™, and
a € C. The set

MNe(G+a
g — (f )ygkeN
J

1s not r-definable.

PROOF. Without loss of generality, we assume that p and m are relatively
prime, and that there does not exist j € Ny such that j > 2 and r/9) € N
(thanks to Theorem 6). The proof is by contradiction. Suppose that S is r-
definable. By Lemma 48, there exists N € N such that for all kq, ks, j1,j2 € N
with 77 > N and j, > N, we have

NGy +a) = N2 (jy +a) & A =22 A g = g (12)

With respect to such an integer N, the following set is r-definable:

N(G+a)| .
S = _ |j,keNA >N
J

Applying Theorem 9, Lemma 46 and Equation 12, we obtain that the following
sets are r-definable :

NG +a)
M |j,keNAj>Ny,
j

/\k
|j,keNAj>Ny,
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- Ny

S = |j,keENA >N NN
| J
[ mkj
= |1 keENA>N
L J
For each 7 € N, the set
TMkj ] .
S; = | [k e Ny = expand({j}, ™) x {j}
J

is r-definable thanks to Theorem 9.

The set

mk ;

sSu | s = /

0<j<N ]

|j k€N

is therefore r-definable, which contradicts Theorem 47. It follows that S is not
r-definable. [

Theorem 16 Let r,py,pa,mi,me € Ny with r > 1, A\, Ay € C such that
A= N2 =2 and | M| # |Xo|. The set

M
S = | keN
A

1s not r-definable.

PROOF. Without loss of generality, we can assume that m; and p; are
relatively prime for ¢ € {1,2}, that m; < mg, and that there does not exist
j € Ny such that j > 2 and r(*//) € N (thanks to Theorem 6). The proof is by
contradiction. Suppose that S is r-definable. Theorem 9 implies that the set

mik

! 2 r
S =S NN = |keN

Tka
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is r-definable as well. Let L be the language of the shortest encodings in base
r of the vectors in S, expressed over the alphabet {0,1,...,r — 1}?. This
language is of the form

L =1{(0,0)-(0,1) - (0,0)k(m2=m)=L (1 0) . (0,0)*™ | k € N}.

Since L is not regular, S’ is not r-definable. It follows that S is not r-definable
either. [J

Lemma 21 Let n,r € Ny withn > 1,r > 1, A € C such that A # 1, p € Ny,
m € N such that \? = 1™, ¢ € N with 1 < g <mn, V€ C™" of rank q, and
b e Z". There exists a r-definable set S C Z" such that the set

S ={Jh@+ Y T |TeVS AkeN},
0<i<k

where V' = Vb, is not r-definable.

PROOF. Let us project S” onto the two vector components that have the
highest index. We obtain

DL L DD
S = T+ ) V| ZeV'SAkeNy,,
0 Mk o<i<k | O N

8

where ¥/ € C**™ is composed of the two last rows of V' (and is therefore of
rank 2), and b” = V’b. It is sufficient to prove that there exists a r-definable

b S
set S C Z" such that the corresponding S” is not r-definable. Let o=

by
We distinguish four different situations (remark that \? = " implies |A| > 1).

o If|A\ =1 and by = 0. We have

Mgy 4 kAL, 4 221 x
' PP T e VS A keN

k
A T2 T2

S// —

Let ¥ € Z™ be such that the second component of V'# is different from zero
(such a ¥ always exists, otherwise the rank of V' would be less than 2).
Choosing S = {jv | j € N} yields

A\F 'Ul—}-k")\k*ll}/—l—ﬁb
g — JU1 J 2 A—1 71 ’],]{EN 7

AFjuy
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v
with

/
Uy

= V'v. If §” is r-definable, then by Theorem 9 the following sets

are also r-definable:

_Y by k1,7 | AR
o |13 (g0, [ ){ kNG 2 j)keN}’

0 L
vy

o

By Theorem 11, this last set is not r-definable. It follows that S” and S’ are

not r-definable. B
o IfIN =1 and by # 0. Let us take S = {jb | j € N}. We obtain

k. -y fo— Ak—1 (k—1)NF —kAR—1 11
S — ij+kﬂ o S T b1mkeN

N by + ALy
If S” is r-definable, then by Theorem 9 the following sets are also r-definable:

by _ _ ba

S(l) =9 + A-1 (A=1)2

bo
A—1

; by ; 1 k 1
\E g+ Rk + 35300+ oo be — o2

= b 1 | j,keNy,

J02 —172

S@ — {lm 0 [N
1
0 %

b A b k A
{/\k jk—i_)\b;‘]—i_)\‘l;l—i_)\l()\l)Q] j,kEN}

Jt 33




Since we have ﬁ Z R\ Q, it follows from Theorem 11 that the last set is

not r-definable. Therefore, S” and S’ are not r-definable.
o If|A\| >1 and by = 0. We have

S//{

Let ¥ € Z™ be such that the second component of V'# is different from zero
(such a ¥ always exists, otherwise the rank of V' would be less than 2).

Choosing S = {07} yields

SII{

v
with | ' | = V'@ If §” is r-definable, then by Theorem 9 the following sets

vy
b1
S// + A—1 — )\k
0

L b _ | g ryk
L’é (vg)Q(l/\—l) (v§)12 ] S {\k | k € N}

Ny 4 kN + AL, |
T

)\kxg

EV/S/\keN}.

2

o] 4 kAETug, + *;11191] e N}

k,,/
A%

are also r-definable:

—by
S — {)\ b

01 vh

kvl + M + —=b
2T T 1 1] keN},

According to Theorem 13, the last set is not r-definable. It follows that S”
and S’ are not r-definable. .
o If|A\ >1 and by # 0. Let us take S = {b}. We obtain

SII{

If S” is r-definable, then by Theorem 9 the following sets are also r-definable:

b ]
21 (=12
— {)\’f | k e N} ;

_ba
A—1
[u L_&}S(l):{)\kk|k€N}.

by by (b2)?

a2k 12 k—1
by + Ny + Xty + 0, |k eN
Neby + A=Lb,

S =g8"+

k 1 k 1
b1 + ng + Hbl + )\(Afl)b2 ECENE bg

by + 15 be
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(Note that [A] > 1 implies 1+ 125 # 0.) According to Theorem 13, the last
set is not r-definable. It follows that S” and S’ are not r-definable.

O

Lemma 22 Letn,r € No withn >1,r>1, g€ Nwithl <qg<n, V € Q7"
of rank q, and b € Z". There exists a r-definable set S C Z" such that the set

S ={JkF+ Y JV|TeVSAkeN],

0<i<k

where b = Vl;, is not r-definable.

PROOF. Let us project S" onto the two vector components that have the
highest index. We obtain

1k| il
S" = T+ V' |Z2eV'SANkeNy,
01 o<i<k | 01

where V'’ € Q?*" is composed of the two last rows of V (and is therefore of
rank 2), and b” = V’b. It is sufficient to prove that there exists a r-definable

b —
S C Z" such that the corresponding S” is not r-definable. Let =5 We
by
distinguish two different situations.
e [fby = 0. We have
1 + kxy + kb x
=TT T  eviS A keN

X2 X2

Let ¥ € Z™ be such that the second component of V'# is different from zero
(such a ¢ always exists, otherwise the rank of V' would be less than 2).
Choosing S = {jv | j € N} yields

i 4+ jkvl, + kb
g — JU1 ]‘,2 1 ‘],]{GN ’
JVs
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Ul
with { !

!
Uy

is also r-definable:

/
Y1

= V'v. If S” is r-definable, then by Theorem 9 the following set
- (05)?

& e f[rr 8] o)

Since f’)—} € Q (because 7 € Z" and V' € Q?*"), Theorem 11 implies that
2

this set is not r-definable. It follows that S” and S’ are not r-definable.
e [fby # 0. We have

SII{

Let S = {0}. We obtain

SII{

If S” is r-definable, then by Theorem 9 the following sets are also r-definable:

1k(k—1)b
S//{|:2( )2 ]CEN},
k

[% o}sm — {k(k—1)| k € N}.

jk+%k

J

o (&=

x1 + kg + kby + 5k(k — 1)by K
T9 + kbg

eVS’/\keN}.

kb, + 2k(k — 1)b
1 3 h )bz |k eNy.
kb,

by

g — 1 b
0

1
ba

By Theorem 10, this last set is not r-definable. It follows that S” and S’ are
not r-definable. [

Lemma 23 Let n € Ny and A € Z™*™. There exists a nonsingular matriz
U € C™™ transforming A into its Jordan form Ay, and such that every row
of U™t at the same position as a row of a Jordan block J, in A; contains
only rational components provided that A is rational.

PROOF. In order for U to transform A into A, we must have A; = U1 AU.
Let J be a Jordan block in A; associated to a rational eigenvalue. Without
loss of generality, we may assume that J is the first block of A;. We have
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A;Ut = U~1A, which can be decomposed into

J 0 U, Uy Uy Uy A
ox| o] |vsu|
where Uy, ..., Uy are parts of U~ of appropriate sizes. This linear system can
be split into the two equations
J[Ur; Us] = [Ur; Un] A (13)

and

If U exists, replacing [Uy; Us] by any solution of (13) whose rows are linearly
independent from each other and from the rows of [Us; U] yields a matrix
transforming A into A;. Since all the coefficients of Equation (13) belong to
Q, it is always possible to find a suitable rational solution. [

9 Conclusion

In this paper, we have developed general algorithms for deciding whether the
closure of a linear transformation preserves the recognizable nature of sets of
integer vectors, both with respect to a given single base or to all of them, as
well as for computing the effect of iterating such transformations over finite-
state representations of sets. It should be noted that these algorithms are
expressed in terms of simple integer arithmetic operations and of elementary
set transformations, and hence that their applicability is not restricted to
finite-state representations of sets. In particular, the decision algorithm and
the image computation procedure developed for Presburger-definable sets can
easily be applied to the formula-based representations of sets used by symbolic
packages such as the Omega library [26]. Besides, as far as finite-state repre-
sentations are concerned, the results presented here can straightforwardly and
naturally be extended to other encoding functions for integer vectors, such as
least significant digit first encodings, interleaved schemes, ... [3,17].

We have not studied the worst-case complexity of our algorithms. This is
mainly because we expect most of the problems that have been tackled to
be computationally as hard as deciding Presburger arithmetic, which is a
problem known to be almost intractable from the complexity theoricist’s point
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of view [24], but for which very satisfactory solutions are available in the real
world [26,30]. The algorithms have indeed been implemented in an actual
tool [20], and have been shown to be very effective in the context of symbolic
state-space exploration of infinite state spaces.
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