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Abstract. Number Decision Diagrams (NDD) are finite automata representing
sets of integer vectors and have recently been proposed as an efficient data struc-
ture for representing sets definable in Presburger arithmetic. In this context, some
work has been done in order to generate formulas or sets of generators from the
NDDs. Taking another step in this direction, this paper present algorithms that
takes as input an NDD and computes the affine hull over Q or over Z of the set
represented by the NDD, i.e., the smallest set defined by a conjunction of equa-
tions or by a conjunction of equations and congruence relations that includes the
set represented by the NDD. Our algorithms run in time O(|Q| - | X7| - n) and
O(|Q|? - | =] - n®) respectively, where n is the number of components of the
vectors represented by the NDD, and |@Q| and X7 are the number of states and
the alphabet of the NDD. On a prototype implementation, the computations of
affine hulls of NDDs with more than 100000 states are done in seconds.

1 Introduction

It has been known for a long time that finite automata can be used for representing
sets of integer vectors (see [BHMV94]). In particular, sets definable in Presburger arith-
metic [Pre29], i.e., first-order logic over the integers with addition and the order relation,
can be represented by finite automata. Many applications rely on Presburger arithmetic,
including integer programming problems, compiler optimization techniques, program
analysis tools and model-checking.

There exist different equivalent representations of Presburger definable sets (see
[BHMV94)), including formulas, semi-linear sets and finite automata, and different ap-
proaches have been developed for handling Presburger definable sets. Finite automata
have recently been investigated as an efficient data structure for representing Presburger
definable sets in practical applications [WB95,BC96]. Finite automata present two main
advantages, there is a canonical representation and efficient procedures exist for set op-
erations and inclusion tests. However, simple arithmetic operations, such as affine trans-
formation, can be costly if performed on automata. Therefore, it may appear efficient
to handle both automaton and formula representations of the set and perform the oper-
ations on the most appropriate representation. Also, having access to a simple formula
representation of the sets can shed light on the sometimes hidden relationships between



variables, or give a useful broad view of the set. It also provides a link to theorem
provers.

Working with both automata and formulas implies being able to move from one
representation to the other. While generating automata from formulas is now well un-
derstood [Kla04], the issue of generating formulas from automata has only been dealt
with more recently. Algorithm for restricted classes of sets appeared in [Ler03], [Lat04]
and [Lug04], and a solution for the general case has been presented in [Ler04b]. In this
paper, we approach the problem of extracting information from automata differently,
and instead of generating a formula matching exactly the set represented, we compute
the affine hull over QQ and over Z, i.e., the smallest affine space over Q or affine module
over Z that includes the set represented by the automaton. The main interests are that the
computations are fast (linear if arithmetic operations are performed in constant time),
and affine spaces and affine modules are easily dealt with since they can be represented
by n equations and congruence relations or by n generators together with an element of
the set, where n is the number of vector components. Furthermore, for a number of ap-
plications, affine hulls already provide useful information. For example, in the context
of verification, one could simplify a model by removing some variables via the equa-
tions and congruence relations. Finally, the algorithms presented in this paper could be
integrated in a more general algorithm computating exact formulas for sets represented
by automata, as it is done in [Lat04] where affine hulls are computed in order to identify
the left-hand sides (i.e. the vector of coefficients ) of the inequations occurring in the
formula.

An algorithm computing the affine hull over Q of sets of positive vectors repre-
sented by finite automata (with a least significant digit first encoding) has been already
presented in [Ler04a]. The time complexity of this algorithm is O(|Q] - |X7| - n?),
where |@Q| is the number of states, n is the number of components in the vectors of
the represented set and X7 is the alphabet of the automaton. Also, a finite automaton
representing a set of integer vectors can be viewed as a program, the states being the
control locations and the transitions being affine assignments since adding a digit d to
an encoding of a number z is equivalent to multiply z by the encoding basis and adding
d (when using a most significant digit first encoding scheme), some results in the field
of static analysis of program can be applied, and in particular, the method proposed in
[MHO04] for computing affine relations among variables in a program can be used with
minor adaptations for computing the affine hull over Q of sets represented by finite au-
tomata. The time complexity is then O(|Q|- | 27| - n?). In this paper, we present a more
efficient algorithm whose time complexity is O(|Q| - [3*| - n), and O(|Q| - | X7 | - n?)
if a minimal set of generators is required.

Regarding the affine hull over Z, nothing has been done directly on sets represented
by finite automata. In the context of static analysis, an algorithm for computing the
affine and congruence relations satisfied in a control point of an affine programs has
been presented in [Gra91]. Although the computation is proved to be finite, there is
no bound on the number of operations required. More recently, [MHO5] describes a
polynomial time algorithm for computing affine relations over 7,,, i.e. integer arith-
metic modulo m, satisfied by the variables at a given control location. In this paper,
we give the first polynomial time algorithm for computing the affine hull over Z of



sets represented by finite automata. The exact time complexity of our algorithm is
O(|Q|? - | X7 - n®). Note that our algorithm for computing affine hulls over Q is part
of our algorithm for computing the affine hulls over Z.

This paper is organized as follows. In Section 2, we recall basic properties regarding
automata theory as well as linear algebra. In Section 3, we show how finite automata
can represent sets of integer vectors. In Section 4, we present an efficient representation
for generators of vector spaces, Z-modules and Z,,,-modules. In Sections 5 and 6, we
present our algorithms for computing affine hulls over Q and over Z respectively. Some
experimental results are provided in Section 7, and we conclude in Section 8.

2 Preliminaries

We start with some preliminaries from linear algebra and automata theory. In what
follows, for any finite set S, the number of elements in S will be denoted by |S|.

2.1 Finite automata

An alphabet is a finite nonempty set of symbols. A word over an alphabet X is a finite
sequence of symbols taken from Y. The symbol  denotes the empty word, i.e., the
word containing no symbol. The length of a word w, denoted by |w|, is the number of
symbols in w. A language over X' is a set of words over X', and X* denotes the set of
all words over X

A deterministic finite automaton (DFA) A is a quintuple (Q, X, 6, Sinit, @), Where
@ is a finite set of states, X' is the input alphabet, § : Q x X' — @ is the transition
function, s;,;; € Q@ is the initial state and Q r C Q is the set of final states.

The function § is extended to words : 9(s, ) = {s} and d(s, uw) = U, s (s 0(', ).
If s =6(s,u) fors, s’ € @andu € X, then we say that there is a transition from s to
s’ labeled by u. By extension, there is a path from s to s’ labeled by w if s = 6(s, w).
The language of .4, denoted by L(.A) is the set of words labeling paths from the initial
state to a final state. The set of words labeling paths from a state s, to a state s in A is
denoted as L 4(s1 — s2).

The DFA A = (Q, X, 6, Sinit, QF) is reduced if for all words w # ¢ labeling a path
rooted at s;y:, there exists a word v € X* such that wv € L(A).

2.2 Basics on linear algebra

The following definitions and results can be found in elementary linear algebra text-
books, such as [Jac89].

As usual, Q, Z and N denote the sets of rational numbers, integers and naturals, and
Zm = ZJ/(mZ), i.e., the equivalence classes of Z modulo m. In the following, D will
denote any set among Q, N, Z and Z,,,. In the case of Z,,, any addition or multiplication
of elements in Z,,, correspond to addition or multiplication in Z modulo m so that the
resultis in {0, ..., m — 1}. The set of vectors with n components in D is denoted D".
The i-component of a vector z is written z[4]. The superscript - denotes transposition.



For any set S C D", vector a € D™ and scalar v € D, we denote by a + S and ~.S the
sets {a+x | x € S} and {yz | = € S} respectively.

Form,n € N, m,n > 1, D™*™ is the set of m x n-matrices with entry in D. For
a matrix A € D™*™, the row index set of A is {1,...,m} and the column index set
is {1,...,n}, and the entry located in the ith row and jth column is written A[i, j].
The ith row of A is denoted A[7, ] and similarly, the jth column is denoted A[x, j]. Let
S C D™ The D-linear hull of S, denoted linp (.S), and the D-affine hull of S, denoted
affp(.5), are defined as follows.

linp(S) = {>_ Aizi | \i € D,; € S}, (1)
1=1

affp(S) = {>_ Xz | M €D, € 8, A =1}, 2)
1=1 =1

Example 1. LetS = {(1,0),(1,2),(1,4)}.affo(S) = {(1,k) | k € Q}and affz(S) =
{(1,2xk) | ke Z}.

The vectors zy,...,z, € D" are linearly independent over D iff 3" ajz; = 0
with «; € D implies that o; = 0 for j = 1,...,n. If the vectors are not linearly
independent, they are linearly dependent over ID. A set of vectors G is free over D iff
the vectors in G are linearly independent over D. A set G C D™ ID-generates a set
S C D" ifflinp(G) = S. If in addition, G is free over D, then G is a D-basis of S.

A subset M C D" of vectors with entries in D is a D-module iff M # @ and
M = linp(M). A subset S C D™ is a D-affine module iff S = a + M, where ¢ € D
and M is a D-module.

Proposition 1 Let .S C D™. The set linp(.S) (resp. affp(.S)) is the smallest D-module
(resp. D-affine module) containing S. The D-module M such that affp(S) = a + M
for some a € D™ is unique.

Proposition 2 Any D-module S C D™ has a D-basis, and all D-basis of S have the
same number of elements d < n called the dimension of S.

Since Q is a field, Q-modules and Q-affine modules have more properties than their
counterparts over the rings Z and Z,, (except if m is prime, in which case Z,, is also
a field). Consequently, @-modules and Q-affine modules are called vector space and
affine space respectively. The most relevant property of vector spaces is expressed in
the following proposition.

Proposition 3 Let .S C Q™ be a vector space. If z1, ...,z € S are linearly indepen-
dent over Q, then there exists y1,...,y: € S such that {x1,..., 2k, y1,...,y:} IS @
Q-basis of S.

2.3 Size and complexity

We define the size of numbers as follows. The size of an integer number a € Z is 1 if
a = 0,and 1+ |log|a|] otherwise. The size of a rational a/bwhere a € Z, b € N\ {0}
and ged(a,b) = 1islifa=0and |1+ log|a| + log|b|| otherwise.



In order to reason about the complexity of the algorithms presented in this paper, we
assume that direct memory accesses are performed in constant time and that arithmetic
operations are perform in unit time.

3 Automata-based representation of integer vector sets

In this section, we explain how automata can represent sets of integer vectors. The
main idea consists in establishing a mapping between vectors and words. Our encoding
scheme of vectors is based on the positional expression of numbers (most significant
digit first) with a signed-complement system for negative integers.

Given an encoding basis r € N, with » > 1, an r-encoding of an integer a € Z isa
word w over X, such that if w = upup—_1 ... uo Whereeachu; € X, = {0 Lr—1},
up=0ifa>0andu, =r—1lifa<0,anda = —1? - up Jrzl Oul

In order to encode a vector z € Z", one simply reads synchronously one digit
from the encodings of all its components, provided that these encodings share the same
length. This requirement can always be met by prefixing the encoding by a sequence
of copies of the leading digit of the initial encoding. So, an r-encoding of an integer
vector z € Z™ is a word w over X7, such that if w = upup_1,...ug where each

(E" € (0,r—1)™, andforeach j € {1,...,n}, we have z[j] = —rP- 1:%[]1] +
Zp 0 u;[jlr l-

The fact that w is an r-encoding of z is denoted by (w),. = z. Also, we simply write
0 for the symbol (0, ...,0) € X7

Based on the definition of the encoding scheme, for all encodings v € (3*)* and
words v € (X7)*, we have (uv), = 71"l (u), 4+ (0v),.

Let S C Z". If the language L(.S) containing all the encodings of all the vectors in
S is regular, then any DFA A accepting L(.S), i.e. such that L(A) = L(S), is a Number
Decision Diagram (NDD), and we say that .A represents S. In this paper, we use the
following notations. We denote by S 4s,,,, ) the set of vectors whose encoding labels
paths from s;,,;; to s in the NDD A, and by S 4 the set represented by the NDD .A. The
encoding scheme that we use here is the same as the one proposed in [BHMV94] and
extended to Z in [WB95].

Itis known (see [B0i99]) that the sets definable in the first order theory (Z, +, <, ¥)
correspond exactly to the sets that can be represented by finite-state automata using the
r-encoding scheme that has just been discussed. Note that (Z, +, <, V,.) is the first-
order logic over the integers with addition and the ordering relation, with an additional
predicate V,.(x,y) returning true if y is the greatest power of r dividing = and false
otherwise.

In the remaining of this paper, r-encodings are simply called encodings since we
will always use the same encoding basis .

4 Triangular sets

The algorithms presented in this paper manipulate intensively vector spaces, Z-modules
and Z,,-modules. In order to have more efficient procedures, we maintain sets of gen-
erators in a particular form : the triangular form [MHO5]. For a non-zero vector z, we



call i the leading index of = and z[i] the leading entry of x if z[i] # 0 and «[j] = 0 for
j€{1,...,i—1}. Asetof non-zero vectors T is triangular iff the leading entries of all
vectors in T are positive and for all distinct vectors x, 2’ € T, the leading indices of x
and z’ are distinct. Intuitively, a set is triangular if the vectors are the rows of a echelon
matrix A with no zero-row, i.e. each row of A has a non-zero element and if A[é, k] and
Alj, k'] are the first non-zero element of the ith and jth rows respectively with j > 4,
then k&’ > k. Note that a triangular set of integer vectors is a set of linearly independent
vectors over Q and Z.

Efficient procedures for generating an integer basis in triangular form of a vector
space or of a Z-module given a set of integer generators are readily available from the
current literature (see [Sto00]). In particular, we have the following results.

Proposition 4 There exists an algorithm Get Tri angQBasi s which, given a finite
set G C Z" as input, generates a triangular set G C Z" such that the sizes of the
components of vectors in ' are bounded by n - (k + logn) where k is the bound on

the component size of vectors in G, and ling(G) = ling(G). In addition, the time
complexity of Get Tri angQBasi s is O(|G| - n?).

Proof. It suffices to apply the general Gaussian elimination to the matrix A whose rows
are the vectors in G. O

Proposition 5 There exists an algorithm Get Tri angZBasi s which, given a finite
set G C Z" as input, generates a triangular set G C Z" such that the sizes of the
components of vectors in G are bounded by k - n - log(+/n), where k is the bound

on the component size of vectors in G, and linz(G) = linz(G). In addition, the time
complexity of Get Tri angZBasi s is O(|G| - k - n? - log(y/n)).

Proof. It suffices to generate the matrix A whose rows are the vectors in the set S, and
then to compute the Hermite form H of A [Sto00], i.e., the matrix H such that H is in
Hermite form® and H = U A for some square integer matrix U whose determinant is
1. a

Note that computing a basis is more difficult over Z than over Q since a set of linearly
independent vectors over Z cannot be extended to form a basis as it is the case over Q.

Proposition 6 Given a triangular set 7' C Z™ and a vector xo € Z", there exists an
algorithm that generates a set of congruences and a set of equations whose modulo
and coefficient sizes are bounded by O(nlogn + nk), k being a bound on the size
of the numbers in the vectors in 7" and x(, such that the solutions of the system of
equations (resp. equations and congruences) are exactly the elements in xo + ling(T")
(resp. zg + ling(T)).

Proof. See Appendix, Section 9.1. O

For atriangular set 7' = {y1, ..., yx} in Zy,, we define rank(7") as) ; ¢; + qnF
where d;p% is the leading entry of y;, with gcd(d;, p). Clearly, 0 < rank(T) < n - q.

L A matrix H is in Hermite form over Z if H is in echelon form and if H[s, j;] denotes the first
non-zero elements of the ith row, one has 0 < H[¢', 5] < H[i, j;] for all i' < 1.



Proposition 7 There exists an algorithm Updat eTr i angZm which, given a prime
number p, a positive integer ¢, a triangular set 7 C Zj, and a vector = € Zj,, such
that if 77 = Updat eTr i angZm(p, ¢, T, =), then the following assertions are valid.

- T C Zp, and T’ is triangular.

ling , (T") = ling,, (T U {x}).

If 7" # T, then rank(T”) < rank(T).

The time complexity of Updat eTr i angZmis O(n? - q).

Proof. See [MHO5]. O

5 Affine hulls over Q

In this section, we present an algorithm which takes as input a reduced NDD A =
(Q, X", 6, sinit, Qr) and generates the affine hull over Q of the set represented by .A.

We briefly present the algorithm based on [MHO04], and then present a more efficient
algorithm which takes advantage of the special affine transformation corresponding to
transitions in NDDs. In addition, this more efficient version is also part of the more
sophisticated algorithm for computing the affine hull over Z.

The idea of the algorithm based on [MHO04] is to explore the paths of .4 rooted
at the initial state s;,;; and to compute for each state s a vector x5 and a triangular
set of vectors G, such that 2, € S 4(s,,,—s) and z, + ling(Gs) C affg(SA(s,—s))-
When handling a path labeled by w from s;,;: to s, the algorithm applies the following
recursive procedure.

— If 24 has not yet been set, one sets z; equal to (w),- and we propagate w from s, that
is, we apply the procedure to all paths from s,,,;: to s’ labeled by wu with w € X7
such that 6(s, u) = s’

— Otherwise, if (w), € x5 + ling(Gs), then we do not propagate w. If on the other
hand, (w), ¢ zs + ling(G5), one has to add (w), — x5 to G and to propagate w
from s.

Since for each s, one sets at most once x, and one adds at most n vectors to G, the
number of iterations is bounded, and at some point, no more path needs to be explored.
It can be proved that at this point, x + ling(Gs) = affq(S.4(s,,.,—s)) for all states s.
Finally, one has to take the union of the affine hulls corresponding to final states and
again, take the affine hull over Q of this set.

We can improve the algorithm presented above. The main property is expressed in
the following lemma.

Lemma8 Let s, s’ € Q with 5(3, v) = ¢’ for some v, and let V, V;, C Q™ be vector
spaces such that affg(S4) = zr + V and affg(Sacs,,,—s)) = 2’ + Vi for some
wp,x’ € Z" Forall xy, 20 € Sy(s,,—s), Wehaver; —ap € Vo C V.

Proof. By definition, there exist encodings w, us such that uy, us € La(Sinit — S)
and (u1), = x1 and (uq), = xo. By definition, wv,usv € LA(Sinie — ') and
rllzy + (00),, 711y + (0v), € Sa(s,—sr). Therefore, (rlvlzy + (00),) — (r1vlzy +



(0v),.) € ling (S 4(s,—s')), @nd so, by definition, 23 — 25 € V. Since A is reduced,
there exists a word w with uyvw, ugvw € L(.A). So, applying the same reasoning, we
findthat 7, C V. O

Thanks to the previous property, we note that in the algorithm sketched above, if
(w), — x4 is added to G, then {(w), — x, can be added to all G- where s’ is reachable
from s. We deduce that it is not necessary to compute at each individual state s one
basis G5 and one element - such that =, + ling(Gs) = ling(S4(s,,,,—s)- One only
needs to consider one element x per state and one basis G for the whole NDD. Also,
from each state, one has to propagate only path. Indeed, if w1, w2 € LA(Sinit — $)
and (w1), — (ws), is added to G, then for v € X7, (w1v), — (wav), € ling(G).
Finally, in the above description, we did not specify the order with which one consider
the propagated paths. Adopting a breadth first search approach allows us to manipulate
smaller numbers.

Our algorithm QAf f i neHul | takes a reduced NDD as input and it works as fol-
lows.

1. Initially, the set G is empty. Also, for each state, one stores a vector =, € Z™ which
is initially setto L.

2. It considers paths of increasing length originating from s,,,;;, starting with all paths
of length 1, and at the kth iteration, it handles paths of length & that have been
propagated so far. When handling a path labeled by w from s;,,;; to s, there are two
possibilities.

- Ifz, = 1, z, is set to (w),, and one will consider at the next iteration the
paths labeled by wu for all w € X7 with §(s, u) = s’ for some s'.
- Ifz, # L, then we add (w), — z, to G.

3. When all states have been visited once, we pick one final state sp € Qr and we
add to G all vectors x, — =5, Where s € Q. Then, the algorithm terminates and
it returns G as well as the vector z,..

The formal algorithm is described in Appendix, Section 9.2.

s € @, there exists an encoding w, such that S(Simt,ws) = s With |ws| < lpin. Let
xp € Z™and G C Z™ such that (G, zr) = QAf fi neHul | (A). We have

zp + ling(G) = affg(Sa),

Gl <1QI- X7,

The time complexity of QAf f i neHul | is O(|Q| - |X| - n),
The size of the numbers in G are bounded by O (Imin)-

Theorem 9 Let [, < |Q] be the smallest positive integer such that for all states

Proof. See Appendix, Section 9.3. O

Finally, according to Proposition 4, we can compute a triangular set G’ of at most n
generators from the set G computed via the algorithm QAf f i neHul | . The sizes of the
numbers in G are then bounded by O(n - (|Q| + log n)) and the time complexity for the
call Get Tri ang@Basi s(G)is O(|Q|-|X"|-n?). In addition, thanks to Proposition 6,
we can compute a system of linear equations a;z = 0, i = |G| + 1,...,n such that
z € xp +1ing(G) & A\i_gj11,..n @iz —2F) = 0.



6 Affine hulls over Z

In this section, we give an algorithm for computing the affine hull in Z* of the set
represented by a reduced NDD A = (Q, X7, 6, Sinit, QF)-

Note first that in general, if (G, zp) = QAf fi neHul | (A), the set xp + ling(G)
is not equal to affz(S4). This stems from the fact that Lemma 8 does not hold in the
integer case because it does not consider the factor »I*! of the affine transformations
corresponding to the path from s; to s5. Taking this factor into consideration leads to
the following lemma.

Lemma 10 Lets € @ with 5(571)) € Qr forsome v, and let M C Z™ be the Z-module
such that affz(S4) = xr + M for some zp € Z". For all x1, 22 € Sa(s,,—s) W€
have r!*! - (z; — 25) € M.

Proof. The proof is similar to the proof of Lemma 8, except that we do not get rid of
the factor 7! O

Based on the above lemma, we can extend Theorem 9 and prove the following
property regarding the output of algorithm QAf f i neHul I .

Lemma 11 Letdni, be the smallest positive integer such that for all states s € @, there
exists an encoding ws such that (s, ws) € Qg with |ws| < dpin. Let M, G C Z™ and
xp € Z" suchthat aff;(S4) = 2p + M and (G, zp) = QAf fi neHul | (A).

— forall s € Q, for all xr1,T2 € SA(S”M*,S), xr1 — To € hnz(G), and,
- forallg € G, rdming € M.

Proof. See Appendix, Section 9.5. O

We now turn on the actual computation of aff7(S4). A first approach, similar to
what is done in [MHO04] for the affine hull over Q, is to compute a finite G for each
state s such that if z, € Sa(s,,,—s), then z, +ling(G) C affz(Saes,,,—s))- This
can be done by keeping a basis of G5 and considering paths of increasing length until
reaching a fixpoint at which for all states s, forall w € La(Siniz — ), (W), € x5 +
lingz(Gy). The problems with this approach are that numbers in the basis of G5 can grow
exponentially, and secondly, there is no bound on the length of the paths before reaching
the fixpoint. Based on Lemma 11, those two problems can be solved in the following
way. Let Gpre, M C Z" and xp € Z™ such that (Gpre,zr) = QAffineHull(A),
and affg(S4) = xp + M. Since for all states s and z, € Sas,,,—s)s (W)r — 25 €
ling (Gpre), (w)r — x5 is & linear combination over Z of vectors in G ., for any Z-basis
Gpre Of ling(Gpre), the decomposition of (w), — x5 with respect to G, is unique.
Also, since for all g € Gpre, rdming ¢ M, this also holds for vectors g € G pre, and
adding any combination of =g to any (w), — x, does not change the affine hull over
Z. So, once the decomposition of (w), — z, with respect to G,,. has been performed,
we can work in Z,.a,...., i.e. work in integer arithmetic modulo 7mi»

Based on the above considerations, our algorithm ZAf f i neHul | takes a reduced
NDD as input and works as follows.




1. Viathe algorithm QAf f i neHul | , one computesa set G, and a vector x . Then,
one computes a basis m of ling (Gpre) and set p = |G, |. Then for each state
s, One associates a triangular set I's C Z%, - initially empty.

2. One considers paths of increasing length originating from s,,,;;, starting with all
paths of length 1. Given the label w of a path from s;,,;; to s, the procedure works
as follows.

— Ifz; = L, then x; is set to (w), and one propagates w from s, that is, for all
u € X7 with 6(s,u) = s’ for some s’ € @Q, one handles the path labeled by
wu at the next iteration.

— If x4 # L, then one decomposes (w), —x into a linear combination Zgi e, Vidin

which is always possible with v; € Z. Let ¢ € ZP with c[i] = v; mod r@min
and c[i] € {0,...,r%min — 1} and let I/ = Updat eTr i angZn(r, dumin, Is,
¢). There are 2 possibilities.
o If I/ £ I';, then I is set to I, and one propagates w from s.
e Otherwise, one does nothing and w is not propagated.
3. One updates a triangular set I" C Zf_dmin, initially empty, via Updat eTri angZm
with all vectors ¢ € I's forall s € Qp.
4. Finally one generates the set G C Z™ by adding the vectors g € Z™ such that
g = Zgie@ cli] - g; for some ¢ € I', g = rdming; for some g; € Gpre, OF
g = x5 — x for some final state s € Qr. Then, one returns G together with z .

The formal algorithm is described in Appendix, Section 9.4.

Theorem 12 Let lyin, dmin < |Q| be the smallest positive integers such that for all
states s € (), there exist encodings w;, wq such that S(Simt,wl) = s with |wy| < liin
and S(S,wd) = sp for some sp € Qp With |wy| < dmin. Let zp € 2™, G C Z™ such
that (G,zp) = ZAf fi neHul | (A). We have

rr + hnz(G) = aﬁz(SA),

G < Q| + 2n,

Size of numbers in G are bounded by O(n - log(1/1) * Imin + dimin),

The time complexity of ZAf f i neHul | is O(|Q]-| 27| (log(v/1) - lmin+d2 ;) -n>).

Proof. See Appendix, Section 9.6.

Note that if (G,zp) = ZAffineHull (A), then by applying the function
Get Tri angZBasi s to G, we can generate a basis G of linz(G) in time O(|Q)| -
(Imin+dmin)-n) and the size of the numbers in G are bounded by O( (I in +dmin)-n>).
Also, thanks to Proposition 6, from G and x -, we can generate a set of equations and
congruence relations describing affz(S4).

7 Experimental results

The algorithms presented in this paper have been implemented within the LASH library
[LAS]. Note that the algorithms have been slightly modified in order to use the serial
encoding as presented in [BL04], which significantly decreases the running time. By us-
ing the serial encoding, we simplify the transition relation at the expense of additional
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states. As a rule of thumb, the number of states is multiplied by the number of com-
ponents of the represented vectors, and the number of transition can be exponentially
decreased. As encoding basis, we have taken r = 2.

The time and memory used for the computation of the algorithms QAf f i neHul |
and ZAf fineHul | in a prototype implementation running on a pentium-M at 1,5
GHz are given in the table below. The computations include the generation of a trian-
gular set G such that zp + ling(G) = affg(Sa) or zp + ling(G) = affz(S4). The
columns indicate successively the set on which the computation is performed, the num-
ber of components of the vectors in the set, the number of states in the corresponding
NDD (with alphabet X5), the values of I,,;, and d,,;, (See Theorems 9 and 12), and
finally, the time and memory requirement for the computation of QAf f i neHul | and

ZAf fineHul | successively. Note that all sets S, ..., S12 are defined by a boolean
combination of several equations, inequations and congruence relations but S, ..., Ss
are Z-affine modules which is not the case of 5, ..., S1».
A QAffineHull ZAffineHull

Set| n ||Nb. States|lmin |dmin || Time (sec.)|Mem (Mb)||Time (sec.)| Mem (Mb)

S| 7 64874 3| 12 1.0 6.1 3.5 46.7

Sa2 |6 115727 2| 15 1.6 104 4.6 64.5

S3 |6 287713 6| 27 3.3 27.4 22.5 162.1

S4]6 215685 4 4 3.3 225 10.8 123.4

S5 (10|| 281135 4 5 3.1 31.4 119.9 379.3

Se [11|] 112754] 2| 5 2.3 13.1 10.9 183.4

S7 |7 279598 4 7 4.3 29.2 63.2 203.8

Ss |7 42067 5| 10 0.8 4.3 6.4 30.6

Sy | 6 54186 5 5 1.2 54 6.6 30.8

Sio| 7 50580 5 6 0.7 5.1 7.2 36.7

S11] 6 52177 4 8 0.9 4.9 4.2 29.3

S12|6 44920 6| 7 1.0 4.4 45 25.4

In the above table, we note that in the sets considered, the values of [,,;, and dmin
are small compared to |@|, even more so if one uses the serialized encoding. There
exist sets for which the values of l,,;, and d,,;, have the same magnitude as |Q|. For
example, the NDDs representing the sets z = 0 mod 2* in base 2 have k states and
Imin = dmin =~ k. Our intuition is that whenever the characteristics numbers of a set
(i.e., the maximal value for finite set, the coefficient of the inequation in a quantifier-free
Presburger formula, .. .) are small then, I,,,;,, and d.,,;,, are also small and our algorithms
perform very well.

8 Conclusion

In this paper, we have presented two algorithms, QAf f i neHul | and ZAf fi neHul |,
that take a reduced NDD A as input and compute the affine hull over Q and over Z
respectively of the set represented by .4. More precisely, they generate a pair (G, z )
with a finite set G C Z" and xp € Z" such that zr + ling(G) (resp. zr + linz(G))
is the affine hull over Q (resp. Z) of the set represented by .A. The size of the numbers
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manipulated in QAfi neHul | (resp. ZAf fi neHul | ) are bounded by O(|Q]) (resp.
O(nlog(y/n) - |Q|)) and the time complexity is O(|Q| - | X7| - n) (resp. O(|Q? - | X7 -
n?)). The algorithms perform very well for NDDs such that the distances from the initial
state to each state and the distances from each state to an accepting state are small, as
we have shown in a prototype implementation.
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9 Appendix

9.1 Proof of Proposition 6

Proposition 13 Given a triangular set ' C Z™ with |T'| = ¢, and a vector z¢ € Z",
there exists an algorithm that generates a set of congruences a;.x = 5; mod m;,
1 =1,...,q,and a set of equations a;.z = 3;,7 = ¢ + 1,...,n, where numbers are
bounded by O(n logn + nk), k being a bound on the size of the numbers in the vectors
in T" and xg, such that

x € xo + ling(T) & /\ a;.x = B; mod m; A /\ a;.x = G,

and
x € xo + ling(T) & /\ a;.x = ;.

Proof. Without loss of generality, we may assume that " can be represented in matrix

form as g such that B C Z9*9 is not singular, i.e., there exists a matrix B~ such

that B~! B = I, where I, is the identity matrix with ¢ rows and columns.
So, we have forall z € Z™,

x € xo+ling(T) & (z —x9) = {g} ) for some \ € Z9. 3)
- - - 71 - -
Since B is not singular, {CBl InJ is not singular, and we have
B B! 0 [
e (B e[ e
If the ithrow of [ B~' 0] is 2, with a; € Z" and m; € N\ {0}, the set of congruences

is then a;(z — z9) =0 mod my, i = 1,...,q, and if the ith row of [CB~! I,,_,] is
:j—i with agy; € Z™ and mg4; € N\ {0}, then the set of equationsis a; (z — o) = 0,
j=q+1,...,n.
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It is well-known that the coefficients of B~! are quotients of determinants of sub-
matrices of B. Since the determinant of B is a n! sum of products of n elements of B,
its size is bounded by n logn + kn, and therefore, the sizes of the elements in B~ are
bounded by O(nlogn + nk), and the sizes of the elements in CB~! are bounded by
O(nlogn + nk).

Note finally that z € @ +ling(T) & A, y1 ., @i = Bi. 0

9.2 Formal description of the algorithm QAf f i neHul |

Algorithm QAfFineHull
input: reduced NDD A = (Q, X7, 0, sinit, QF) representing set S4 € Z"
output: set of vector G and sequence z,, ..., Ts g, such that zs € Sa(s,,,—s) for each
state s € @, and x5 + ling(G) = affg(Sa) forany s € Qr.
W =0
foreachs € Q doxs :=1; od
B =0
for each s € Q, for eachw € X7 such that §(sinit, w) = sdoW =W U {(s, (u),))} od
whileW # () do

C =W,

W =0,

for each (s, z) € C' do

if (zs = L) then

=
e

Ts =)

[EEY
=

for each s’ € Q, for eachu € X7 such that §(s,u) = s’ do
W =W uU{(s',r z+ (0u),)};

= e

od

=
&

fi
G =GU{z -z}

= e

od
od

rp =1,

e~
© o N

. foreachs € Qr do

N
(4

ifrrp = Lthenzp =z, fi ;
G =GU{zs —zr}

od

return (G, zr);

NONN

14



9.3 Proof of Theorem 9

Lemma 14 In algorithm QAf f i neHul | , all pairs (s, z) added to W before the kth
iteration of the main while -loop are such that s € @ and there exists w € L 4(sinit —
s) with (w), = z and |w| < k.

Proof. This is proved by induction on the number of iteration of the main while -loop.

Before the first iteration, all pairs (s, ) added TV are such that there exists v € 3
with §(sni, u) = s and (u), = .

Suppose the property holds after % iterations and let 1 () denotes the set TV after
i iterations. If (s’, 2") is added to W during the k + 1 iteration, by construction, there
exists (s,z) € W@ and v € X7 such that §(s,u) = s’ and 2’ = r - = + (Ou),. By
inductive hypothesis, there exists w € L 4(snit — s) such that (w),, = x and |w| < k.
Therefore, 2’ = r- (w), + (Ou), and by definition of the encoding scheme, & = (wu),,
with wu € L A(Sinit, s —) and jwu| < k + 1.

Lemma 15 In algorithm QAf f i neHul | , for all states s, if the smallest non-empty
path from s;,;; to s is of length [, then z is set during the [, iteration of the while -
loop and for all states s’ and u € X7 with 6(s,u) = ¢/, (s, - s + (Ou),.) is added to
W during the I, iteration.

Proof. We prove the claim by induction.

From Lemma 14, for all pair (s, z) stored in W, z € S 4(s,,,,—s). Therefore, for all
states s, x, is not set after ¢ iterations if ¢« < [,.

By inspection the claim holds for the states reachable from s;,,;; via a path of length
1. If the property holds for states reachable via paths of length of at most %, then, for
all states sy reachable via a path of length £ + 1 but not via smaller paths, there is a
state sy, such that (§(sk, u) = si+1 for some u € X7 and the smallest path reaching sy,
is of length k. By inductive hypothesis, (si+1,7 - x5, + (Ou),) is added to W during
iteration %, and therefore, «, . , is set at iteration & + 1 and for all states s’ and v’ € X7
With 0(sgq1,u’) = ', (s',7 - 24,,, + (0u'),) is added at iteration & + 1. O

Lemma 16 Let l,;, < |Q] be the smallest positive integer such that for all states
s € @, there exists an encoding ws such that 3(sim~t, wg) = s With |ws| < lnin.

The algorithm QAf fi neHul | terminates after [,,;, + 1 iterations of the main
while-loop, and, if (G, zr) = QAf f i neHul | (A), then,

rp + th(G) = aHQ(SA).

Proof. Thanks to Lemma 15, we note that the algorithm terminates after /,,,;,, + 1 itera-
tions since for all states s € @, s is set only once and pairs are added to W only when
some z is set.

We now prove that affg(S4) = xr + ling(G). Note first that 2z = x,,. for some
state sy € @, and therefore, thanks to Lemma 14, x € S 4.

— By construction, for all g € G, either g = x — x, for some s € @ such that (s, x)
has been added to W, or g = z, — xr such that s € Qp.

15



o If g =2 —x,, then, from Lemma 14, z, 2 € S 4(s,,,—s), and from Lemma 8,
r—zs+ap € affg(Sa) ie, zrp+g € affg(Sa).
o Ifg=u,—zp, thenz, € S4 and itis immediate that zr + g € affg(Sa).
We deduce that for each g € G, zr + g € affg(S.4), and therefore, we have

aff@(SA) D Ty + linQ(G) (5)

— We prove that for all s € Q and w € La(sinie — s) with [w| > 1, (w), €

xs + ling(G) by induction on the size of w. If |w| = 1, then if 5(smit,w) = s,
then (s, (w),.) is stored in W before the first iteration, and therefore, by inspection,
x5 — (W), € G,
Suppose the property holds for encodings of length smaller of equal to %, and let
Wgy1 = wpu With wy € (X™M)F u € X7, and let sp; = S(Smit,’wk+1). By
definition, there is a state 5, € Q such that s, = S(Simt, wy). Since sx and sx11
are reachable via non-zero paths, thanks to Lemma 15, x,, and z,, , are set and
by inspection, (si4+1,7 - x5, + (Ou),) is added to W, and we have

rexs, +(0u)y — x5, €G. (6)
In addition, by inductive hypothesis, we have
(wy)y € x4, + ling(G). (7
Also, by definition of the encoding scheme,
(wiu)r =1+ (Wk)r + (Ou)r 8
Combining (6), (7) and (8), we conclude that
(wru), € T, ., + ling(G). 9)

By definition, for all x € Sy, there exists an encoding w and a state s € Q  such that
(w)r = z and d(sinit, w) = sp. From above, we have that (w), € z,, + linz(G). By
inspection, we see that z;, —zr € G, and so, we conclude that (w), € xp +ling(G).

0

We can now prove the correctness of QAf f i neHul | and its complexity.
Theorem 17 Let I, < |Q] be the smallest positive integer such that for all states

s € @, there exists an encoding w, such that S(Smit,’ws) = s with |ws| < lyin. Let
xp € Z™and G C Z™ such that (G, zr) = QAf fi neHul | (A). We have

zp + ling(G) = affg(Sa),

Gl <|QI- X7,

The time complexity of QAf f i neHul | is O(|Q| - |X| - n),
The size of the numbers in G are bounded by O(Imin)-

Proof. The first assertion is a direct consequence of Lemma 16. Then, we note that one
explores transitions outgoing from a state s only when s is met for the first time, and
each state is reached after at most [,,,;,, iterations according to Lemma 16, and therefore
numbers in z, are bounded r'=i», Since all vectors g € G are such that either g = = — x4
such that (s, x) as been added to W or g = =, — xr for some accepting state s, the
number of vectors stored in G bounded by O(|Q| - | X7*|) and the sizes of numbersin G
are bounded by O(|lmin|)- O
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9.4 Formal description of the algorithm ZAf f i neHul |

In the description below, the function Di st anceToFi nal takes a reduced NDD A
as input and returns the smallest number d,,,;,, such that for each state s, there is a path
of length smaller or equal to d,,;,, from s to an accepting state.

Algorithm ZAfFfineHull
input: reduced NDD A = (Q, X, 0, sinit, Q) representing set S4 € Z™
output: vector go, set of vectors G C Z™ such that go € S.4, and go +linz(G) = affz(S4)
1. (Gpre,zr) :=QAFFIneHul 1(A);
2: Gpre :=GetTriangZBasis(Gpr);
3 W=,
4: foreachs € Qdols :=(od;
5. dmin :=DistanceToFinal(A);
6: foreachs’ € Q, for eachu € X such that §(sinit, u) = s' doW =W U (s, (w),) od;
7
8
9

. whileW # () do
C =W;W =0,
for each (s, z) € C do
10: ifxs = L then
11: Ts =X
12: Foreach s’ € Q,u € X7 with 6(s,u) = s' doW =W U {(s',r - = + (Ou).)} od
13: fi
14: Letyi,...,7 g, such that (u)r —zg = Zgiem Yigi;
15: I :=UpdateTriangZm(r, duin, Is, (1 mod r®min, ... vz mod rimin));
16: if I # T, then
17: I =17
18: for eachs’ € Q, u € X7 suchthat §(s,u) = s’ do
19: W =W uU{(s,r-z+ (Ou),)}
20: od
21: fi
22: od;
23: od;

24: I =0;G =0;

25: foreachs € Qr, foreachc € I's doI" :=UpdateTriangZm(r, dmin, I, ¢) 0d;
26: for each (v1,... VEm) € I'doG =G U {Egiem%gi} od;

27: foreachg € Gpre doG =G U {rming} od;

28: foreachs # sp € Qr Withsp € Qr doG =G U {zs — x5, } od;

29: return(G, zsp);
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9.5 Proof of Lemma 11

Lemma 18 Let d,;, be the smallest positive integer such that for all states s € @,
there exists an encoding w; such that 5(5, ws) € QF With |ws| < dyin. Let M C Z"
such that affz(S4) = 2r + M for some xp € Z™.

If (G,zr) = QAFf fi neHul I (A), then

- forall s € @, forall x1, w2 € S4(s,,,—s), T1 — 22 € ling(G), and,
- forallg € G, rdming € M.

Proof.

— We prove that for all s € @Q and w € La(Sinie — ) wWith |w| > 1, (w), C
x5 + ling(G) by induction on the size of w, where x is the vector associated to s
in QAf fi neHul | .
If jw| = 1 and §(simi,w) = s, then (s, (w),) is stored in W before the first
iteration, and therefore, z; — (w), € G € ling(G).
Suppose the property holds for encodings of length smaller of equal to %, and let
Wry1 = wpu With wy € (XM)F, w € X7, and let sy = 5(Sinit,wk+1). By
definition, there is a state 5, € Q such that s, = S(Simt, wy). Since sx and sx11
are reachable via non-zero paths, thanks to Lemma 15, x,, and z,, , are set and
by inspection, (s, r - x, + (Ou),) has been added to W, and we have

rexg, + (0u), — 2, €G. (10)
In addition, by inductive hypothesis, we have
T — (wy)y € ling(G). (12)
Finally, by definition of the encoding scheme,
(wiu)r =1+ (Wk)r + (Ou)r 12)
Combining (10), (11) and (12), we conclude that
(wru)r — 5, € ling(G). (13)

If 21,22 € Sa(s,.—s), DY definition, there exist wy,wz € La(Sinit — s) With
(wy)r = 21 and (ws), = x2. From above, we deduce that =1, z2 € =5 + ling(G),
and therefore, 21 — x2 € ling(G).

— Forall g € G, either g = x — x; for some state s such that (s, z) was added to W,
or g = x5 — xs, for some final states s and sp. Thanks to Lemma 14, for all states
s, ifxs # Lthenxs € S, —s)-

o If g =a— xz,, then, z,2, € Sy(s,,—s), and from Lemma 10, r* (z — z;) +
zy € affz(S.4) where k is the length of the shortest path from s to a final state,
and s7, is the corresponding final state. By definition, k < din, 74, 75, €
S 4. S0, rdming 4z, € aff7(S4).

o Ifg=u,—x,,,thenz; € Sy4. So, itis immediate that 2.5, + g € affz(S4).
We deduce that for each g € G, z,, + ri=ing € affz(S4), and by definition,
pdming € M.,

O
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9.6 Proof of Theorem 12

Lemma 19 For each pair (s, ) added to 17 in the algorithm ZAf f i neHul | , we have
T € SA(syy—s) aNd 2 — 24 = ling (G pre).

Proof. Proving that = € S 4(s,,,—) is done by induction on the iteration of the main
while -loop, as it is done for the proof of Lemma 14. The second assertion is a conse-
quence of Lemma 11 since z, s € Sa(s,,,—s)- O

In the following lemmas, for each s € @, we denote by G the set {}_ & cli] -

gi | ¢ € I's} when the algorithm ZAf f i neHul | terminates. Also, for each s, we
denote by M the Z-module such that affz(s) = zs + M for some xs € S 4, —s)
and we p = |Gpre.

Lemma 20 For each pair (s, z) added to W,

x — x5 € ling (G4 U rdm‘“Gp,.e).
Proof. From Lemma 19, there exist ¢, b € ZP with c[i] € {0, ...r%min — 1} and
T—Ts= Z (c[i] + b[i]rdmin) - g;. (14)
giém

By inspection and thanks to Proposition 7, ¢ € ling , (Is), and therefore, by
definition,

Z cli] - g; € ling(Gs + phmin Gpre)- (15)
gie@
From (14) and (15), we conclude that = — x; € ling (G5 U rdminG,,.). a

Lemma 21 When the algorithm ZAf f i neHul | terminates, for each s € @, for each
g € G4, we have

- g € ling(My U rdminG,,..), and
- r-g € ling((Gy UrdminG,,,,), for all s € Q with 6(s,u) = s’ for some u € L7,

Proof. — By inspection, Iy is updated via calls to the function Updat eTri angZm
with 7, duyin, the current value of I'y and ¢ as arguments, such that ¢ € Z?,
c[i] € {0,...,rdmin — 1} and there exists a pair (s, z) added to W with x — z, =
> g ca (cli]+bli]r®n)g;, withb € ZP and 2 € S 4(s,,, ) thanks to Lemma 19.

So, we have
o odil-gi=x—ait+ D blijrt - g (16)

9i €EGpre 9i €EGpre
Therefore, thanks to Lemma 7, for all ¢ € Iy, we have

> c[i]~gi:Z)\j(zj—z5)+ ST bt g, withb € 7P, (17)

gierre gi EGpre

By definition, since for each g € G;, g5 = Zgie@ clt] - g; for some ¢ € Iy, we
conclude that
g € ling (M Ur®inG,.,). (18)
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— By inspection, whenever I's is modified, the modification resulted of a call to the
function Updat eTr i angZmwith r, din, the current value of I's and ¢ as argu-
ments, such that ¢ € Z*, c[i] € [0, r®min] and there exists a pair (s, x) added to W
with

z—xe= Y (c[i] +biJr*=)g, (19)

9i €Gpre

with b € ZP and = € S 4(s,,,,—s) thanks to Lemma 19.
By inspection, (s, r - x + (Ou),) is then added to W, and also, (s', r - x5 + (Ou),)
has been previously added to 1. So, thanks to Lemma 20, we deduce that

x5+ (), — 2o € ling(Gy Urt=inG,,,), (20)

and
rx+ (0u), —zy € ling(Gy Urt™nG,,.). (21)

From (20) and (21), we find that
- (z — x5) € ling(Gy Ur®inG.,). (22)
Therefore, from (19), we deduce that
SoorciDgi= >, Ni-gi+ > Vit g, (23)
9:€Gpre 9;€G 9i€Gpre

with \; € Zand V' € Z”.
By definition and thanks to Proposition 7, for all g € G, we have

9=>_G( > all-g)+ X b [i]rdn - g, (24)

gierre gi EGpre

with ¢; € Z,b" e Z» and such that I', has been updated by c;.
From (23) and (24), we conclude that r - g € ling(Gy U rdminG ;). O

Lemma 22 Letx € Z™, G C Z" suchthat (G,xp) = ZAf fi neHul | (A).
Forallg € G,xp + g € affz(S4).

Proof. By construction, xp = x, for some s € Q, and therefore, from Lemma 11,
Tp € Sy.
Regarding g there are 3 possibilities.

- g = rdming, for some g; € Gpr. Thanksto Lemma 11, z + g € affz(S4).
—g=uz,—aforsomes e Qr.S0,z+g € Sy Caffz(S4).
-g= Zgie@ cli]g; for some ¢ € I'. Thanks to Proposition 7 and by definition of

1= N L ollat X 0" g @9

9gi erre 9gi GGPT'E

where c; € Iy, forsome s; € Qr, b€ ZP and \; € Z.
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Thanks to Lemma 21, we conclude that

9= M@y —w)+ > @) g, (26)

Gi €Gpre

where \; € Z, b € Z? and z; j,x2; € S4, and from above, we deduce that
x+ g € affz(S4).
g

Lemma 23 When the algorithm ZAf f i neHul | terminates, we have thatfor all s € @
and for all encoding w € L 4(Sinit — ),

(w), = x5 + ling (G5 U rdmi“Gme).
Proof. The proof is done on the size of |w]|.
If lw| = 1, then, (s, (w),) is added to W at line 6 in the formal description of
ZAf i neHul |, and thanks to Lemma 20,

(), — s € ling(Gy UrtminG ).

Suppose the claim holds for all w with |w| < k, and let wiu € L a(sini — s) with
|wi| =k and u € X7, Let s, = 0(S4n4t, wi). By inductive hypothesis,

(W) € Tg, + ling (G, Urd=nG,). (27)
Therefore, we have
(wiu), €7 - x4, + (0u), + ling (rGy, U rdmntIG 0. (28)

By hypothesis, §(sx,u) = s, and by inspection, (s,r - zs + (Ou),) has been added to
W. So, from Lemma 20, we have

- xs, + (0u), € x4 + ling (G Urt=inG,,.). (29)
In addition, from Lemma 21, we have
rGs, C ling(Gs Urt=nG.,). (30)
Combining (28), (29) and (30), we find
(wru), € Tg 4+ ling(Gy U rd=nG ). (31)
O

Lemma 24 Letz € Z", G C Z™ suchthat (G, z) = ZAf fi neHul | (A).
Forally € S4, y € z+ € ling(G).
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Proof. By definition, if y € Su, then there is an encoding w € (X7)* such that y =
(w), and (snit, w) = sp for some sp € Qp. Therefore, thanks to Lemma 23, when
ZAf fi neHul | terminates, we have

(W), € x5, + ling(Gy, U rd‘“‘“Gp,.e).
By definition of G, G,,. C G, rdmin Gpre C G,and z — x5, € G, and we conclude that

y = (w), € x4+ ling(G).

O

Theorem 25 Let liin, dmin < |@] be the smallest positive integers such that for all
states s € @, there exist encodings w;, wy such that S(Smit, wy) = s with |w;| < lnin
and (s, wq) = sp for some sp € Qp With |wg| < dumin. Let zp € Z", G C Z™ such
that (G, zr) = ZAf fi neHul | (A). We have

xp +ling(G) = affz(S4),

G < Q| +2n,

Size of numbers in G are bounded by O(n - log(+/1) * Imin + dimin),

The time complexity of ZAf f i neHul | is O(n3-|Q[-| X7 |- (log(y/1) lmin+d2,;,))-

Proof. The first assertion is a direct consequence of Lemmas 22 and 24. From The-
orem 9, |Gpre| < Q|- X7 and the size of the numbers are bounded by O(lmin).
From Proposition 5, the time complexity of the call Get Tri angZBasi s is there-
fore O(n3log(v/n)|Q| - |X7| - Imin) and the sizes of numbers in G, are bounded by
O(lmin . nlOg(\/ﬁ))
The call Di st anceToFi nal can be complete in time proportional to |Q] - | X7
by performing a backward breadth first search from the final states, and by definition.
According to Proposition 7, for each state s, the set I's is updated at most n - diyin
times (since rank(I'y) < ndmin and it is decreased whenever I"] # I;) and therefore,
the number of pairs (s, (w), ) added to W is bounded by O(n - dmin - |Q] - | X7 ]). So, the
number of calls to Updat eTr i angZmat line 15 is bounded by O(n - dyin - | Q|- | Z7).
The time spend in the main while -loop is therefore bounded by O(n?3-d2,, -1Q|-|X7).
Finally, for all ¢ € G, either ¢ = z; — x5, for some accepting states s and sp,
g =rming; with g; € Gpre 0r g = 32 co—igi for (v1,-..,7g—) € I'. S0, |G| <
|@Q| +2n and the size of the numbers in G are bounded by O (I nin - 1 - log(v/n) + dimin)-
O

9.7 Formulas of sets used in the experimental results

The following formulas correspond to the sets S, ..., Si2 presented in Section 7.
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3xo+2x1 —Hx2 +6x3 — 1024 + 325 + 226 = 2 A 1z + 121 + 3220 + 223 +
Txs + 1525 — 20@g = 2 A 1029 + 2021 + 3022 =0

3x0+2x1 —5x2+6x3— 1024 +325 = 2 A lxog+1z1+ 322+ 223+ Txs+ 1525 = 2
A 10zg + 2021 + 30220 =0 A 20+ 221 =0 mod 5

(21m0+3x1—5x2+2m3+4x4—1x5 =24 AN bBxo+1r1 —2x2—223+614+325 = 11
Azg =0 mod 128 A xp + 21 + 22 =3 mod 49)

11xo + 5x1 + 922 + 1923 + 524 + 625 = 0 mod 33 A 2z¢ + 11 + 3z2 + 4a3 +
624 + 225 =0 mod 33 ASxg + 21xy + oo + 83 + 0xg + 125 = 0 mod 33

Ss

xo+ 21— X2 +3x3+4x4 +25 + D6 + 7 +3x8s +T9 =2 mod 7 A xg— 3x2 =
3AN4x3 — 54 = 0OA 27 + 28 = 10 mod 20 A 10z2 — 529 = 1 mod 16 A
201+ 354+ 26 =12 A 27 =0 mod 3

Se

Tro+2x1 —Ixa+1xs = 3ATxo+2x4—1x9g = 2 A 201+ 123+ 205+ 1xeg—1x7 = DA
lr1+1x4+2x6+8xs+1x10 = 12 mod 13 A 2z0+3z2+1z4+ 127+ 8x8+419 = 0
mod 5

S7

((CEO+2$1+3CE2*4$5 = 2 AN 3x0 + 3x2 + 1lxs + dxy — 625 + 326 < 10)\/
(4xo+5x2+2x3—6x4+3m5+4m6=2))/\mo+1m1+1m3+3x4+4x5 =4

Ss

(31‘0+1$1+8$2+1$4+1$5+8$6 =2V3xo+1lri+8xo+1xs+1xs+8x¢ =27V
3xo+1x1 +8x2+1xga+ 1xs+8x6 = 52)/\4"E0+7CE1+2CE278$3*1$4+4CE5 =0
ANxo > 10Axz1 > 15

1220 — 921 + 11z3 — 224 = 5 mod 28 A 3x1 + z2 + 223 + 525 = I mod 30 A
lxo +2x1 + 520 +4x4 + 125 :0/\(300 < =10V xo 220)A(m0+x1+x2+x3+
T4 +315 >0V ro+a1+ 2o+ 23+ 24+ 325 <50)

3x1+2x2+x3+2x6 =2 mod 36 A x1—6x2+x4+26 =0A (x1 > 10V < 10)
/\(l’z—l—l’g =20Vaxa+ a3 < —10)/\(.(51+41’2—101’5 SO)

220 +3x1 + 1522 + 1124 + 625 = 10 mod 20 A Ixg+ax1 — 622+ Ixs+x24 =0 A
($0+4$1—$2+$3:10\/$0+4l’1—l’2+x3=18\/$0+4$1—1’2+1’3=32)
A (1‘1 + 4z — 10x5 < 10)

2¢0+3x1+15x2+11x4+625 = 3A lxg+ax1—06x2+x3+T4 = 0A (:co+4:c1+6:c5 =
3 mod 4V —x2+x3+3x4 =10 mod 16V xg+5x1+6x2+324 =2V 2o =0
)
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