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Abstract

This work presents novel methods for verification of reachability and termination prop-
erties of programs that manipulate unbounded integer data. Most of these methods are
based on acceleration techniques which compute transitive closures of program loops.

We first present an algorithm that accelerates several classes of integer relations and
show that the new method performs up to four orders of magnitude better than the
previous ones. On the theoretical side, our framework provides a common solution to
the acceleration problem by proving that the considered classes of relations are periodic.

Subsequently, we introduce a semi-algorithmic reachability analysis technique that
tracks relations between variables of integer programs and applies the proposed accel-
eration algorithm to compute summaries of procedures in a modular way. Next, we
present an alternative approach to reachability analysis that integrates predicate ab-
straction with our acceleration techniques to increase the likelihood of convergence of
the algorithm. We evaluate these algorithms and show that they can handle a number
of complex integer programs where previous approaches failed.

Finally, we study the termination problem for several classes of program loops and
show that it is decidable. Moreover, for some of these classes, we design a polynomial
time algorithm that computes the exact set of program configurations from which non-
terminating runs exist. We further integrate this algorithm into a semi-algorithmic
method that analyzes termination of integer programs, and show that the resulting
technique can verify termination properties of several non-trivial integer programs.

Keywords

programs with integers, counter automata, reachability analysis, termination analysis,
acceleration, transitive closures, procedure summaries, recurrent sets, termination pre-
conditions



Abstrakt

Tato prace predstavuje nové metody pro verifikaci programu pracujicich s neomezenymi
celo¢islenymi proménnymi, konkrétné metody pro analyzu dosazitelnosti a konecnosti.
Vétsina téchto metod je zalozena na akceleracnich technikach, které pocitaji tranzitivni
uzaveéry cykla programu.

V praci je nejprve pfedstaven algoritmus pro akceleraci nékolika tiid celo¢iselnych
relaci. Tento algoritmus je az o ¢tyfi fady rychlejsi nez existujici techniky. Z teoretického
hlediska prace dokazuje, ze uvazované tiidy relaci jsou periodické a poskytuje tudiz
jednotné feseni prolému akcelerace.

Préace dale predstavuje semi-algoritmus pro analyzu dosazitelnosti celo¢iselnych pro-
gramu, ktery sleduje relace mezi proménnymi programu a aplikuje akceleraéni techniky
za ucelem moduldrniho vypoctu souhrnu procedur. Déle je v praci navrzen alternativni
algoritmus pro analyzu dosazitelnosti, ktery integruje predikatovou abstrakci s acceleraci
s cilem zvysit pravdépodobnost konvergence vypoctu. Provedené experimenty ukazuji, ze
oba algoritmy lze tispésné aplikovat k verifikaci programu, na kterych pfedchozi metody
selhavaly.

Préce se rovnéz zabyva problémem konecnosti béhu programu a dokazuje, Ze tento
problém je rozhodnutelny pro nékolik tiid celo¢iselnych relaci. Pro nékteré z téchto tiid
relaci je v praci navrzen algoritmus, ktery v polynomidlnim ¢ase vypocita mnozinu vSech
konfiguraci programu, z nichz existuje nekoneé¢ny béh. Tento algoritmus je integrovan
do metody, kterd analyzuje konecnost béhu celo¢iselnych programu. Efektivnost této
metody je demonstrovana na nékolika netrividlnich celo¢iselnych programech.

Kli¢ova slova

programy s celoCiselnymi daty, c¢itacové automaty, analyza dosazitelnosti, analyza
koneénosti, akcelerace, tranzitivni uzdveéry, souhrny procedur, rekurentni mnoziny, vs-
tupni podminky pro koneénost
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Résumé

Les travaux présentés dans cette these sont lies aux problemes de vérification de 'attei-
gnabilité et de la terminaison de programmes qui manipulent des données entieres non-
bornées. On décrit une nouvelle méthode de vérification basée sur une technique d’accé-
lération de boucle, qui calcule, de maniere exacte, la cloture transitive d’une relation
arithmétique.

D’abord, on introduit un algorithme d’accélération de boucle qui peut calculer, en
quelques secondes, des clotures transitives pour des relations de I'ordre d’une centaine de
variables. Ensuite, on présente une méthode d’analyse de 'atteignabilité, qui manipule
des relations entre les variables entieres d’'un programme, et applique ’accélération pour
le calcul des relations entrée-sortie des procédures, de facon modulaire.

Une approche alternative pour ’analyse de l'atteignabilité, présentée également dans
cette these, integre 'accélération avec 'abstraction par prédicats, afin de traiter le
probleme de divergence de cette derniere. Ces deux méthodes ont été évaluées de maniere
pratique, sur un nombre important d’exemples, qui étaient, jusqu’a présent, hors de la
portée des outils d’analyse existants.

Derniérement, on a étudié le probleme de la terminaison pour certaines classes de
boucles de programme, et on a montré la décidabilité pour les relations étudiées. Pour
ces classes de relations arithmétiques, on présente un algorithme qui s’exécute en temps
au plus polynomial, et qui calcule ’ensemble d’états qui peuvent générer une exécution
infinie. Ensuite on a intégré cet algorithme dans une méthode d’analyse de la terminaison
pour des programmes qui manipulent des données entieres.

Mots clés

programmes entiers, automates a compteurs, analyse d’atteignabilite, analyse de termi-
naison, accélération, cloture transitive, sommaire de procédure, ensembles récurrents,
preconditions de terminaison
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1 Introduction

Formal verification is the task of analyzing correctness of a computer system with respect
to a given specification. A majority of formal verification methods is sound, meaning
that when a method finds no counterexample to the specification, then the inspected
system is guaranteed to be correct. This is in contrast with traditional testing since the
fact that no error manifests in a given set of test cases does not imply correctness of the
system under inspection. Therefore, formal verification can be seen as a technique that is
complementary to traditional testing. The experience of the computer systems industry
in the last two decades shows that both techniques are needed to ensure reliability of
computer systems. This need arises from increasing complexity and pervasiveness of
computer systems. Indeed, more and more sophisticated software systems of growing
sizes run on an increasingly complex hardware. Moreover, many computer systems are
safety-critical since they operate aircraft, medical devices, nuclear systems, etc., and
their malfunction may have serious consequences. Both hardware manufacturers and
software developers aim to deliver reliable systems. Hence the growing need for more
sophisticated formal verification methods that can cope with the increasing complexity
of computer systems.

Model checking [CE82, QS82] is one of the main branches of formal verification. It is
an approach of automated checking whether a model of a computer system (where the
model can sometimes be identical to the system) satisfies a certain correctness specifi-
cation by systematically exploring the state space of the system being verified. Model
checking can be usually fully automated and moreover, in cases when a model violates
a given specification, a model checking method can provide a counter-example which
demonstrates the cause of the violation. Traditionally, model checking has been applied
to systems with a finite state space, especially in hardware. A major success has been
achieved when explicit representation of states has been replaced with a symbolic one
[BCM192]. This is because a symbolic state represents a potentially large set of concrete
states which can then be manipulated simultaneously. More recently, model checking
has been extended to deal with infinite state spaces which arise, e.g., in software that
manipulates dynamic data structures or integers. In certain cases, infinite state veri-
fication can be reduced to finite state verification by applying e.g. cut-off techniques
[BHV03]. When such reduction is not possible, a model checking method needs to use
a symbolic representation for possibly infinite sets of states that need to be explored.
Many such representations have been proposed including those based on various kinds
of automata and logics [BHV04, BHRV06]. Since an automaton recognizes a potentially
infinite set of traces and a logical formula may have a potentially infinite set of models,
they can be used to encode potentially infinite sets of states.



In our work, we address model checking of sequential non-recursive programs with
unbounded integer data (also known as counter automata, counter systems, or counter
machines). The interest for integer programs comes from the fact that they can en-
code various classes of systems with unbounded (or very large) data domains, such as
hardware circuits, cache memories, or software systems with variables of non-primitive
types, such as integer arrays, pointers and/or recursive data structures. This comes
with no surprise since, in theory, any Turing-complete class of systems can be simulated
by integer programs, as shown by Minsky [Min67]. For practical purposes, however,
a number of recent works have revealed cost-effective reductions of verification problems
for several classes of complex systems to decision problems phrased in terms of integer
programs. Examples of such systems that can be effectively verified by means of in-
teger programs, include: specifications of hardware components [SV07], programs with
singly-linked lists [BBHT06, FLS07, BI07, BIP0S]|, trees [HIRVO7], and integer arrays
[HIV08b, HIV08a, BHIT09]. Hence the growing interest for analysis tools working on
integer programs.

Our work contributes to the field of model checking of programs with integer data by
developing methods for reachability and termination analysis. Given an integer program,
a set of initial states, and a set of error states, the reachability problem asks whether
the program has a computation starting in a state from the initial set which leads to
a state from the error set. The termination problem asks whether each computation of
a program that starts in a state from the initial set eventually halts. A slightly more
general problem is the conditional termination problem which asks to compute the set
of initial program states from which every computation halts.

1.1 State of the Art

Since the result of Minsky [Min67], proving Turing-completeness of 2-counter machines
with increment, decrement and zero test, research on analysis and verification of inte-
ger programs has been pursued in two orthogonal directions. The first one is defining
subclasses of systems for which various decision problems, such as reachability or termi-
nation, are found to be decidable. Based on these results, model checking algorithms that
perform precise analysis have been proposed. The second direction is concerned with
finding sound (but not necessarily complete) answers to decision problems in a cost-
effective way, by abstracting the system under inspection.

Decidable Classes of Integer Programs

Examples of classes of integer programs where the reachability problem is decidable in-
clude reversal-bounded counter machines [Iba78], Petri nets and vector addition systems
[Reu90], or flat counter automata [CJ98, LS05]. These classes pose certain restrictions on
the syntax of transition labels (vector addition systems, flat counter automata), control
structure (flat counter automata), or semantics (reversal-bounded counter machines) of
integer programs. Often, decidability of various problems is proved by defining the set
of reachable states in a decidable logic, such as Presburger arithmetic [Pre29].



The termination problem was studied for Petri nets where it was shown undecidable
when strong fairness is considered [Car87] and decidable for weak fairness assumptions
[Jan90]. A direct consequence of a result on the liveness problem from [DIP01] is that the
termination problem is decidable for reversal-bounded counter automata. Concerning
flat counter automata, the decidability status of the termination problem remains open.

Precise Model Checking Methods

A closely related line of work consists in attempts to apply model checking techniques
to the verification of integer programs. To solve the reachability problem, one typically
proceeds by computing the set of states that are reachable from the initial set I via
the transition relation R of the inspected system, and checking the emptiness of the
intersection with the set of error states. The set of reachable states can be defined as
the post-image of the initial set I via the transitive closure R* of the transition relation
R, formally as R*(I). The computation of R*(I) is usually done by computing succes-
sive under-approximations of the set of reachable states. Consider a naive technique
that computes the set of reachable states S by first initializing Sy with I (Sp < I) and
then iteratively computing S;y1 < S; U R(S;), where R(S;) denotes the post-image of
S; via the transition relation R. The computation terminates if Sy = Sky1 for some
k > 0. Termination is guaranteed only if the set of reachable states is finite. There-
fore, early methods for verification of infinite state systems like FIFO-channel systems
[BH99, BG99] attempted to increase the likelihood of convergence of the computation by
applying acceleration techniques. Essentially, given a loop L of a system and a reachabil-
ity set S; computed so far, an acceleration technique aims to compute effects of executing
the loop L arbitrarily many times, formally, to compute S;1 < S; U L1 (S;) where L
denotes the transitive closure of L. As a result, S;11 may potentially contain infinitely
more states than .S;.

To this end, it is important to know for which classes of arithmetic relations it is pos-
sible to compute the transitive closure precisely. To the best of our knowledge, the three
main classes of integer relations for which transitive closures can be computed effectively
and precisely are: (1) difference bounds constraints [CJ98, BIL09], (2) octagons [BGI09],
and (3) finite monoid affine transformations [Boi99, FL02]. For these three classes, the
transitive closures can be moreover defined in Presburger arithmetic.

The model checking methods from [Boi99, FL02] are based on computation of tran-
sitive closures of finite monoid affine relations. For certain restricted classes of systems,
one can prove termination of the method from [FLO02] as reported in [BFLS05]. These
classes are typically equivalent, from a semantical point of view, to flat systems. A sys-
tem is flat if it has no nested loops and, moreover, each loop in the system can be
accelerated. Another model checking method from [AABOO] is based on an extrapola-
tion heuristics that guesses an effect of iterating a loop infinitely many times and then
checks whether this guess is correct.

The above methods lack modularity, which is one of the keys to scalability. Since
larger programs are usually organized in many small functions, a modular verification
approach aims at running an analysis per function (in isolation), computing a function



summary which is a relation between the input and output valuations of its parameters,
and combining the results in a final verification condition.

On what concerns the existing acceleration algorithms for difference bounds and octag-
onal relations, they suffer from poor scalability in the number of variables. As reported
in [BGI09], these methods can only handle difference bounds relations with no more
than 10 variables and octagonal relations with no more than 5 variables.

Methods Based on Abstractions

Another, orthogonal, direction of work is concerned with finding sound (but not neces-
sarily complete) answers to decision problems in a cost-effective way. Such approaches,
based on the theory of abstract interpretation [CCT7], use abstract domains (such as,
e.g., polyhedra [CH78], octagons [Min06], etc.) and compute fixed points of the transfer
functions, which are over-approximations of the sets of reachable states. A drawback of
the methods based solely on abstract interpretation is the inability to deal with spurious
counterexamples (false positives), i.e., errors caused by the use of a too coarse abstract
domain. To ensure termination of state space exploration, abstract interpretation ap-
plies widening. In contrast to acceleration, the widening can be seen as an operator that
computes the set of reachable states S;;+1 as an extrapolation of S; and R(S;) such that
Sit1 2 5; U R(SZ)

The method of predicate abstraction [GS97] combines ideas from abstract interpreta-
tion and model checking in order to compute program invariants in a goal-driven fashion.
The underlying idea is to verify a program by reasoning about its abstraction that is
easier to analyze, and is defined with respect to a set of predicates [GS97]. The set
of predicates is refined, by adding new predicates, to achieve the precision needed to
prove the absence or the presence of errors [BMMRO1]. This technique is also known as
Counter Example-based Abstraction Refinement (CEGAR) [CGJ103]. Typically, predi-
cate abstraction computes an over-approximation of the transition system generated by
a program and verifies whether an error state is reachable in the abstract system. If no
error occurs in the abstract system, the algorithm reports that the original system is safe.
Otherwise, if a path to an error state (counterexample) has been found in the abstract
system, the corresponding concrete path is checked. If this latter path corresponds to
a real execution of the system, then a real error has been found. Otherwise, the coun-
terexample is spurious, the abstraction is refined in order to exclude the counterexample,
and the procedure continues.

A key difficulty in this approach is to automatically find, during the refinement phase,
predicates that make the abstraction sufficiently precise [BPR02]. A breakthrough tech-
nique is to generate predicates based on Craig interpolants [Cra57] derived from the
proof of infeasibility of a spurious trace [HJMMO04]. Adding the interpolant to the
set of predicates prevents the spurious trace from reappearing in the refined abstract
model. Cutting edge CEGAR tools, such as, e.g., ARMC [PRO7], BLAST [HJMSO03] or
CPAchecker [BK11], are empirically successful on a variety of domains and are quite ef-
fective in finding bugs and certifying correctness of real-life systems (device drivers, web
servers, subsystems of operating system kernels). However, abstraction refinement using



interpolants suffers from unpredictability of interpolants computed by provers, which
can cause the verification process to diverge and never discover a sufficient set of pred-
icates (even in cases such predicates exist). The failure of such a refinement approach
manifests in a sequence of predicates that rule out longer and longer counterexamples,
but still fails to discover more general inductive invariants that would rule out multiple
spurious counterexamples during the refinement step.

1.2 Goals of the Thesis

The purpose of this thesis is to develop efficient methods for reachability and termi-
nation analysis of programs with integer data. This involves a design of more efficient
algorithms for computing transitive closures of classes of relations that can be expressed
in decidable logical fragments such as Presburger arithmetic. As discussed previously,
the known classes satisfying this criterion are difference bounds, octagonal, and finite
monoid affine relations. Another goal is to develop modular methods for reachability
analysis of non-recursive integer programs that are based on acceleration algorithms.
Further, we aim to resolve the decidability status of the (conditional) termination prob-
lem for difference bounds, octagonal, and finite monoid affine relations and to develop
techniques for termination analysis of programs with integer data. Last but not least,
we aim to find solutions to the divergence problem in predicate abstraction.

1.3 An Overview of the Contributions

This section outlines the main contributions of this thesis.

Precise Acceleration of Integer Relations

We consider the acceleration problem and inspect the classes of difference bounds, oc-
tagonal, and finite monoid affine relations, for which the transitive closure is known to
be Presburger definable and effectively computable [CJ98, BGI09, Boi99]. We present
a general theoretical framework for computing transitive closures of certain relations,
called periodic. We define a notion of periodicity on classes of relations that can be
naturally represented as matrices and show that the sequence of powers {Rk}zozo can
be finitely represented for periodic relations. We study the three classes of arithmetic
relations mentioned previously and show that they are periodic. On the theoretical side,
this provides a unifying view and shorter proofs to the fact that the transitive closures
for these classes are Presburger definable and that they can be effectively computed.
We prove that our algorithm computing transitive closures of periodic relations runs in
EXPTIME for all three classes. On the practical side, despite its asymptotic complexity,
the algorithm computes the transitive closure of difference bounds and octagonal rela-
tions up to four orders of magnitude faster than the methods from [BIL09, BGI09] and
also scales much better in the number of variables.



Techniques to Compute Weakest (Non-)termination Sets

We study the conditional termination problem, which is that of defining the set of initial
states from which a given program terminates, for difference bounds, octagonal, and
finite monoid affine relations. We define the dual set called weakest non-termination set
of initial states from which a non-terminating execution exists, as the greatest fixpoint of
the pre-image of the transition relation. Next, we show that this set can be defined as the
limit of the Kleene sequence for the above classes of relations. This allows to effectively
compute and represent the weakest non-termination set in Presburger arithmetic. Since
Presburger arithmetic is decidable, the termination problem is thus decidable too, for all
three classes. For difference bounds and octagonal relations, we next present a PTIME
algorithm that computes the weakest non-termination set. Moreover, we investigate
the existence of linear ranking functions and prove that for each well-founded difference
bounds or octagonal relations, there exists an effectively computable witness relation,
i.e., a well-founded relation which has equal weakest non-termination set and which has
a linear ranking function. We also study the class of linear affine relations and give a
method of under-approximating the termination precondition for a non-trivial subclass
of affine relations, called polynomially bounded affine relations.

Reachability Analysis for Integer Programs

We give a semi-algorithmic method for reachability analysis of non-recursive integer
programs which tracks relations instead of sets of reachable states, computes procedure
summaries and is therefore modular. The algorithm builds the summary relation of
a procedure incrementally, by eliminating control states and composing incoming with
outgoing relations. The main difficulty here is the elimination of states with several self-
loops. We address this issue by first computing the transitive closures of the self-loops
individually, and then exploring all interleavings between them until no new relations are
produced. Interleaving of transitive closures instead of self-loops themselves increases
the likelihood of termination. We implemented these techniques in the FLATA tool which
successfully verifies many non-trivial integer programs and outperforms other tools for
model checking integer programs on many of the considered benchmarks.

Termination Analysis of Integer Programs

We present a semi-algorithmic method computing termination preconditions for non-
recursive integer programs, which rests on computation of a transition invariant of
a program and on the algorithm computing the weakest non-termination sets mentioned
previously. Further, we show that this method is guaranteed to compute the weakest
non-termination set for flat integer programs, which renders the termination problem
decidable for this class of programs. We have implemented this technique and have
verified (non-)termination of several benchmarks.



Coping with the Divergence Problem in Predicate Abstraction

We address the divergence problem that appears in predicate abstraction and observe
that this problem can be alleviated by applying acceleration. We present Counter-
example-Guided Accelerated Abstraction Refinement (CEGAAR), an interpolation-based
predicate abstraction algorithm that applies acceleration algorithms for particular classes
of loops to rule out an infinite family of counterexamples during the abstraction refine-
ment phase. An essential ingredient of this approach are interpolants that not only
rule out one spurious path, but are also inductive with respect to loops along this path
and which hence rule out potentially infinitely many spurious paths. We observe that
inductive interpolants can be computed from classical Craig interpolants and transitive
closures of loops. We present an implementation of CEGAAR that verifies integer tran-
sition systems and show that the resulting implementation robustly handles a number of
difficult transition systems that cannot be handled using interpolation-based predicate
abstraction or acceleration alone.

1.4 Thesis Roadmap

Chapter 2 presents notation and basic definitions used in the rest of the thesis. Chapters
3, 4, and 5 present our results concerning the acceleration problem. Chapter 3 describes
the general framework for computation of transitive closures of periodic relations which is
then instantiated in Chapter 4 for difference bounds, octagonal, and finite monoid affine
relations. The complexity of the transitive closure algorithm is studied in Chapter 5.
Next, Chapter 6 presents a solution of the conditional termination problem for difference
bounds, octagonal, and finite monoid affine relations. Chapter 7 builds upon the results
of Chapters 3-6 and presents methods contributing to the analysis of programs with
integer data: a modular reachability analysis algorithm based on procedure summaries,
a conditional termination analysis method based on transition invariants, and finally,
a method that integrates predicate abstraction and acceleration. All experiments that
we performed are described in Chapter 8. Finally, Chapter 9 summarizes the obtained
results, gives an overview of publications, and outlines possible future work.



2 Background

This chapter presents notions that will be used throughout this thesis. Section 2.1
gives basic notions on relations, formulae, and graphs. Next, Section 2.2 defines the
syntax and the semantics of programs with integer data and then defines the reachability
and conditional termination problems. Finally, Sections 2.3, 2.4, and 2.5 present basic
definitions and several known results results on the three classes of relations we study in
this thesis: difference bounds, octagonal, and finite monoid affine relations, respectively.

2.1 Basic Notions

Integer Sets

We denote by Z, N and N the sets of integers, positive (including zero) and strictly pos-
itive integers, respectively. We denote by Zo, and Z_ the sets ZU{oco} and ZU{—o0},
respectively. In the rest of this paper we will fix the set of variables x = {z1,x2,...,zn},
for some N > 0. The set of primed variables is X = {z, 5, ...,2y}. These variables
are assumed to be ranging over Z, unless otherwise specified. For a set S € Z of integers,
we denote by max S the largest integer m € S, if one exists and by min S the smallest
integer m € S, if one exists. By sup S we denote the smallest value m € Z, such that
s < m, for all s € S. By inf S we denote the largest value m € Z_, such that s > m,
for all s € S.

Presburger Arithmetic

A linear term t over a set of variables in x is a linear combination of the form ag +
Yoy aiz;, where ag, a1, ...,a, € Z. An atomic proposition is a predicate of the form
either t <0, or t =, 0, where ¢ is a linear term, ¢ € N is a strictly positive integer, and
=, is the equivalence relation modulo c¢. Given an integer ¢ € N and a linear term ¢, we
write ¢ | t to denote the predicate ¢t =, 0. Presburger arithmetic is the first-order logic
over atomic propositions of the form either ¢ < 0 or t =. 0. Presburger arithmetic has
quantifier elimination and is decidable [Pre29]. For simplicity we consider only formulas
in Presburger arithmetic in this thesis.

Arithmetic Formulae

Let ¢ be an arithmetic formula. By AP(y), we denote the set of atomic propositions
in . By FV(p), we denote the set of free variables in ¢, i.e. variables not bound
by a quantifier. By writing ¢(x), we intend that FV(p) C x. We write L and T for
the boolean constants false and true. We use the symbols = and < to denote logical



implication and equivalence, respectively. By = ¢ we denote the fact that ¢ is valid,
i.e. logically equivalent to T. For a formula ¢(x), we denote by ¢[t1/x1,...,tn/zN]
(or equivalently, by o[t;/z;]Y,) the formula obtained from ¢ by syntactically replacing
each free occurrence of z; with the term ¢;, 1 < i < N. For a formula ¢(x) and
a valuation v : x — Z, we denote by v = ¢(x) the fact that the formula obtained by
replacing each free occurrence of x € x with v(z) is valid, formally = o(x)[v(z)/2]|zex-
A formula p(x) is said to be consistent if there exists a valuation v : x — Z such
that v = ¢(x). By [¢], we denote the set of all valuations satisfying ¢(x), formally

[l ={v:x=>Z]|vEox)}

Integer Relations

Let Ry, Ry C ZNxZN be integer relations. Relational composition is defined as RjoRy =
{(s,8") € ZN xZN | 3" € ZV . (s,8") € R1 A (s",s') € Rp}. For any relation R C
ZN xZN | we consider R to be the identity relation Z = {(s,s) | s € Z"} and we define
R*! = RioR, for all i > 0. We say that R’ is the i-th power of R. With these notations,
Rt =J2, R denotes the transitive closure of R, and R* = RTUT denotes the reflexive
and transitive closure of R. The inverse of R is defined as R~! = {(s,s) | (s,5') € R}.
Further, we define R~ = (R™)~! for each m > 1. For any relation R € Z¥ xZ" and
set S C Z", we define the post-image of S via R as R(S) ={s' | 3s€ S A (s,5') € R}.
Then, the pre-image of S via R is defined as R~1(S). The pre-image function of R,
denoted as prep : Z¥ — ZY maps each set S C Z" to R7!(S). It is easy to show that
prefy = prepm for all m > 0 and that prelf (ZY) = R~™(Z") for all m > 0. We say that
a relation R C ZN xZN is deterministic if and only if (s,s') € RA (s,s") € R = s’ = 5"
for all s,s’,s" € Z.

An integer set S C Z" is typically defined by an arithmetic formula S(x). Similarly,
an integer relation R C ZN xZ" is typically defined by an arithmetic formula R(x,x’).
Intuitively, x represent input variables and x’ represents output variables. Note that
for each m > 0, pre®(ZY) can be defined by Ix’".R™(x,x’). For a relation R(x,x’) and
valuations v,/ : x — Z, we denote by v,/ = R(x,x’) the fact that the formula obtained
by replacing each occurrence of z € x with v(z) and each occurrence of 2/ € x’ with
V'(z) is logically valid, formally = R(x,x')[v(z)/z, V' (z) /2| zex.

A relation R C ZN xZN defined by R(x,x’) is consistent if and only if there exist
valuations v, : x — Z such that v, = R(x,x’). Clearly, R(x,x’) is consistent if and
only if R # (). R(x,x’) is said to be x-consistent if and only if R™(x,x’) is consistent
for all m > 0. R(x,x’) is said to be well-founded if and only if there exists no infinite
sequence of valuations {v; : x — Z};>0 such that (v;, vi+1) E R(x,x’) for all i > 0. When
R represents the transition relation of a program, we sometimes say that valuations v, v/
are program states. We sometimes use the same symbols to denote a relation and its
defining formula or a set and its defining formula.

For a set of N-tuples S C Z" and a relation R C Z" xZ", let post(S, R) et R(S)
denote the strongest postcondition of S via R, and wpre(S, R) = {s € ZN | Vs' . (s,5') €
R = v € S} denote the weakest precondition of S with respect to R. We use post and
wpre for sets and relations, as well as for logical formulae defining them.



If v: x — Z is a valuation, we write v(x) to denote the N-tuple (v(z1),...,v(znN)).
Thus, if v,/ : x — Z are valuations and R C Z" xZ" is a relation defined by R(x,x’),
then v,1/ = R(x,x’) if and only if (v(x),/(x)) € R. We denote by ¥ = (y1,...,yx) a
k-tuple of variables. We denote by |?| — k the length of Y. If x is a set of variables,
we write ? C x if all elements of ? are in x. If ? = (Y1, Yk), ? C x is an ordered
sequence of variables and v : x — Z is a valuation, we denote by l/(?) the k-tuple of

integers (v(y1), ..., v(yk))-

Weighted Digraphs

Let G = (V, E,w) be a weighted digraph, where V is a set of vertices, E C V xV is a set of
edges, and w : E — Z is a weight function. When G is clear from the context, we denote
by u 2% v the fact that (u,v) € F and w({u,v)) = n. Let u(G) = max{|n| | u = v in G}
denote the maximum absolute value of all weights in G.

A path in G is a sequence 7 : g ek U1 o2y V2 ... Up_1 Lr, vp Where v;_1 Rl v; 18
an edge in E with weight w;, for each 1 < ¢ < p. For a path 7 of the above form,
we denote the length of 7 by || = p, and the weight of m by w(r) = Y7 ; w;. The
average weight of m is defined as w(w) = % A path is elementary if all vertices, except
for the first and the last one, are pairwise distinct. A cycle is a path where the first
and the last vertex are equal. By ;. j, where 0 < ¢ < j < p, we denote the subpath

Uy Yl Vi+1 Yive ﬂ) ’Uj‘

If W C V is a set of vertices from G, the subgraph induced by W, denoted Gy, is
defined by the restriction of £/ and w to the vertices in W. A subgraph Gy is strongly
connected if there exists a path between any two distinct vertices u,v € W. Gy is
a strongly connected component if it is a maximal strongly connected subgraph of G.

2.2 Programs with Integer Data
2.2.1 Syntax

We define integer programs as collections of procedures. We abstract from specific
programming language constructs and assume that each procedure is a control flow
graph whose edges are labeled by Presburger arithmetic relations. In addition, certain
edges correspond to calls between procedures, and the parameters and results are passed
on by values. Formally, an integer program is a tuple P = (xq,{P1,..., Py}, Py) where
x4 are global variables, Py, ..., P, are procedures, P, is the main procedure, for some
m = 1,...,n, and each procedure is a tuple P; = <xi,?§”, ?fut,Qi,q07i,qf,z-,qevi,Ai>,
where:

e x; are the local variables of P;. We require that x; N x, = () and that x; Nx; = ()
for all indices i # j, i.e. the global variables are the only variables shared by any
two procedures.
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° Y;’" C x; and ?f“t C x; are the input and output variables of P;. Intuitively,
input variables are used to pass the arguments, and output variables are used to
retrieve the resulting values from a procedure.

e (Q; are the control states of P;. We require that the sets of control states are
pairwise disjoint, i.e. Q; N Q; =0, for all i # j.

o A\, is a set of transition rules of the form, either:

R(x; Uxg, x; Uxy)

1. q ¢ is an internal transition, where ¢, q € Q; are the source
and destination state, and R(x; U x4,x; U qu) is a Presburger arithmetic
relation

?’:callj(?)

2. ¢ —————5> ¢ is a call transition, where ¢q,q' € Q; are the source and

destination _c)ontrol states, respectively, j = 1...n is the index of the callee
procedure, t is a sequence of linear terms over x,Ux;, called parameters, and
Z C x,U X; is a sequence of variables, called return variables. We require
that |t | = |?;"] and |Z| = |?;’“t\, i.e. the numbers of parameters and
return variables of the call transition match the numbers of input and output
variables of the callee, respectively.

® 0, 4fi>Ge;i € Q; are the initial, final and error control states of F;. We require
that these states are pairwise disjoint, that gp; has no incoming transition rules,
and that g, and ¢.; have no outgoing transition rules.

For a program P = (Py,..., P,) the call graph of P, denoted CG(P) = (P,<3), is
a graph whose vertices are procedures, and edges P; — P; represent calls of P; to P;.
The program P is said to be recursive if and only if CG(P) has cycles. In this thesis,
we proceed under the assumption that the considered program is not recursive.

2.2.2 Semantics

A configuration of a procedure P; = (x;, ?i“, ?;’”t, Qi, 904, 4f,i» Gei» Ai) s a pair (g, v),
where ¢ € Q; is a control state and v : x; Ux, — Z is a valuation of the variables visible
in P;. For each procedure P;, we define the set of valuations of variables visible in P; as
V; = ZXiY%s, Next, we define predicates MATCHCALL and MATCHCALLRET which are
later used to define compatibility of valuations at call (return) sites with initial (final)
valuations of called procedures.

2/ =call; (¥ de
MATcHCALL(g t(t) ¢ € Aj,veVi,v €V)) ;f
A v(z) =vi(x) for all x € x, (values of global variables match)
v((£),) = m((Ri),) forall 1 <k < [t | (input values match)
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Z'=call; (?) def
MATCHCALLRET(¢q ———> ¢ € Aj, v,V € Vi, 11,10 €V;) =
? Ca,
MATcHCALL(q ¢> q,v,v1)
NS V(z) =va(z) for all x € x, (values of global variables match)
V(7)) = va((X¢),) for all 1 < k < | 7| (output values match)
viz) =1 (x)forallz ex;\ Z (frame rule)

Informally, MATCHCALL evaluates to true if a valuation v at a call site of a procedure
P; is compatible with a valuation 11 of a called procedure P;. MATCHCALLRET more-
over requires that a valuation v/ at a return site of a procedure P; is compatible with
a valuation 15 of a called procedure P; and that the frame rule is respected.

Program Summaries

For each procedure P; = (x;, ?;", ?fut, Qi:90,i>4f i Ge,i» Ai), we define the set of sum-
maries compatible with P; as S; = {S; : Q; X Q; — V; x V;}. Intuitively, a summary
S; of a procedure P; maps each pair of control states (¢,q¢') € Q; x Q; to a relation
Si(q,q") € Vi x V; between valuations in ¢ and ¢’ that are feasible by an execution of
P; that starts in ¢ and ends in ¢/. For a program P = (xg4,{P1,...,Pn}, Pn), the set of
summaries compatible with P is defined as S = &1 x ... x §,,.

Given two configurations (q,v) and (¢, ') of a procedure P;, the configuration (¢’, ')
is said to be an immediate successor of (q,v), with respect to a program summary
S =(S1,...,5,) €S, if and only if either:

o ¢ ¢ e and v, =R (internal action)
Z=call;(T Z=call; (¥
g L(% ¢ € A; and MATCHCALLRET(gq LH) q v,V v, 1s) for some

(v1,v2) € Sj(qo,5,95,5) (successful call)

, 7:callj(?) " Z=call; (?)
e ¢ =qi,qg ——— ¢" € A; and MATCHCALLRET(¢ —————— ¢", v, v/, v1,12)

for some ¢” € Q; and for some (v1,12) € S;(qo5, ge,;) (erroneous call)

A finite run of length k of a procedure P; from ¢ to ¢/, under a program summary S € S,
is a finite sequence (qo,v0) — (q1,v1) — ... = (g, Vk), such that ¢ = qo, ¢ = qx, and
(Gi+1,Vit1) is an immediate successor of (g;, ;) with respect to S, for all 0 <i < k. An
infinite run of a procedure P;, from a control state ¢, under a program summary S € S,
is an infinite sequence (qo, ) — {(qi,v1) — ... such that ¢ = qp and (g;+1,V+1) is an

immediate successor of (g;,v;) with respect to S, for all i > 0.
The summary of a procedure P; under a program summary S € S is a mapping
[P]g € S defined for each ¢,¢' € Q; as

[P]s(g.4) déf{(l/, V)| (q,v)—...—=(¢,V) is a finite run of P; of length k>1 under S}
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The summary of a program P, denoted by [P], is defined as the least fixpoint of the
function

S —» S8
SeS = ([Plg---,[Puls)

We denote the components of the program summary [P] as [P] = ([A1], ..., [P.]). Intu-
itively, [ P;] represents the reachability relation between two arbitrary control states of P;
in a finite and non-zero number of steps. Analogically, we define [P]* = ([A]", ..., [P.]")
to represent the reachability relation in arbitrary finite number of steps, including zero,
by referring to

[P]%(a,d) dif{(y, V)| (q,v)—...— (¢, V') is a finite run of P; of length k>0 under S}

Further, we write [P]Y = ([P]/, ..., [P.]?), where [P]’ = [P](qo,i>qf,), to denote
only the summaries from the initial to the final control state. Further, we define the
final state summary as [[73]]5 = ([[Pl]]g, ce [[Pn}]g) where

Pl 3 ux)\ (R UR™) IR
Intuitively, [[P]]Jac is computed from [[P]f by eliminating variables that are not in the sig-
nature of P;. Similarly, we define [P]° = ([PA]%, ..., [P.]°) and the error state summary

[PIS = ([PA]Ss- - -, [Pa]S), where [P]° Y [P](q0,i, ge.i) and

def

[PlE < Axux)\ (XU [R]°

Weakest (Non-)Termination Sets

We proceed with a definition of the weakest non-termination set for non-recursive pro-
grams. The non-termination set of a procedure P; with respect to a non-termination
valuation N' = (N1, ..., N,) € Vi X...Xx V), is denoted as [[PJ]% and is defined as follows.
For each valuation v € V;, v € [[PZ]]X} if and only if either

1. there exists an infinite run in P; under [P] that starts in (qgo i, V)

2. there exists a finite run of length £ > 0 in P; under [P] that starts in (go;, V),
ends in (¢/,v') for some ¢’ € Q;,V € V; and moreover, there exists a transition

2 =call;(t
q Ca—J()> ¢" € Aj and a valuation v € N such that

/ 725“”]'(?) "nooroon
MATCHCALL(f —————= ¢, v,V ) < T

Intuitively, the first point above captures all initial configurations from which there
exists an infinite run in FP; on which some control state of P; appears infinitely often.
The second point captures all initial configurations from which there exists a run which
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enters one of the called procedures P; and moreover, P; is entered in a configuration
from which a non-terminating run, captured by the non-termination valuation A/, exists.

Since each non-terminating run in a non-recursive program must loop infinitely in
one of the procedures, the weakest non-termination set of a non-recursive program P,
denoted as [P]™, can be defined as the least fixpoint of the following function, where
V=V X...xV,

y — vV
NeV = (HPl]]X/IEV"?[[Pn]]X;)

Notice that since P is non-recursive, the fixpoint is reached after at most n steps. After
the first step, N; contains exactly the valuations from which a run that loops infinitely
in P; exists (this corresponds to the point 1 above). In at most n— 1 following iterations,
the fixpoint is reached by propagating the sets A, computed in the first step, to the
calling procedures (this corresponds to the point 2 above).

We denote the components of [P]™ as [P]™ = ([P1]™, ..., [P.]™). Finally, we define
[PIZ = ([P, .., [P]3), where

P12 Y 3\ Rim) . [P]™

Intuitively, [[Pl-]]gt is obtained from [P;]™ by eliminating variables that are not in the
signature of P;.

Finally, we define the weakest termination set [P]', a dual of [P]™, as [P]" =
([P, [Pu]"), where [P]" = Vi \ [P]™. Similarly, [P]§ is defined as [P]4 =

(PG, - . [Pa]h), where [P]5 % vin\ [P]2 and Vin = ZXi"xs,

2.2.3 Reachability and Termination Problems
Reachability Problem

Informally, the reachability problem asks whether a program has a run that starts in
the initial control state and ends in the error control state. If no such run exists, the
program is said to be safe. The reachability problem can be defined by referring to the
summary semantics defined in Section 2.2.1.

Definition 2.1 Let P = (x4,{P1,..., Py}, Pn) be a program and [P] = ([P1], ..., [Pa])
be its summary. P is said to be safe if and only if [Py]5 = 0. The reachability problem
asks whether P is safe.

Termination Problem

Informally, the termination problem asks whether a given program stops for every pos-
sible input configuration. The problem of determining the set of configurations from
which a program terminates on all paths is called the conditional termination problem.
This set is called the weakest termination set. We next formalize these problems for
non-recursive programs.
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Definition 2.2 Let P = (x4,{P1,..., Py}, Pn) be a non-recursive program and let
[PI" = ([P]',...,[P.]") be its weakest termination set. The conditional termination
problem asks to compute [Py,]5. Program P is terminating if and only if [Pn]h = V™.
The termination problem asks whether P is terminating.

Since [P;]5 = Vi \ [P]%, it follows that a program P is terminating if and only if
[[Pm nt _ @

2.3 Difference Bounds Relations

Difference bounds constraints are known as zones in the context of timed automata
verification [AD91] and abstract interpretation [Min06]. They are defined syntactically
as conjunctions of atomic propositions of the form x —y < ¢, where x and y are variables
and cis an integer constant. Difference bounds constraints can be represented as matrices
and graphs. Moreover, their canonical form, useful for efficient inclusion checks, can be
computed by the classical Floyd-Warshall algorithm. We report on these results in
Section 2.3.1.

Difference bounds relations are defined as difference bounds constraints where vari-
ables can be also primed (e.g. z — 2’ < 0). Intuitively, primed variables denote future
values of variables and unprimed variables denote current values of variables. Difference
bounds relations have been studied by Comon and Jurski who showed, in [CJ98], that
their transitive closure is Presburger definable. Their proof was subsequently simplified
in [BIL09], using the notion of zigzag automata. Intuitively, zigzag automaton corre-
sponding to a difference bounds relation R is a finite weighted automaton that encodes
m-th power of R by minimal runs of length m + 2. As we show in Chapter 4, zigzag
automata can be also used in proving periodicity of difference bounds relations, which
allows to compute RT efficiently, using the algorithm presented in Chapter 3. Fur-
thermore, they also play a crucial role in Chapter 6 in designing a PTIME algorithm
computing the weakest termination sets and in proving existence of linear ranking func-
tions for difference bounds and octagonal relations. We give definitions of difference
bounds relations and zigzag automata in Section 2.3.2 and Section 2.3.3, respectively.
In the rest of this section, let x = {x1, z2,...,zn} be a set of variables ranging over Z.

2.3.1 Difference Bounds Constraints
The following definition formalizes the notion of a difference bounds constraint.
Definition 2.3 A formula ¢(x) is a difference bounds constraint if it is equivalent to

a finite conjunction of atomic propositions of the form x; —x; < a;;, 1 <14,5 < N,i # j,
where a;j € 7.

For instance, x —y = 5 is a difference bounds constraint, as it is equivalent to x —y <
5 AN y—x < —5. In practice, difference bounds constraints are represented either as
matrices or as graphs:
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Definition 2.4 Let x = {x1,z2,...,xn} be a set of variables ranging over Z and ¢(x)
be a difference bounds constraint. Then a difference bounds matrix (DBM) representing
¢ 15 an N x N matriz My such that:

;i if (v — x5 < o) € AP(9)

00 otherwise

Definition 2.5 Let x = {x1,z9,...,xn} be a set of variables ranging over Z and ¢(x)
be a difference bounds constraint. Then ¢ can be represented as a weighted gmph Gy =
(x,—), where each vertex corresponds to a variable, and there is an edge x; 2, xj in

Gy if and only if there exists a constraint x; — x; < a;; in ¢. This graph is also called
a constraint graph.

Clearly, My is the incidence matrix of Gy. If M € ZN*N is a DBM, the corresponding
difference bounds constraint is defined as ®,; < A My;<o0 Ti = Zj < M;;. We denote by
lo| = Z(xi—zjgaij)eAP(@ la;j| the sum of absolute values of all coefficients of ¢. The
restriction of a DBM My, to variables z C x, denoted as (M) |z» 18 @ matrix obtained
by erasing the rows and columns of My which encode constraints that involve variables
z \ x. For two difference bounds matrices My, My, we write M; = Mo if and only if
(Ml)ij = (MQ)i]' for all 1 < i,j < N and M1 < M2 if and only if (Ml)ij < (Mg)ij for all
1<4,j<N.

A DBM M is said to be consistent if and only if its corresponding constraint ¢,s is
consistent. The following proposition relates the consistency of ¢ to the existence of an
elementary negative weight cycle of Gy.

Proposition 2.6 Let ¢ be a difference bounds constraint and Gy be the constraint graph
of ¢. Then, the following statements are equivalent:

e ¢ is consistent

e Gy contains an elementary negative weight cycle
Proof:  See e.g. [CSRLO1], §25.5. O
The next definition gives a canonical form for consistent DBMs.

Definition 2.7 A consistent DBM M € ZY*N is said to be closed if and only if M;; = 0
and M;; < My, + My, for all 1 <i,j,k < N.

Given a consistent DBM M € ZY xZ", we denote the (unique) closed DBM by M*.
It is well-known that, if M is consistent, then M™* is unique, and can be computed from
M in time O(N3), by the classical Floyd-Warshall algorithm [CSRLO1]. Consistency of
M can be checked by the Floyd-Warshall algorithm too. By Proposition 2.6, it amounts
to checking whether M < 0 for some 1 < ¢ < N. The closed form is needed to check
the equivalence and entailment of two difference bounds constraints.
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Proposition 2.8 ([Min06]) Let ¢1 and ¢a be consistent difference bounds constraints.
Then,

o ¢1 < ¢o if and only ifM$1 = M$2,

o P = ¢ if and only ifM;l < Mg, .

The following proposition shows that given a difference bounds constraint ¢(x), the
formula Jx.¢ is a difference bounds constraint as well, and its closed DBM is effectively
computable from M $

Proposition 2.9 Let ¢(x), x = {x1,...,xn}, be a consistent difference bounds con-
straint. Further, let 1 <k < N and M' be the restriction of M} to x \ {zy}. Then,
M’ is closed and ®(M') < Jxy.¢(x). Moreover, the constraint graph G' corresponding
to ®(M’) is obtained by erasing the vertex xy together with the incident arcs from the

graph Go(ary)-

Proof: We use the following notation: for a N x N DBM M we denote by v(M) = {v €
ZN | v; — vj <myj,1 <4, < N} the set of concretizations of M. Notice that a DBM
M is consistent if and only if (M) # 0.

Clearly, M’ is the incidence matrix of G’. Without loss of generality, we assume that
k = N. It is sufficient to show that:

Y(M') = {(v1,v2,...,0o5-1) | (v1,02,...,05-1,v) € y(M}) for some v € Z}

The “D” direction is obvious, since M’ is the restriction of Mq’g to{x1,x9,...,xNn_1}. For

the “C” direction, we must show that there exists v € Z such that v; —v < (Mg)Z N and

i * . . . L * * ’ .

v—v; < (M¢)N,j’ for all 1 <i,7 < N. But this amounts to v; (qu)i’N < (MQS)N,]'—’_UJ’

for all 1 < 4,57 < N. Since (v1,v2,...,0n-1) € Y(M') we have v; — v; < (Mg)ij7 for
.. . % : * * * . ;

all 1 <i,j < n. Since Mj is closed, (M¢)i,j < (M¢)i’N + <M¢)N,j’ which leads to the

conclusion. DBM M’ is closed as a direct consequence of the fact that Mg is closed. O

2.3.2 Difference Bounds Relations and Their Powers

We first define difference bounds relations.

Definition 2.10 Let x = {z1,...,2x} be a set of variables. A relation R € ZN xZN is
a difference bounds relation if it can be defined by a difference bounds constraint R(x,x’).

The class of relations defined by difference bounds constraints over the variables x Ux’
is denoted Rgp in the following. A consequence of Proposition 2.9 is that Ry is closed
under composition.

Proposition 2.11 Ry is closed under intersection and composition.
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(b) Mj, (c) GF

Figure 2.1: Graph and matrix representation of a relation. Graph unfolding.

Proof:  Let Ry(x,x'), R2(x,x’) be difference bounds constraints defining difference
bounds relations. By Definition 2.3, the conjunction Rj(x,x’) A Ra(x,x’) is a differ-
ence bounds constraint too. The composition of relations Ry o Ro can be defined as
Ix” . (R1(x,x") A Ra(x”,x’)) which is again a difference bounds constraint, by Defini-
tion 2.3 and Proposition 2.9. O

Example 2.12 Let R(x1,z9,2),25) © 2y — 2 < 1Az —ab < 1Az —2) < -2A
xo — xhy < 2 be a difference bounds relation. Figure 2.1a shows the graph representation
Gr and Figure 2.1b the closed DBM representation of R. O

Given a difference bounds relation R(x,x’), we define the m-times concatenation of
Gr with itself.

Definition 2.13 Let R(x,x'), z = {x1,...,zn}, be a difference bounds relation and Gg

be its constraint graph. The m-times unfolding of Gr is defined as G = (Uiv:o x(F) ),
where x%) = {a:ik) |0<i< N} and for all0 <k < N,

3 (x(k) 5 mﬁk)) €— if and only if (x; —x; < ¢) € AP(¢)

%

o (x,fk) 5 $§k+1)) €— if and only if (z; — 2% < c) € AP(¢)

o (x(kH) N :rgk)) e— if and only if (z} —x; < c) € AP(9)

(k+1) ¢

o (z; — x§k+1)) €— if and only if (z; — 2% < c) € AP(¢)

Each constraint in R"™ corresponds to a path between extremal points in G}7'. Notice
that, since Ryp is closed under relational composition, then R™ € Ry, for any m > 0.
Then we have:

R™ o Algi,jSN z; — r; < min{z) — a:?} Nz — m; < min{z]* — x;”} A

z; — x5 < min{z? — '} Az —x; < min{z]" — x?}

where min{z! — x?} is the minimal weight between all paths among the extremal

vertices azf and :L'? in Gi7, for p,q € {0, m}.
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Example 2.14 Figure 2.1c depicts the m-times unfolding of Gr for the relation R <
1 —a) <IAxp—2h < —-1TAxg—2) <—-2Ax9— 2} <2. O

The set of paths between any two extremal points in G can be seen as words over
the finite alphabet of subgraphs of G that are accepted by a finite weighted automaton
called zigzag automaton [BIL09]. In the following section, we give the definition of these
automata.

2.3.3 Zigzag Automata

This section defines zigzag automata, which can seen as recognizers of powers of dif-
ference bounds relations. Intuitively, a zigzag automaton corresponding to a difference
bounds relation R is a finite weighted automaton that encodes m-th power of R by
minimal runs of length m + 2.

Alphabet and Words

Without losing generality, in the following we work with a simplified (yet equivalent)
form of difference bounds relations: all constraints of the form x — y < a are replaced
by z —t' <a A t'—y <0, and all constraints of the form 2’ — ¢y’ < « are replaced by
¥ —t<a A t—y <0, by introducing fresh variables ¢t ¢ x. In other words, we can
assume that the constraint graph Ggr corresponding to R is bipartite, i.e. it does only
contain edges from x to x’ and vice versa.

A path 7 in G between, say, z? and y™, with =,y € x is represented by a word
w = wi ...Wwy, of length m, as follows: the w; symbol represents simultaneously all edges
of 7 that involve only nodes from x~1Ux?, 1 <i < m. Since we assumed that gr is
bipartite, it is easy to see that, for a path from z° to 4™, coded by a word w, the number
of times the w; symbol is traversed by the path is odd, whereas for a path from z° to
yY, or from =™ to y™, this number is even. Hence the names of even and odd automata.

Given a difference bounds relation R, the even alphabet of R, denoted as X%, is the
set of all graphs satisfying the following conditions, for each G' € X%:

1. the set of nodes of G is x U x’

2. for any z,y € x UX/, there is an edge labeled with o € Z from z to y, only if the
constraint x —y < « occurs in ¢

3. the in-degree and out-degree of each node are at most one
4. the number of edges from x to x’ equals the number of edges from x’ to x

Notice that the number of edges in all symbols of ¢, is even.
The odd alphabet of R, denoted by %%, is defined in the same way, with the exception
of the last condition, which becomes:

4. the difference between the number of edges from x to x’ and the number of edges
from x’ to x is either 1 or —1
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Figure 2.2: Runs of Even and Odd Automata

Notice that the number of edges in all symbols of 3% is odd.

Let ¥r = X% U X% U {€} be the alphabet of the zigzag automaton for R, where € is
a special symbol of weight 0. The weight of any symbol G € X% U X%, denoted w(G), is
the sum of the weights that occur on its edges. For a word w = wiws ... w, € X%, we
define its weight as w(w) = > 7" w(w;).

Construction of Zigzag Automata

We are now ready for the definition of automata recognizing words that represent encod-
ings of paths from G7¥. The even automaton recognizes paths that start and end on the
same side of G¥' i.e., either paths from :c? to x?, or from z}" to 7, for some 1 < i,j < N,
respectively. We call the automata recognizing paths from :1:? to x? forward even au-
tomata, and the ones recognizing paths from z" to x" backward even automata (Figure
2.2 (a)). The odd automata recognize paths from one side of G to another. The au-

tomata recognizing paths from z¥ to x" are called forward odd automata, whereas the
0

ones recognizing paths from z[" to T

(b)).

The even and odd automata share the same alphabet and transition table, while the
differences are in the sets of initial and final states. The common transition table is
defined as Tr = (@, A, w), where @ is the set of control states defined as:

are called backward odd automata (Figure 2.2

Q = QU Ulgi,jSN(ijf U ijl? U Q?f U Q;’Jb) where

Qy = {l,r,lr,rl,L}N
@ = U r) Q=
onj = {Izo aFjo} Q?Jb = {Ing7Fij}
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The {l,r,lr,rl, L} components of states in (), capture the direction of incoming and
outgoing edges (I for a path traversing from right to left, r for a path traversing from
left to right, I for a right incoming and right outgoing path, rl for a left incoming and
left outgoing path, and 1 when there are no 1nc0ming nor outgoing edges from that
node.). Given 1 <i,j < N, the sets fo, o Q Q;’Jb contain the initial and the final
state in even forward (ef), even backward (eb), odd forward (of), and odd backward
(ob) zigzag automaton corresponding to %, j, respectively. The four automata recognize

paths from a:( ) to :z: ( f), from a:( ) to x(o) (eb), from 3:( ) to :c (of) and from xz(m)

to arg ) (ob) in GF, respectlvely.
The set of transitions A is defined as:

A = AUA U (AT uaduad uad)
1<i,j<N

There is a transition
G / /
(q1---qn) = {dh, - an)

in A, if and only if the following conditions hold, for all 1 <1 < N:

e ¢; = [ iff G has one edge whose destination is z;, and no other edge involving z;.
e ¢, =l iff G has one edge whose source is z}, and no other edge involving .
e ¢; = r iff G has one edge whose source is x;, and no other edge involving x;.
e ¢, = r iff G has one edge whose destination is 2, and no other edge involving /.

e ¢; = Ir iff G has exactly two edges involving z;, one having z; as source, and
another as destination.

e ¢. = rl iff G has exactly two edges involving =}, one having x} as source, and
another as destination.

e ¢, € {lr, L} iff G has no edge involving z.

gi € {rl, L} iff G has no edge involving z;.

Some even paths in G may be of length strictly less than m. Since we want to
recognize these path by runs of length m +2, we need several zero weight self-loop

transitions:
_ {Fef Fef Ieb Ieb}

Finally, we define for each ¢ < 4,7 < N and each of the four zigzag automata
(ef,eb,of,0b), the set of transitions that are incident with an initial or a final control
state of the respective automaton:

{Ief—>q]qz—r gg=land g€ {lr,L},1<h<N,h¢{ij}} ifi#j

AL
B {Ief—>q]qz—q] Irand g € {lr, L}, 1 <h < N, h#1i} ifi=j

U{e= F | qe{rl, L}N}
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Ach {e=F7 la=1g=randgue{lr, L}, 1<h<N he{ijgh} ifi#j
gl {qi>Ffjb\qi:qj:lrandqhe{lr,L},lghSN,h#z’} ifi=j

U S q)qe{rl, L}V}

Afjf = {Iiofi>q|qi:randqhe{lr,J_},1§h§N,h§£i}
U{eSFY | g=randg,e{rl, L}, 1<h<N,h#j}

AP = {I*Sq|g=1landgye{lr,L}, 1 <h< N, h#i}
U{g=F’ g =1land g, €{rl,L},1<h<N,h+#j}

The weight function w maps each transition ¢ % ¢ € A, ¢,¢ € Q,a € g to w(a).

Finally, for each 1 <i,j < N, we define four zigzag automata

AT = QA w, I F) A = Q8w I FY)
A'Le]b = <Q,A,w,[€g,F5?> A;); = <Q7A7walzpb7F]Qb>

Notice that these automata share the same states and transitions, and the number of
states is at most 5~ + 2N?2 4+ 4N + 2, where N is the number of variables in x.

Language of Zigzag Automata

Recall that G} denotes the constraint graph corresponding to R™, obtained by con-
catenating the constraint graph of R to itself m > 0 times. We say that a path in G
stretches between k and [, for some k < [, if the path contains at least one node from
x!, for each k < i <[ and contains no node from x’, for each i such that i < k or i > [.
Intuitively, all paths from ¥ to iL‘g-) in G are recognized by the automaton Afjf , paths

from 27" to z7" by Aff]l? (Figure 2.2 (a)), paths from z{ to z" by Af]f,
x" to q:? by A%l? (Figure 2.2 (b)). The following lemma makes the relationship between

between paths in G} and runs in zigzag automata of length m + 2 precise.

and paths from

Lemma 2.15 ([BIL09]) Suppose that Gj} does not have cycles of negative weight, for
some m > 0. Then, for any 1 <i,5 < N, i # j, the following hold:

1. Afjf has an accepting run of length m + 2 if and only if there exists a path in G,
from CL‘? to :U?, that stretches between 0 and n, for some 0 < n < m. Moreover, the
minimal weight among all paths from x? to x?- in G, stretching from 0 to n, for

some 0 < n < m, equals the minimal weight among all accepting runs of Afjf of
length m + 2.
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Figure 2.3: Zigzag automaton

2. Af]b has an accepting run of length m + 2 if and only if there exists a path in GF,
from x* to x?’, that stretches between n and m, for some 0 < n < m. Moreover,
the minimal weight among all paths from zi" to ziin Ggr, stretching from n to m,
for some 0 < n < m, equals the minimal weight among all accepting runs of Afjb,
of length m + 2.

3. Afjf has an accepting run of length m + 2 if and only if there exists a path in Gf,
from 29 to z
g% equals the minimal weight among all accepting runs of length m + 2.

. Moreover, the minimal weight among all paths from z? to ziin

4. A;’Jl-’ has an accepting run of length m + 2 if and only if there exists a path in G,
from x* to x(;. Moreover, the minimal weight among all paths from xI* to ac? in

g7 equals the minimal weight among all accepting runs of length m + 2.

Proof.  See [BIL09], Lemmas 4.3, 4.4, 4.6 and 4.7. O

Example 2.16 Let us show the construction of the zigzag automaton for the relation
Rex—2) <1Az —azh < —1Axg—2a) < —-2Ax9— 12, <2. Figures 2.2(a) and (b)
depict Gr and M},. Notice that there are only forward odd paths, i.e. paths from xq to
Xm i G for any m > 1. The transition table Tp = (Q, A, w) of the zigzag automaton is
depicted in Figure 2.3 (isolated states, such as (r,l), have been removed). For instance,
the automaton A?; = (TR,Igf,F£f> recognizes a run of length m—+2 with weight w if
and only if there is a path from xqg to ™ in G of length m and with weight w. There
are four such paths in gf’% and the Figure 2.4 shows the corresponding runs of the zigzag
automaton. The second and the third runs have minimal weight. O
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2.4 Octagonal Relations

Octagonal constraints (also known as Unit Two Variables Per Inequality or UTVPI, for
short) appear in the context of abstract interpretation where they have been extensively
studied as an abstract domain [Min06]. They are defined syntactically as a conjunctions
of atomic propositions of the form +x+y < ¢, where x and y are variables and c is an inte-
ger constant. Thus, they can be seen as a generalization of difference bounds constraints.
We adopt the classical representation of octagonal constraints (or octagons, for short)
d(x1,...,xN) as difference bounds constraints ¢(y1, . .., yon ), where y9;_1 stands for +x;
and y9; stands for —x; with an implicit condition yo;_1 = —y9;, for each 1 < i < N. With
this convention, [BHZ08] provides an algorithm for computing the canonical form of an
octagon, by first computing the canonical form of the corresponding difference bounds
constraint and subsequently tightening the difference bounds constraints y; —y; < c¢. We
present these results in Section 2.4.1.

Octagonal relations are defined as octagonal constraints where variables can be also
primed. Octagonal relations were studied in [BGI09] where it was shown that the tran-
sitive closure is Presburger definable. The core result of [BGI09] is that the canonical
form of the m-th power of an octagonal relation R can be computed directly from the
m-th power of a difference bounds relation that represents R. We present these results
in Section 2.4.2.

2.4.1 Octagonal Constraints

Let x = {z1,22,...,2n} be a set of variables ranging over Z. The class of integer
octagonal constraints is defined as follows:

Definition 2.17 A formula ¢(x) is an octagonal constraint if it is equivalent to a finite
congunction of terms of the form x; — x; < a5, x; + x; < by; or —x; — x; < ¢;j where
aij,bij,cij S Z, fOT‘ alll < i,j < N.

We represent octagons as difference bounds constraints over the dual set of variables
y = {vy1,y2,...,y2n}, with the convention that yo; 1 stands for x; and yo; for —z;,
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respectively. For example, the octagonal constraint x1+x9 = 3 is represented as y; —y4 <
3Ays —ys < —3. In order to handle the y variables in the following, we define 7 =i — 1,
if 7 is even, and 7 = ¢ + 1 if 7 is odd. Obviously, we have 7 = ¢, for all ¢ € Z, i > 0. We
denote by ¢(y) the difference bounds constraint over y that represents ¢(x) and which
is defined as follows:

Definition 2.18 Given an octagonal constraint ¢(x), x = {x1,...,xN}, its difference
bounds representation ¢(y),y = {y1,...,y2n} is a conjunction of the following difference
bounds constraints where 1 <i# j < N, ¢ € Z.

(zi —x; < c) € AP(9)

(—2s+1; < ¢) € AP(9)
(—z; — x5 < c) € AP(¢)
(
(
(=2

(y2i—1 — y2j—1 < ¢), (Y25 — Y2 < ¢
<y2j 1—Y2i-1 < C)? (yQZ — Y2j <c
(y2i — y25-1 < ¢), (Y25 — y2i-1 < ¢
(
(
(

~— — — —
m
S
A/’E/-\/—\

zi+z; <c) € AP(9)
2x; < c) € AP(¢)
zi < c) € AP(¢)

(
Y2i—1 — Y25 <€), (y2j—1 — Y2 < ¢
Y2i—1 — Y24 < C) S

Y2i — Y2i—1 < C) S

AP(9)
AP(¢)

toee0e

The following equivalence relates ¢ and ¢ :

N

$(x) < (Fy2,yas - y2n - A N\ v2ic1 = —y2) [ /y2i1]i (2.1)
i=1

An octagonal constraint ¢ is equivalently represented by the DBM Mg € Z%VXZN ,
corresponding to ¢. We sometimes write My instead of Mj. We say that a DBM
M € 72N*2N is coherent iff M;; = My for all 1 < 4,5 < 2N. This property is needed
since e.g. an atomic proposition z; — z; < a;5, 1 < 4,7 < NN, can be represented as
both y2i—1 — y2j-1 < ai; and y2; — y2; < a;5. Dually, a coherent DBM M € 72N x2N
corresponds to the octagonal constraint:

Qu & /\ (w; — a5 < Moi_19j—1 AN + x5 < Moi_195 N —x; — x5 < Moioj1) (2.2)
1<i,j<N

A coherent DBM M is said to be octagonal-consistent if and only if €, is consistent.
Similar to the case of difference bounds constraints, for an octagonal constraint ¢, we

define ||¢| as ||¢” ”qﬁH where |¢] is the maximal absolute value of all coefficients of ¢
defined in Section 2.3.

Definition 2.19 An octagonal-consistent coherent DBM M € Z2Y*2N s said to be
tightly closed if and only if the following hold, for all 1 <4,7,k < 2N:

2. My is even 4. M;; < L%”J + L%J
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Given an octagonal-consistent coherent DBM M € Z*N xZ2N | we denote the (unique)
tightly closed DBM by M? . The following theorem from [BHZ08] provides an effective
way of testing octagonal-consistency and computing the tight closure of a coherent DBM.
Moreover, it shows that the tight closure of a given DBM is unique and can also be
computed in time O(N3).

Theorem 2.20 [BHZ08] Let M € Z2Y**N be a coherent DBM. Then M is octagonal-

consistent if and only if M is consistent and LMTZJ + LJ‘?ZJ >0, for all1 <i < 2N.

Moreover, if M is octagonal-consistent, the tight closure of M is the DBM M?* € 72N*2N

defined as:
) . | ME M
ij = mln{Mij’ { 211J + \‘;JJ}

for all 1 <i,j < 2N where M* € Z2N*2N s the closure of M.

The tight closure of DBMs is needed for checking equivalence and entailment between
octagonal constraints.

Proposition 2.21 ([Min06]) Let ¢1 and ¢2 be octagonal-consistent octagonal con-
straints. Then,

o 1 & ¢ if and only if M¢t>1 = Mj)z,
o ¢1 = &9 if and only if Mél < Méz.

It has been shown in [BGI09] that octagonal constraints are closed under existential
quantification.

Proposition 2.22 Let ¢(x), x = {x1,...,xN}, be an octagonal-consistent octagonal
constraint. Further, let 1 < k < 2N and M’ be the restriction of Mé to y \ {yarx—1, yor } -

Then, M’ is tightly closed, and Q(M') < Jzi.¢(x).
Proof:  See [BGI09], Theorem 2. O

2.4.2 Octagonal Relations and Their Powers

Definition 2.23 Let x = {z1,...,2x} be a set of variables. A relation R € ZN xZN is
an octagonal relation if it can be defined by an octagonal constraint R(x,x’).

The class of relations defined by octagonal constraints is denoted by R, in the fol-
lowing.

Example 2.24 Consider the octagonal relation R(x1,x2,2),25) < 1+ 22 < 5Ax] —
11 < —2Azh—m9 < —3Azh—a) < 1. Its difference bounds representation is R(y,y’) <
Y —ys <BAYys— 9 <OAY —y1 < —2Ay —yy < —2AY5—ys < =3 Ay —yy <
“3ANys —vy) < 1Ay, —yy <1, wherey = {y1,...,ya}. Figure 2.5a shows the graph
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Figure 2.5: Graph and matrix representation of a relation.

representation Gr. Note that the implicit constraint y5 —yy < 1 (represented by a dashed
edge in Figure 2.5a) is not tight. The tightening step replaces the bound 1 (crossed in
Figure 2.5a) with 0. Figure 2.5b shows the tightly closed DBM representation of R,
denoted M¥,. O

A consequence of Proposition 2.22 is that R, is closed under composition.
Proposition 2.25 R, is closed under intersection and composition.

Proof:  Let Ry(x,x’), Ra(x,x’) be octagonal constraints defining octagonal relations.
By Definition 2.17, R;(x,x") A Ra(x,x’) is an octagonal constraints to. The composition
of relations R; o Ry can be defined as 3x” . (R1(x,x"”) A Ra(x”,x")) which is again an
octagonal constraint, by Definition 2.17 and Proposition 2.22. O

We rely in the following chapters on the main result of [BGI09], which establishes the
following relation between Mé—m (the tightly closed octagonal DBM corresponding to the
m-th iteration of R) and M%m (the closed DBM corresponding to the m-th iteration of

the difference bounds relation R), for all m > 0:

Theorem 2.26 [BGI09] Let R(x,x’), x = {z1,...,2n}, be a *-consistent octagonal
relation. Then, M;?Tn = Mtﬁm for all m > 0. Consequently,

Mim (5 Mim 77
(Mp)i —min{(M};m)z‘ja V ) J + V B )”J}

foralll1 <i,5 <4N.

This relation is in fact a generalization of the tight closure definition from Theorem 2.20,
from m =1 to any m > 0.
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2.5 Finite Monoid Affine Relations

Sections 2.3 and 2.4 presented two classes of non-deterministic relations. In this section,
we present linear affine relations which are a general model of deterministic transition
relations. Linear affine relations are relations of the form x’ = A X x + b A ¢(x), where
x' = Axx+b is an affine transformation and ¢(x) is a Presburger guard. We present two
subclasses of linear affine relations, called finite monoid affine relations and polynomially
bounded affine relations.

The class of finite monoid affine relations was the first class of integer relations for
which the transitive closure has been shown to be Presburger definable by Boigelot
[Boi99]. Informally, an affine relation is a finite monoid relation if the set of powers of
its transformation matrix is finite. Originally, Boigelot characterized this class by two
decidable conditions in [Boi99] (we report on these conditions in Lemma 2.28). Later,
Finkel and Leroux noticed in [FL02] that Boigelot’s conditions correspond to the finite
monoid property, which is also known to be decidable [MS77].

The second subclass of polynomially bounded relations is defined by dropping one
of the Boigelot’s conditions and by requiring that the guard of a relation is linear. We
study this subclass in Chapter 6 which presents a method for computation of termination
preconditions for this class.

Definition 2.27 Let x = (x1,...,xN) be a vector of variables ranging over Z. A rela-
tion R € ZN x ZN is an affine relation if it can be defined by a formula R(x,x’) of the
form

R(x,x') & X =Axx+b A ¢(x) (2.3)

where A € ZVN*N b € ZN, and ¢ is a Presburger formula over unprimed variables only,
called the guard. The formula x' = A xx+b, defining a linear transformation, is called
the update.

The affine transformation is said to have the finite monoid property [Boi99, FL02] if
the monoid of powers of A, denoted as (My, x), where M4 = {A® | i > 0}, is finite.
In this case, we also say that A has the finite monoid property. Here A = Iy and
AP = Ax A1 for i > 0. Intuitively, the finite monoid property is equivalent to the fact
that A has finitely many powers (considering the standard integer multiplication). A
linear affine relation has the finite monoid property if and only if the matrix A defining
the update has the finite monoid property.

It has been shown in [FL02] that finite monoid property can be equivalently charac-
terized by a pair of conditions. Before presenting this characterization, we recall several
notions of linear algebra.

If A € Z™" is a square matrix, and v € Z™ is a column vector of integer constants,
then any complex number A € C such that Av = Av, for some complex vector v € C",
is called an eigenvalue of A. The vector v in this case is called an eigenvector of
A. Tt is known that the eigenvalues of A are the roots of the characteristic polynomial
Py(z) = det(A—z1,) = 0, which is an effectively computable univariate polynomial. The
minimal polynomial of A is the polynomial p4 of lowest degree such that p4(A) = 0. By
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the Cayley-Hamilton Theorem, the minimal polynomial always divides the characteristic
polynomial, i.e. the roots of the former are root of the latter.

If A1,..., Ay are the eigenvalues of A, then \,..., A\, are the eigenvalues of AP, for
all integers p > 0. A matrix is said to be diagonalizable if and only if there exists
a non-singular matrix U € CV*¥ and a diagonal matrix with the eigenvalues A1, ..., \p,
occurring on the main diagonal, such that A = U x D x U~!. This is the case if and
only if p14 has only roots of multiplicity one (see e.g. Thm 8.47 in [Boi99]).

A complex number 7 is said to be a root of the unity if r* = 1 for some integer d > 0.
The cyclotomic polynomial Fy(z) is the product of all monomials (2 —w), where w? = 1,
and w® # 1, for all 0 < e < d. It is known that a polynomial has only roots which are
roots of unity if and only if it is a product of cyclotomic polynomials.

With these notions, the finite monoid property is defined by the following equivalent
conditions.

Theorem 2.28 [Thm 8.42 and 8.44 in [Boi99] and Prop 2 in [FL02]] a relation R =
Ax +b, where A € ZVN*N and b € ZN has the finite monoid condition if and only if
there exists p > 0 such that the following hold:

1. every eigenvalue of AP belongs to the set {0,1},

2. the minimal polynomial par(x) of AP belongs to the set {0,x,x —1,z(x — 1)} (or,
equivalently, AP is diagonalizable).

Both conditions in Theorem are decidable [Boi99, MS77].

In Chapter 6, we study another subclass of affine relations with linear guards and
transformation matrix whose eigenvalues are either zero or roots of the unity.

Definition 2.29 If x = (x1,...,xN) is a vector of variables ranging over Z, a polyno-
mially bounded affine relation s a relation of the form

R(x,x') & X=Axx+b A Cx>d (2.4)

where A € 7", C € ZP*™ are matrices, and b € Z"™, d € ZP are column vectors of
integer constants and moreover, all eigenvalues of A are either zero or roots of the unity.

Note that if A is a finite monoid matrix, then all eigenvalues of A are either zero
or roots of the unity. Thus, the condition on A is weaker for polynomially bounded
affine relations. However, since the guard of finite monoid relations is more general
(Presburger), the two classes are incomparable.
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3 Computing Transitive Closures of
Periodic Relations

In this chapter, we present a general framework for computing closed forms and transitive
closures of certain relations, called periodic. The closed form of a relation R(x,x’)
is a relation R(k,x,x’) where substituting the parameter k with an integer m gives
a relation equivalent to R™ for each m > 0. Once the closed form is computed, the
transitive closure of R can be defined as 3k > 1 . R(k,x,x').

We define a notion of periodicity on classes of relations that can be naturally repre-
sented as matrices. In general, an infinite sequence of integers is said to be periodic if
the elements of the sequence situated at equal distance one from another differ by the
same quantity (while admitting some non-periodic initial prefix of finite length in the
sequence). This definition is generalized to matrices of integers, entry-wise. Assuming
that each finite power R* of a relation R is represented by a matrix M}, R is said to be
periodic if the infinite sequence { M}, }72, of matrix representations of powers of R is pe-
riodic. Periodicity guarantees that this sequence has an infinite subsequence which can
be captured by an existentially quantified formula. This formula consequently represents
infinitely many powers of the relation. Then, the remaining powers can be computed by
composing the existentially quantified formula with certain powers of the relation.

For instance, consider the relation R defined as 2’ = y +1 Ay’ = x. This rela-
tion is periodic, and its odd powers R', R3, R® ... can be represented by the formula
H>0. (' =y+L+1Ay =x+/F). Even powers R?>, R*, RS ... can then be repre-
sented by composing this formula with R.

We show that the closed form of a periodic relation can be defined, once the period and
the prefix of the relation are known. We present a generic algorithm that finds a period
and a prefix of periodic relations and computes their closed form and transitive closure.

Roadmap. We define the basic notions in Section 3.1. Next, Section 3.2 presents
a theoretical framework in which the closed form of periodic relations can be computed.
Finally, we present a generic algorithm that finds the period and the prefix of periodic
relations and computes their transitive closure in Section 3.3.

3.1 Periodic Sequences

We first define the notion of periodic sequences.

Definition 3.1 Given an infinite sequence {sp}7°, € Zoo, we say that it is periodic
if and only if there exist integers b > 0, ¢ > 0 and Ag,...,Ae—1 € Zoo Such that
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Sh(k+1)eti = Ni t Sbiketis for all k > 0 and ¢ = 0,1,...,¢ — 1 The smallest values
be N, c e Ny for which the above holds are called the prefix and the period of {s;}72.
The values Mo, A1, ..., Ae—1 € Zoo are called the rates of {si}32,-

Example 3.2 The sequence {o}}72, where o9 = o1 = 10, o}, = 5 + 3 for each k = 2¢,
£>1, and o, =30+ 1 for each k =20+ 1, ¢ > 1, is periodic with prefix b = 2, period
c = 2 and rates A\g = 5, \1 = 3. The sequence {Tk}iozo where o = T+ 1 for each
k=30,0>0, 05, =102 foreachk =30+1, £ >0, and o, = £3 for each k =30+2, £ >0
s not periodic. O

The notion of periodic sequences extends to sequences of matrices:

Definition 3.3 A sequence of matrices {Ay}32, € ZZ*™ is said to be periodic if, for
all 1 <i,j < m, the sequence {(Ax)i;}52, is periodic.

The following lemma gives an alternative characterization of periodic sequences of ma-
trices:

Lemma 3.4 An infinite sequence of matrices { Ay}, € ZZ™ is periodic if and only
if there exist integers b > 0, ¢ > 0 and Ao, ..., Ae—1 € ZZZ™ such that Apy(ii1)etri =
A + Apikeri, for allk >0 andi=0,1,...,c—1

Proof: According to the definition, {A}32, is periodic if and only if, for each 1 <
i,j < m there exist bj; > 0, ¢;; > 0 and A\ € Zo such that <Abij+(k+1)cij+l)ij =
)\éj + (Abz‘jJrkCijJrl)ij forallk >0,1=0,1,...,¢;; —1. Let ¢ be the least common multiple
of all ¢;;, b be the maximum of all b;; and let Ay, ¢ = 0,1,...,c— 1 be the matrix defined

as: ..
(At)ij = ()\(.g)—bij"l‘t) mod Cij)

The condition Ay, (xy1)etri = Ai + Abiketi 18 verified for all k > 0 and i = 0,1,...,c— 1,
with the above definitions. O

Cc

Cz'j

3.2 Periodic Relations

Let x = {z1,...,zN} be a set of variables. In this section, we consider that R is a class
of first-order arithmetic formulae with free variables in x U x’. These formulae denote
integer relations R C Z~ x ZN. We recall the definition of a *-consistent relation and
next define the notion of a periodic relation.

Definition 3.5 A relation R is x-consistent if and only if R™ is consistent for allm > 0.

Definition 3.6 A relation R € R is said to be periodic if and only if, either (1) it is
not x-consistent, or (2) it is x-consistent and there exist two functions:
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e 0 : R — (ZI*™) mapping each consistent relation from R into a matriz, and
each inconsistent relation into L

o p: L™ — R mapping each matriz into a relation from R, such that p(o(R)) <
R, for each consistent relation R € R

such that the infinite sequence of matrices {o(R')}2, € Z*™ is periodic.

If each relation R € R is periodic, then the class of relations R is called periodic as
well. The following lemma gives an alternative characterization of x-consistent periodic
relations.

Lemma 3.7 A x-consistent relation R is periodic if and only if there exist integers
b>0,c>0,m>0 and a matrices Ny, ..., Ac—1 € Z*™ such that

Rnc+b+i @p(n Az +O_(Rb+i))
for all n >0 and for all 0 < i < c.

Proof By induction on n > 0, we prove that o(R"+**) = n. A + o(R*?), for all n > 0
and for all 0 < ¢ < ¢. The base case trivially holds. For the induction step, observe that

J(Rb-i-i-&-(n—i-l)C) — A+ J(Rb+i+nc) =A+n- A—i—U(Rb—H) =(n+1)-A —i—U(Rb).
The first equality is by Lemma 3.4, the second is by the induction hypothesis. O

Next, we define prefix, period and rates of periodic relations.

Definition 3.8 If R is a *-consistent and periodic relation, we call prefix, period and
rates of R the minimal integers b > 0, ¢ > 0 and matrices Ao ..., Ac—1 € Z™ satisfying
the condition of Lemma 3.7. If R is not x-consistent, we define its prefiz and period as
b=inf{n >0 | R" is inconsistent } and ¢ = 1.

If k is a variable not in x Ux’, let R[k] be the class of first-order arithmetic formulae
with free variables from the set x Ux’ U {k}. The variable k is called a parameter, and
these formulae are called parametric relations, in the following. The following definition
emphasizes the role of parametric relations.

Definition 3.9 Let R(x,x') € R be a relation. The closed form of R is the formula
R(k,x,x') € R[k] such that R(k,x,x')[n/k] & R"(x,%), for alln > 0.

It follows immediately from the above definition that the closed form of a relation is
unique, up to equivalence. Defining the transitive closure of a relation is closely related
to defining its closed form, since R (x,x') < 3k >0 . R(k, x,x’), for all R € R.

The algorithm presented in this section computes the transitive closure of a periodic
relation R by computing the closed form of a subsequence {o(R**"¢)},>¢ for some
b > 0,c > 0 (not necessarily the prefix and the period of R).
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Definition 3.10 Given a relation R(x,x’) and integers b>0,c>0, thAe closed form of
the the infinite sequence { R®*"“},,> is a formula Ry .(£,x,x") such that Ry .(¢,x,x")[n /]
& RV for alln > 0.

Once the closed form ﬁb,c(ﬁ, x,x’) is computed for some b > 0, ¢ > 0, both the transitive
closure and the closed form of R can be defined as shown by the following lemma.

Lemma 3.11 Let R be a relation, b > 0, ¢ > 0 be arbitrary integers and ﬁb,c(ﬁ,x,x’)
be the closed form of the infinite sequence {Rb+"c}n20. Then, the transitive closure and

the closed form of R can be defined as:

b—1
Rt & \/RZ V >0, Ryl x,x) \/RJ
=1
R b—1 ‘ R c—1 )
R(k,x,x') & (\/(k=i)AR) v 3>0. Ry (t,x,x) o (\/(k=0b+lc+j)ARI)
i=1 Jj=0

Proof:  Let ﬁb,c(ﬂ, x,x’) be the closed form of { R**"¢}, ~ for some integers b > 0, ¢ > 0.
Observe that
RY & VE R & (VI R) Vv (Vg R™H) o (Visg BY)
& (VIZIR) vV 3 >0. Ry(6,x,x) o (V2 BY)

The last equivalence above follows from Definition 3.10. In a similar way, we infer that
the closed form of a relation R can be defined as

b—1 c—1
R(k,x,x) e (\/(k=i))AR) v H>0. Ryc(t,x,x) o (\/(k=b+Llc+j) AR,
i=1 §=0
which completes the proof. O

Next, consider a function 7 : Z[k]2.*™ — R[k] mapping matrices of linear terms of
the form « - k + (3, with integer coefficients, into parametric relations R(k,x,x’), such
that

w(M)[n/k| < p(M[n]),for all n € Z

for all M € Z[k]3.*™. In other words, 7 is the parametric counterpart of the p function
from Definition 3.6. Concrete examples of parametric matrix-relations mappings will be
given in Sections 4.2, 4.3, and 4.4.

We next show that the transitive closure and the closed form of a periodic relation R
with prefix b, period ¢, and rates Ag,...,A._1 can be defined in first order arithmetic.
If R is not *-consistent, then clearly R < \/?;11 Ri and R(k,x,x) < \/f;ll(k: =iARY).
If R is *-consistent, then by Lemma 3.7, R"*® < p(n-Ag +o(R?)). Then, we apply the
following proposition which shows that the closed form of the sequence { R®*"“},,~¢ can
be defined as Rb7c(€, x,x') & w(l- Ay + o(RP)).
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Proposition 3.12 Let R be a relation, b > 0,c > 0 be arbitrary integers, and A € Z7*™
be a matriz such that, for all n > 0:

1. p(n-A+0o(RY)) & L, and
2. Rt o p(n- Ao+ o(RY)).
Then, R is %-consistent and f?b,c(k:, x,x) & m(k-A+o(R)).

Proof.  Clearly, if both conditions hold, it follows that R is *-consistent. The mapping
7 L[k — R[k] satisfies the following equivalence for all M € Z[k]7*™ and for all
nez

m(M)[n/k] < p(M]n])

Thus, letting M = k- A 4+ o(RP), it follows that if the two conditions hold, then
m(M)[n/k] < p(M[n]) < RVT",

Hence, (M) = 7(k - A + o(RP)) is the closed form of of the sequence {R**"“}, >, by
Definition 3.10. O

Having computed ﬁbyc(f, x,x’), we can finally apply Lemma 3.11 to define the transitive
closure and the closed form of R.

3.3 Transitive Closure Algorithm

The result of this section is a generic algorithm that computes the transitive closure
of a given periodic relation (Algorithm 1). The algorithm needs to be instantiated for
a specific class R of periodic relations by providing the corresponding mappings o, p
(Definition 3.6) and 7 (the parametric counterpart of p) as discussed in the previous.
This algorithm can be easily adapted to compute the closed form of a relation, instead
of its transitive closure, as we show in the end of this section. Next, in Chapter 4 we
show how this algorithm can be used with three classes of relations: difference bounds,
octagons, and finite monoid affine transformations.

The main idea of the algorithm is to discover integers b > 0 and ¢ > 0 such that the
sequence {o(R'T"¢)}, > is periodic. Provided that relation R is periodic, the enumera-
tion on lines 2,4,16 is guaranteed to eventually find a pair (b, ¢) for which the algorithm
terminates at line 7 or 12, as we later prove in Theorem 3.16. For each prefix-period
candidate (b, c), we consider the first three powers supposed to be equidistant, namely
RP, R**¢ and RY*?¢, and we check that all three are consistent (lines 5-6). If at least
one is inconsistent, the relation is not x-consistent, and the transitive closure is the dis-
junction of all powers up to the first one which is inconsistent (line 7). Otherwise, if
RY, R**¢ and R’*2¢ are consistent, the algorithm attempts to compute the first rate of
the sequence (line 8), by comparing the matrices o(RP), o(R'™¢) and o(R'T2¢). If the
distance A between o(R'*¢) and o(RP) equals the one between o(R'T2¢) and o(R+°),
then A is a potential candidate for the rate of the sequence {o (R + nc)}n>o.
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Algorithm 1 Transitive Closures of Periodic Relations

input a periodic relation R
output The transitive closure of R

1: function TRANSITIVECLOSURE(R)

2 let P < Rand b+« 1and bjump =1
3 while true do

4 for all c=1,2,...,bdo

5: for all £=0,1,2 do

6 if Rt < | then

7

8

9

return Rt & PV (\/fifi_ll RY)

if 3A . o(R®) + A = o(R"*¢) A o(RP*¢) + A = o(R"*%¢) then
K < MAXCONSISTENT(R, b, A)

10: L <+ MAXPERIODIC(R, b, A, ¢, K)

11: if L = co then

12: return PV 3k >0 . 7(k-A+o(R))o (\/5;(1) RY)
13: bjump < max{bjump,b+c- (L +1)}

14: bnea}t — maX{b -+ 1, b]ump}

15: P« PV Vit R

16: b < bpext

17: function MAXCONSISTENT(R,b,A)

18: return sup{n € N | p(n- A+ o(R)) ¢ L}

19: function MAXPERIODIC(R, b, A, ¢, K)

20: return sup{n < K |[V0<{<n.p(l-A+0o(RV))oR® < p(({+1)-A+o(R"))}

Next, we validate the choices of b, ¢ and A by checking on lines 9-11 whether (i)

the sequence of relations {p(n - A + o(RP))}°%, is *-consistent, and (ii) that it follows

the pattern of a periodic sequence. Since, by the definition of MAXPERIODIC, either
L = K = o0, or else L < K, the following Lemma 3.13 ensures that if the test on line
11 succeeds for the chosen b, ¢ and A, then (k- A + o(R")) is the closed form of the
sequence {o(R"""%)},~0 and consequently, the transitive closure can be defined using
Lemma 3.11 (line 12).

Lemma 3.13 Let R be a periodic relation, let b > 0,¢ > 0 be integers such that R® 4 1,
and A € ZZ2X™ be a matriz such that, for all n > 0:

1. p(n-A+0o(RY)) & L, and

2. p((n+1)-A+o(R") < p(n-A+o(RV))o R
Then, R is %-consistent and Ry .(k,x,x") < 7(k - A + o(R?)).
Proof. 1t is sufficient to prove that

R o p(n- A+ o(R)) for all n > 0.
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For, if the above is true, the statement of this lemma follows from Proposition 3.12.
The base case n = 0 follows from Definition 3.6 and the fact that R is consistent. The
induction step is as follows:

R(n+1)c+b o Rnetb o Re
& p(n-A+0o(RP))o R (by the induction hypothesis)
s pl(n+1)-A+o(RY)
O
Suppose now that the test on line 11 fails, i.e. the sequence of relations {p(n - A +
o(Rb))}52, is either not *-consistent or it is not periodic. In this case we could start
looking for a new prefix, period and rate, by incrementing b, setting ¢ to one, and
continuing to look for another candidate rate A, which satisfies the test at line 8. This
could be achieved by skipping line 13. However, for relations with very long prefixes,
this would be quite ineffective, as shown by the following example.

Example 3.14 Consider, for instance, the relation:
R=2z=z+1A0<z<10°

The relation R is consistent for all 1 < i < 109 and be%omes inconsistent fori = 109+1.
Without line 13, Algorithm 1 would need at least [1%1 iterations of the main loop in
order to discover the inconsistency (line 6).

Notice that MAXPERIODIC returns the span of the interval in which the relation is
periodic with the current rate. The algorithm optimizes the search by storing the upper
bound of the periodic interval in bjyy. If the sequence is periodic for noneof ¢ = 1,...,b,
line 16 updates b with the upper bound of the periodic interval in case such interval was
detected, or otherwise, it increments b by one as in the unoptimized case.

Example 3.15 (contd.) For the relation in the previous ezample, the prefix 10° is
discovered after the first iteration, since the call to MAXPERIODIC with b = ¢ = 1
returns L = 10°. The inconsistency of the sequence {R'}22, is discovered at the second
iteration of the main loop (line 6).

For efficiency reasons, the algorithm maintains (and updates) a prefix relation P with
the following invariant property:

b
Pe\/R (3.)
i=0

By updating P at line 15, we compute part of the prefix up to the next candidate for b.
Finally, we prove the correctness of Algorithm 1 and give bounds on the number of
iterations of the main loop of Algorithm 1 and on the sizes of integers b, ¢ considered
during any iteration of the main loop, in terms of the prefix and the period of the input

relation.
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Theorem 3.16 If R is a periodic relation with prefix B and period C, then Algorithm 1
eventually terminates after at most (B+C)?+C iterations of the main loop at lines 4-13
and returns the transitive closure of R. Moreover, c < B+C andb < B+C+3C?+3BC
for each prefix b and period ¢ considered by the algorithm.

Proof: Let us first prove that (3.1) holds whenever the control is at one of the lines 3-13.
Initially P < R and b = 1, so (3.1) holds trivially. If (3.1) holds before executing line
15, then it will also hold after executing lines 15-16, by the definition of MAXPERIODIC.

Let b; (c;, respectively), ¢ > 1 be the value of b (¢, respectively) during the i-th
iteration of the main loop at line 5. We next make several observations.

Observation 1: By definition of B and C, if b; > B and ¢; = kC for some k > 1, then
the algorithm returns at line 12.

Observation 2: The prefix increases with each iteration of the outer loop (line 16).

Observation 3:  For each considered prefix b, the algorithm consecutively tests periods
in the range 1,...,b.

By observation 1, proving termination of Algorithm 1 amounts to showing that b; > B
and ¢; = kC for some ¢,k > 1. We next prove that the algorithm terminates in at most
(B+C)?4-C iterations of the main loop and that ¢; < B+C and b; < B+C+3C%+3BC
for each 7 > 1.

First suppose that R is not x-consistent and hence, R® < 1 and RB~! & 1, by
definition of B. The algorithm eventually reaches line 7, since b increases with each
iteration of the outer loop, by observation 2. If the test at line 8 succeeds during i-th
iteration, then definition of MAXCONSISTENT procedure guarantees that b; + ¢; K; < B.
Since L; < K; by definition of MAXPERIODIC procedure, if follows that b; + ¢;L; < B.
Consequently b1 < B+ C. If b1 > B, the algorithm terminates in the (i + 1)-th
iteration at line 7. The algorithm thus terminates after at most (B — 1)? + 1 iterations
of the main loop. Clearly, b; < B + C for each ¢ > 1 and since ¢; < b;, it follows that
c; < B+ C too.

Next, suppose that R is x-consistent. Let us first consider the unoptimized algorithm
without line 13. Then, b is incremented by one in each iteration of the outer loop at
line 16. Consequently, the algorithm returns at line 12 when b; = B + C and ¢; = C' at
the latest, by observation 3. Clearly, the algorithm terminates after at most (B + C)?
iterations of the main loop and in each iteration, ¢; < b; < B+ C.

Next, let us consider a *-consistent relation and the optimized algorithm with line 13.
If the algorithm returns for some b; < B+ C', the bounds follow easily. Suppose that the
algorithm has not returned for some b; < B+ C and let ¢ > 1 be the unique index such
that b; < B4+C' and b;11 > B+C. Clearly, ¢; = b; and ¢;11 = 1, by observation 3. Notice
that if b;y1 = b; + 1, then b; = B + C and therefore, the algorithm terminates at line
12 for prefix-period candidate (B + C, (') at the latest. Thus, if the algorithm does not
terminate for a prefix candidate in the range 1..(B + C), it cannot be that b;11 = b; + 1.
Consequently, b;11 > b; + 1 and hence, b;y1 = bjymp for some bjymp > b; + 1. Since
bjump > bi + 1, a periodic interval (b;,...,b; + Lc¢;) of the sequence {o(R™)}m>0 must
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have been detected for some 2 < L < oo by the MAXPERIODIC procedure and thus,
bit1 = bjump = bi + (L + 1)c;. We now demonstrate that b1 < B+ C + 3C? + 3BC.
By contradiction, suppose that b; ;1 > B 4+ C + 3C? 4+ 3BC. We define (see Figure 3.1
for illustration):

Q = lem(C, ¢;) d=[Bghy. & e=b;+ ¢;d j=(e—B)mod C

Ci

d-times
A A
TSRS e e e e e e e e . e =Y . —_
~ ~ T 7" ~—~
AJ AJ’
% % % % * %
b; B+C € e+Q e+2Q bt
<Q
P
kQ,k >1 Q Q
L 1 1 ]
r T > 3Q T 1

Figure 3.1: Bounding the prefix b;41

It follows that e—b; = kQ for some k > 1 and e—(B+C) < Q. Since ¢; < b; < B+C, it
follows that Q < C(B+C) = C?+ BC. Since we assume that b; 1 > B+C+3C%+3BC,
it follows that b;11 — (B + C) > 3Q and therefore b1 — e > 2Q. Let Ag,...,Ac—1
be the rates of the sequence {o(R™)}n>0 corresponding to B and C' and A be the rate
considered by the algorithm in the ¢-th iteration. Let denote M, = U(Rm) for all m > 0.
By periodicity of the sequence {o(R"™)}m>0, it follows that M. + A = 6+Q Recall

that b;+1 > e+ 2@ and that e — b; is a mult1ple of ¢;. It follows that M+ 2 A Meig.

More generally, Meysc,+Q = Metie; + ¢ QA forall0 < < Q Combining thls observation
with the fact that { M, }m>0 is perlodlc with respect to B C, it follows that

Me+€ci+kQ = Me—i—Zc +k A, and
Met(e41)eikQ = Met(e41)e ‘HCQ)\

for all kK >0, £ > 0. Consequently,

Me—i—(f—&-l)ci—l—kQ - Me-i—éci-‘er = Me+(€+1)ci - Me—i—ﬂci

for all £ > 0, £ > 0. In other words, My, = M. + kX for all k > 0. Combining it
with My, 1re, = My, + kX for all 0 < k < d, where b; + dc; = e, we finally infer that
My, +ke; = My, + kX for all £ > 0. This however implies that L; = oo, contradiction.
Thus, ¢; < b; < B+ C 4 3C? 4+ 3BC in each iteration of the main loop. Notice that if
b; < B+ C and b;y1 > B+ C, it takes at most C' more iterations to return at line 12.
Hence, the main loop is iterated at most (B + C)? + C times in total.

Combining the bounds inferred in the above three cases, we obtain the bounds stated
in this theorem. We finally prove if the algorithm terminates, the returned relation is
indeed the transitive closure.
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Algorithm 2 Closed Form of Periodic Relations

1
2
3
4:
5
6
7

®

9:
10:
11:

12:

13:

14:
15:
16:

input a periodic relation R

output The closed form of R

: function CLOSEDFORM(R)

let P < Rand b+« 1and bjump =1
while true do

for all c=1,2,...,bdo
for all £=0,1,2 do
if RV o L then
return R(k,x,x) < \/b”LZc Yk=j)ARI
if 3A . o(R®) + A = o(R"*¢) A o(RPT¢) + A = o(R"*%¢) then
K < MAXCONSISTENT(R, b, A)
L <+ MAXPERIODIC(R, b, A, ¢, K)
if L = co then
(Vo (k = )/\RZ) vzl
(- A+ o(RP) O( (k=b+Llc+j)ARI)
bjump < max{bjump, b+c- (L + 1)}
breat < max{b+ 1, bjump}
P« Pv\ret Nk =i AR
b+ bnea:t

return E(k, x,x') &

17: function MAXCONSISTENT(R,b,A)

18:

return sup{n € N | p(n- A+ o(R)) ¢ L}

19: function MAXPERIODIC(R, b, A, ¢, K)

20:

return sup{n < K |[V0O<{<n.p(l-A+0o(RP))oR® = p(({+1)-A+o(R")}

e R is not x-consistent, then here exists an integer K > 0 such that R < 1. Then
the algorithm will return at line 7, with the correct result:

b+lc—1 b+lc—1 b+lc—1
rv \/ RW:)\/RZ V Re \/ R
i=b+1 i=b+1 i=1

e R is x-consistent, then by previous arguments, the algorithm reaches the line 12
after at most (B + C)? + C iterations of the main loop and returns the result:

Pyak >0 . 7(k-A+0a(R")o (Vg R) e
(VI RV (32 0wk - At o(RY) o (ViZh BY))

which is indeed the transitive closure of R, by Lemma 3.13 and Lemma 3.11. O

Algorithm 2 is a straightforward adaptation of Algorithm 1 that computes the closed

form of a relation instead of its transitive closure, by modifying lines 7,12, and 15. Later,
we use Algorithm 2 to compute transitive closures of finite monoid affine relations in
Section 4.4 and to prove decidability of the termination problem in Chapter 6.
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4 Periodicity of Integer Relations

This chapter is dedicated to instantiations of Algorithm 1 from Chapter 3 to three classes
of arithmetic relations for which the transitive closure is known to be definable in Pres-
burger arithmetic: difference bounds relations, octagonal relations, and finite monoid
affine transformations. To compute the transitive closure of these relations using Algo-
rithm 1, one first needs to prove that the three classes are periodic, otherwise termination
of Algorithm 1 is not guaranteed. Our proofs rely mostly on a fact that any matrix is
periodic when its powers are computed in the tropical semiring (Zs, min, +, 0o, 0). The
intuition behind periodicity of difference bounds relations is that the k-th power of a re-
lation from this class can be encoded by minimal runs of length k in zigzag automata
which in turn can be computed as the k-th tropical power of the incidence matrix of the
automaton. Thus, periodicity of the sequence of tropical powers of the incidence matrix
entails periodicity of a difference bounds relation. Periodicity of the three classes thus
provides common grounds to the acceleration problem and also gives shorter proofs for
the fact that the transitive closures of these three classes are definable in Presburger
arithmetic.

The efficiency of Algorithm 1 depends on two factors. Given a relation with prefix b
and period ¢, Theorem 3.16 proves that Algorithm 1 makes O((b + c¢)?) iterations of the
main loop. Thus, the prefix b and the period ¢ are important complexity parameters, and
we give asymptotic bounds for them in Chapter 5. For difference bounds and octagonal
relations, these bounds are closely related to bounds on the prefix and the period of the
incidence matrix of zigzag automata. This chapter therefore gives an alternative proof
to the fact that each matrix is periodic in the tropical semiring which moreover gives
asymptotic bounds.

Another important efficiency factor is the complexity of the procedures MAXCON-
SISTENT and MAXPERIODIC, which are called by Algorithm 1 to detect the maximal
interval that is periodic with respect to the current prefix and period candidates. In
general, for all three classes of relations we consider, these procedures can be imple-
mented using Presburger arithmetic queries. However, in practice, one would like to
avoid as much as possible using Presburger solvers, due to reasons of high complexity of
decision procedures for Presburger arithmetic. In this chapter, we give direct decision
methods which avoid calls to external Presburger or SMT solvers completely and which
are of polynomial time complexity in the size of the prefix, period, |R|, and N, where
| R| denotes the sum of absolute values of the coefficients of a relation R and N denotes
the number of variables used to define a given relation R.

40



Related Work. Acceleration of affine relations has been considered primarily in the
works of Annichini et al. [AABO00], Boigelot [Boi99], and Finkel and Leroux [FLO02].
Finite monoid affine relations have been first studied by Boigelot [Boi99] who shows
that the finite monoid property is decidable and that the transitive closure is Presburger
definable in this case. On what concerns non-deterministic transition relations, the
transitive closure of a difference bounds constraint was first shown to be Presburger
definable by Comon and Jurski [CJ98]. Their proof was subsequently simplified and
extended to parametric difference bounds constraints in [BIL09]. It was shown in [BGI09]
that also octagonal relations can be accelerated precisely, and that the transitive closure
is also Presburger definable. The proofs of periodicity from this chapter are based on
some of the previous results from [BIL09, BGI09]. For difference bounds constraints,
we simplify the proof from [BIL09] by applying a result from tropical semiring theory
[Sch00] on periodicity of matrices in the tropical semiring. We also give an alternative
proof of matrix periodicity that moreover establishes bounds on the size of the prefix
and the period of a matrix.

Roadmap. In Section 4.1, we prove that every matrix is periodic in the tropical semiring
and establish asymptotic bounds on the size of its prefix and period. Next, Sections
4.2, 4.3, and 4.4 study the classes of difference bounds, octagonal, and finite monoid
affine relations, respectively. In each of these sections, we prove that the respective
class is periodic, present implementations of the MAXCONSISTENT and MAXPERIODIC
procedures, and study their complexity. We defer all experiments with Algorithm 1 to
Chapter 8.

4.1 Periodicity of Matrices

In this section, we prove that each matrix is periodic when its powers are computed in
the tropical semiring which is defined as follows.

An idempotent semiring is a set (S,+,-,0,1) equipped with two operations, the ad-
dition + and the multiplication -, such that (S,+,0) is an idempotent (i.e., p+p =1p
for all p € §) commutative monoid with neutral element 0 and (S, -, 1) is a monoid with
neutral element 1. Moreover, multiplication distributes both left and right over addition
and 0-r =7-0=0, for all » € S. The tropical semiring' is an idempotent semiring
(Z oo, min, +, 00,0) [Sch00] with the extended arithmetic operations z + co = oo, and
min(z, 00) = z, for all x € Z, where min(z,y) denotes the minimum between the values
z and y.

If S is a set, let S"™>*™ denote the set of square matrices of size m, with entries in S.
For two matrices A, B € Z2*™, we define the sum (A + B);; = A;j + B;;. The classical
product is defined for A, B € Z™*™ as (Ax B)ij = > (aix - bgj). The tropical product
is defined for A, B € ZJJ*™ as (AX B);; = min]" ; (a;; + by;). Let L,, € Z™*™ be the
identity matrix, i.e. Ij =1 and I;; =0, for all 1 <4,j <m, i # j, and I, € ZZ*™ be

! Actually, the dual structure (Z_ o, max, 4+, —00,0) is also known as the tropical semiring in the liter-
ature.
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the tropical identity matrix, i.e. I;; = 0 and I;; = oo, for all 1 < 4,5 < m, 7 # j. Then
we define A9 =1, A¥’ =T and A* = AF—1 x A4, AR* = AR* "R A, for all k > 0.
With these notions, a periodic matrix can be defined as follows.

Definition 4.1 A matrix A € ZIJ*™ is called periodic if the sequence of tropical powers
{AW}EOZ1 is periodic.

Intuitively, if A is the incidence matrix of a weighted digraph, then the sequence {AW ey
of tropical powers of A gives the minimal weight paths of lengths £k = 1,2, ... between
any two vertices of the graph. It has been proved in [Sch00] that every matrix A € Z7*™
is periodic. We define the prefix (period) of a matrix A as the prefix (period) of the
sequence {Agk}z"zl. We will often refer to periodicity (or prefix, period) of graphs, by
which we mean periodicity (or prefix, period, respectively) of the corresponding incidence
matrix.

We have argued that the complexity of the transitive closure algorithm depends on
the size of the prefix and the period of the input relations, which will be later (in Section
4.2) shown to be bounded by the size of the prefix and the period of a certain kind of
graphs, for difference bounds and octagonal relations. The result of [Sch00] is however
not suitable to establish bounds on the prefix and period of a graph. In this section, we
therefore give an alternative proof of periodicity of matrices that moreover establishes
bounds on sizes of their prefix and period.

Recall from Section 2.1 that given a path m, we denote by w(w) its weight and that
w(7) denotes its average weight. If A\i,..., \; are pairwise distinct elementary cycles,
the expression 6 = 01 - A} - 02...0} - A}, - 0p41 is called a path scheme of size k. A path
scheme 6 = 01.\}.09 such that |o1.09| < |[V|* is called basic. A path scheme encodes
the infinite set of paths [0] = {o1 - AT - 02...0% - A\ - g1 | n1,...,np € N} Given
a weighted digraph G = (V, E,w), we denote by Mg its incidence matrix.

The first observation is that, for every minimal weight path in a weighted graph, there
is an equivalent path following a path scheme whose size is bounded by the square of
the size of the graph.

Proposition 4.2 Let G = (V, E,w) be a weighted digraph and p be a minimal weight
path in G. Then there exists a path scheme 0 = o1 -\ - ... 0 - A, - Opq1 in G, such
that o1, ..., 0641 are acyclic and k < |V|?, and a path o € [0] starting and ending in
the same vertices as p, such that |p| = |p'| and w(p) = w(p’).

Proof:  For each vertex v € V| we partition the set of elementary cycles that start and
end in v, according to their length. The representative of each equivalence class is chosen
to be a cycle of minimal weight in the class. Since the length of each elementary cycle
is at most |V, there are at most |V|* such equivalence classes.

Let p be any path of minimal weight in G. First, notice that p can be factorized as:

P=01 A1 O Mg Oyl

where o1,...,0,41 are elementary acyclic paths, and Aq,..., \; are elementary cycles.
This factorization can be achieved by a traversal of p while collecting the vertices along
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the way in a bag. The first vertex which is already in the bag marks the first elementary
cycle. Then we empty the bag and continue until the entire path is traversed.
Next, we repeat the following two steps until nothing changes:

1. For all ¢ = 1,...,k — 1 move all cycles \;, j > i, starting and ending with the
same vertex as A;, next to \;, in the ascending order of their lengths. The result
is a path p’ of the same length and weight as p.

2. Factorize any remaining non-elementary acyclic path o; - 0541 - ... 04 as in the
previous.

The loop above is shown to terminate, since the sum of the lengths of the remaining
acyclic paths decreases with every iteration. The result is a path of the same length and
weight as p, which starts and ends in the same vertices as p, in which all elementary
cycles of the same length are grouped together. Since w(p) is minimal for |p|, same
holds for p/, and moreover, all elementary cycles can be replaced by their equivalence
class representatives, without changing neither the length, nor the weight of the path.
The result is a path which belongs to a scheme with at most |V|? cycles. O

Second, for every minimal weight path in the graph, there exists an equivalent path
which follows a basic path scheme.

Lemma 4.3 Let G = (V, E,w) be a weighted digraph and p be a minimal weight path.
Then there exists a path p', starting and ending in the same vertices as p, such that
w(p) =w(p') and |p| = |p/|, and a basic path scheme 6 = o - X\* - o’ such that p’ € [0].

Proof. By Proposition 4.2, for any path p in G there exists a path scheme 6 = o -
N~ 0y...0 - \e - 0ps1, such that oy, ... 01 are acyclic and k < |V|?, and a path ¢/,
starting and ending in the same vertices as p, of the same weight and length as p, such
that p' = 01- A" -02...0,- A% - 0441 for some ny, ..., ny > 0. Suppose that \; is a cycle

with minimal average weight among all cycles in the scheme, i.e. UIE\’\T) < wlg\AJ' ), for all
i J

1 < j < k. For each n; there exist p; > 0 and 0 < g; < |A;|, such that n; = p; - |\i| + ¢;.
Let p’ be the path:

i—1 k
¢ LRI TRPVIEDDHERIRY SRV a
01-)\1-02...01',1')\7; 7 = 'Ui+1'---0k')\k'0k+1

It is easy to check that |p/| = |p| and w(p’) < w(p).
Clearly p’ follows the path scheme p; - Af - pa, where p; = 01 - A{' - 02...0y_1 and

P2 =0js1"...0f " )\z’“ - Op+1. Since A1, ..., A\, are elementary paths, all their lengths are
strictly smaller than |V]. Since ¢; < |\;| < |V, and k < |[V|*, by Proposition 4.2, we
have that |p; - pa| < [V[*. Thus, p; - Af - p2 is basic. O

The following lemma shows that, for a sufficiently long minimal weight path, there
exists an equivalent path which follows a basic path scheme and moreover, this path
scheme is followed by infinitely many minimal paths. Recall that u(G) = max{|n| | u =

v in G} denotes the maximum absolute value of all weights in G.
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Lemma 4.4 Let G = (V,E,w) be a weighted digraph, and u,v € V be two wvertices.
Then for every minimal weight path p form u to v, such that |p| > u(G) - |V |, there
exists a path p' from u to v, such that w(p) = w(p') and |p| = |p'|, and a basic path
scheme @ = o - \* - o', such that p' = o -\ - o', for some b > 0. Moreover, there exists
c | W such that o - Xtk . o' is q mzmmal weight path from w to v, for all
k> 0.

Proof: By Lemma 4.3, every minimal weight path from u to v follows a basic path
scheme. Let L > 0 be an integer, and let o; - A} - o} and o - /\;f . 09 be two possible path

schemes such that p; = o; - /\?" ol pj=0j- )\;)»j . a§» are two paths of length L, for some
bi,b; > 0. We assume without loss of generality that \; has smaller average weight, i.e.
W(\;) < W(\j). We first prove that, if L > u(G) - |[V|°, then w(p;) < w(p;). We have:

o L*\oi-o“
bi — . |‘>\Z| /|
.o =Tl959
bj = VI
and Lforo]
wip) = wios- o) + TAETw(x),
/ L*|Uj“7'-\
w(py) = w(oj-0f) + —xrrwh)-

Then w(p;) < w(p;) if and only if

o PillAjl(w(oi - 03) = wloj - 07)) + |Aillog - o5lw(Xy) — [Ajlloi - oilw(Xi)
- w(Aj)|Ail = w(Ni)|A]

Since A; has a strictly smaller average weight than \;, we have that w(\;)|\;|—w(X\;)|A;] >
0, and, since w(\;),w(A;), |Ail, [Aj| € Z, we have w(A;)|Ai| — w(A;)|A;| > 1. By Lemma
/

4.3, we have |o; - o}l |oj - 0| < |V[!, and w(o; - 0]) — w(oj - o) < u(G) - |V|*.
compute:

L > u@-|v|°
> il (wlos - o)) = wlog - o)) + [lloy - ojlw(dy) = o - offw(M)
> [Ail| Az ] (w (am) w(oj-o ))+|MIU; ailw(X;)—|A; IIUZ Hw(Xg)

w(Aj)[Ail—w(A )P\I

Since the choice of p; and p; was arbitrary, for each L > u(G) - |V|°, the path scheme
with minimal average weight cycle is chosen by the minimal weight path of length L.
Second, we show that this happens periodically. For two paths p; = o - )\bi -0} and

pj =0j .)\bj -0 of equal lengths, as before, let c;; = lem(| i, [Aj]), ¢ ‘C”| and ¢j = |(j\ij|.
We have that |>\kcl| = |)\kcj| = kcyj, for all k > 0. Moreover, since w( i) < W(\;), we

have that w(AF¢) < w(A’“f) It follows that

wloy A o) <oy AP o)
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for all k£ > 0. Finally, since |A;|,|\;| < |V, we have that ¢;; | lem(1,...,|V]| —1) and

thus ¢; | lcm(lp\w Since the choice of ¢ does not change this fact, it is enough to
take ¢ = w and b = b; to obtain that o; - /\l;+kc -0/ has minimal weight among
all paths from u to v of the same length, for all &£ > 0. O

The following lemma is essential to prove an upper bound on the period of weighed
digraphs.

Lemma 4.5 For eachn > 1, lem(1,...,n) is bounded by 20,

Proof:  'We know that lem(1,...,n) = I_IPSnpUQ"P(")J where the product is taken only

over primes p. Obviously, for every prime p we have that pliegr(m)] < ploge(n) — 4y Hence,
lem(1,....n) <[, n= n™(™) where 7(n) denotes the prime-counting function (which
gives the number of primes less than or equal to n, for every natural number n). Using

the prime number theorem which states that lim, % = 1 we can effectively

bound 7(n). That is, for any € > 0, there exists n. such that nflg&) < (1 +¢€) for all

n > n. . Consequently, n™( < piton/in(n) — ((d+en — gloga(e)(1+e)n — 90(n) for a]]
n > ne, and completes the proof. O

The following theorem gives asymptotic bounds on the size of the prefix and the period
of a weighted digraph G = (V, E,w), in terms of u(G) and |V|.

Theorem 4.6 Let G = (V,E,w) be a digraph, and Mg € ZLLZ"X"V" be its incidence
matrix. Then, the sequence {MEZ}ZZO s periodic. Moreover, its prefiz b is bounded by
w(@G) - O(|V[®), and its period divides lem(1,...,|V| —1) and is bounded by 2°UVD.

Proof: A direct consequence of Lemma 4.4 is that each minimal weight path p in G of
length at least u(G) - |[V|® must be of the form p = o - A’ - ¢/, and moreover, for some

c | W, we have that o - A’T*¢ . ¢/ is a minimal weight path, for all k& > 0.

Hence, for each 1 < i,57 < |V, the sequence {(Mgk)ij}zozo is periodic with prefix at
most 1(G)-|V]° and period which divides lem(1,...,|V]—1). The prefix b of M is the
maximum of all prefixes, and the period c is the least common multiple of the periods
of the sequences {(MZ");;}2°,, respectively. Hence b is bounded by u(G) - O(|V]°®) and
¢ divides lem(1,...,|V| —1). By Lemma 4.5, lem(1, ..., |V| — 1) is bounded by 20UV,
Since ¢ divides lem(1,...,|V]| — 1), the same bound for ¢ follows immediately. O

4.2 Difference Bounds Relations

Recall from Section 2.3 that a difference bounds relation R C ZY x ZV can be equiva-
lently represented as a difference bounds matrix (DBM) Mp. Similarly, for each DBM M
there is a corresponding difference bounds relation ®,;. Furthermore, difference bounds
relations can be represented canonically by DBMs Mfp,.
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The first step to proving that the class R g is periodic is defining the mappings between
relations and matrices (Definition 3.6). Given a consistent difference bounds relation
R € Rgp, we define o(R) = M}, € Z2Y*2N to be the closed characteristic DBM of R.
Dually, for any DBM M € Z2V*2N 'let p(M) = ®; € Rap be the difference bounds
relation corresponding to M. We clearly have p(c(R)) < R, for all consistent relations
R, as required by Definition 3.6.

In order to define a function 7 : Z[k]Z2*™ — R[k] mapping matrices of linear terms
of the form « - k + 8, with integer coefficients, into parametric relations R(k,x,x’), we
define the class of parametric difference bounds relations.

Definition 4.7 A formula ¢(x, k) is a parametric difference bounds constraint if it is
equivalent to a finite conjunction of atomic propositions of the form x; — x; < t;5, for
some 1 <4,5 < N, i # j, where t;; are univariate linear terms in k.

The class of parametric difference bounds relations with parameter k is denoted as
Raplk]. Similar to the non-parametric case (Definition 2.3), a parametric difference
bounds constraint ¢(k) can be represented by a matrix My[k] € Z[k]3 N of univariate
linear terms, where (My[k]);; = t;; if 2; —2; < ti; occurs in ¢, and oo otherwise. Dually,
a matrix M [k] of linear terms corresponds to the formula ®,/(k) < A MIk]sy00 Ti = Tj <
M{kl;j. With these considerations, we define w(M[k]) = ®pr(k) to be the parametric
counterpart of the p function from Definition 3.6. Clearly, for each matrix M € Z[k|72<™

o0 ?

the mapping 7 satisfies the required property that w(M)[n/k] < p(M|n]) for all n € Z.

4.2.1 Proving Periodicity

In this section, we prove that all relations defined using difference bounds constraints
are periodic in the sense of Definition 3.6. A direct consequence is that these relations
are also periodic, which ensures the termination of Algorithm 1 on the Ry, class.

Let R € Rgp be an arbitrary difference bounds relation for the rest of this section. If
R is not x-consistent, then by Definition 3.6, R is periodic. We consider from now on
that R is *-consistent and prove that the sequence {o(R?) ey is periodic in this case.
We have o(R') = M, for any i > 0.

The proof idea is that the entries of the sequence {M;fz,-}fio represent minimal weight
paths in the graph corresponding to the i-times “unfolding” of R, for any 7 > 0. These
paths form a regular language recognized by a finite weighted automaton. Consequently,
the minimal weights for i = 0,1, 2, ... are entries in the sequence of tropical powers of the
incidence matrix of this automaton. But then they form periodic sequences, according
to Theorem 4.6.

For all 1 <4,57 < N, we obtain the following equalities:

[o(R™)]; = min{z) — 1:?}

[J(Rm)]i+N,j+N = min{z]" — 1‘7‘}

(R = min{a) > a7} .
[o(R™)]isn = min{z]" — 5”9}
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Recall the definition of the zigzag automata from Section 2.3.3 that recognize paths
within constraint graphs. In the following, we view these automata as reasoning tools,
needed to prove the periodicity of the difference bounds constraints. Recall that T =
(Q,A,w) is the common transition table of all zigzag automata for R € Rg. Let

Mg € 21219 1e the incidence matrix of T, r, where |@Q] is the number of control states
in Tr. Without loss of generality, we assume that states in @) are both reachable and
co-reachable?. For each pair of variables z;, xj, there are eight indices, denoted as I, f f ,
Fel | eb, F{f?, Iff, Fjof, 190, F;’b € {1,...,]|Q|} corresponding to the initial and final
states of the four zigzag automata, respectively. According to Lemma 2.15, the minimal

weight path of length m 4 2 from IZ ; to F°f matches the minimal weight path between
the extremal points :1:? and x? of G%'. Similarly for paths from I b to Ff?, from I ! %o

ij?f , and from I{’b to F ]?’b. However the weights of the paths in the zigzag automata are
captured by the tropical powers of Mg, as follows:

min{z? — a:?} =

(MRS ] s pes
min{z!" — a:}”} = [MR&MH] I:Z,Ffb.
min{l‘? — .2?;”} = [MRWHH] I:f’FJ:f @)
min{z" — x?} = [MRWM—Q]I@ Frob

By Theorem 4.6, the tropical powers of Mg form a periodic sequence, therefore the
sequence { M R&m+2}m20 is periodic. By equating the equivalences (1) and (2) from the
previous, we obtain that the sequence {o(R"™)};,>0 is periodic as well. The following
theorem summarizes the above arguments.

Theorem 4.8 The class of difference bounds relations is periodic.

Moreover, since Mpm is a projection of M%mw for all m > 0 if R is x-consistent, the
prefix of a *-consistent relation R is bounded by the prefix of Tr. Similar claim can be
made for the period of R.

Proposition 4.9 Let Tr = (Q, A, w) be the common transition table of zigzag automata
defined for a x-consistent difference bounds relation R. Then, the size of the prefix of R
is bounded by the size of the prefix of Tr and the period of R divides the period of Tg.

Proof:  The proof of Lemma 3.4 shows that if b;; (¢;;) is the prefix (period) of the
sequence {(ME™);; >0 for all 1 <4, j < |Q], then the sequence {M%"},,>¢ has the
prefix defined as b = max;;{b;;} and the period defined as ¢ = lem;;{c;;}. Since R is
x-consistent, Mprm is a projection of M%Wrz for all m > 0. Then the bounds stated in
this proposition follow from the definition of b and c. O

2 A state is said to be reachable if there exists a path from an initial state to it, and co-reachable if there
exists a path from it to a final state.
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In conclusion, Algorithm 1 will terminate on difference bounds relations. Moreover,
the result is formula definable in Presburger arithmetic. In particular, this also simplifies
the proof that transitive closures of difference bounds relations are Presburger definable,
from [BIL09]. The following result is needed in the following section to design a cost-
effective implementation of Algorithm 1.

Corollary 4.10 If R € R, be a difference bounds relation, the rate A of the periodic
sequence {o(R")}32, is a closed DBM.

Proof.  Since o(R™) = M}, for all m > 0, o(R™) is closed and thus we have for all
1<4,7,k<2N and m > 0:
o(B™)],, < [o(B™)],,, + [o(R™)],

Jj — J

Since {o(R™)}2°_, is periodic, there exists b > 0, ¢ > 0 and A € Z2*2N guch that:
o(R) = o(R") 4+ n - A
for all n > 0. Consequently, we have, for all 1 <14,5,k < 2N and all n > 0:
[0(R)],;+n-Aij < [0(R”)],, + [0(R")], +n- (Aig + Axy)
We obtain:
n- (A — A, = Agg) < [o(R)], ), + [0(RY)], ;= [0(RD)], ;, ¥n =20

Suppose that A is not closed i.e., there exist 1 < 1,7,k < 2N such that A;; > Ay, + Ay,
we get a contradiction with the above. O

4.2.2 Checking *-consistency and Periodicity

In this section, we describe cost-effective ways to implement the MAXCONSISTENT and
MAXPERIODIC procedures from Algorithm 1 for difference bounds relations.

First, we need to introduce several technical notions. A wunivariate linear term is
a term of the form a - k + 3, where a, f € Z are integer constants. Let Z[k] denote
the set of all univariate linear terms with variable k. For two sets S,T C Z[k|, we
define S T = {(a1+a2)-k+ﬁl+ﬁg | ar-k+pP1 €S, ag-k+ Py € T}. For
two linear terms ¢t1 = aq - k + 81 and t9 = a9 - k + (B2, we define the partial order
on terms t1 =Xty & a3 < as A B1 < P2. We denote the strict inequality on terms
by t1 < ts & t1 <ty A ty A t;. For a finite set of linear terms S, we denote by
MINTERMS(S) = {t € S | Vs € S . s A t} the set of minimal terms in S, with respect
to this order. For a set of integer constants {ay,...,a,}, we denote by MAXMIN{a;}! ,
the positive value max{a;}}_; — min{a;}} ;.

48



Proposition 4.11 Let S = {o; - k + (;}]%, be a set of univariate linear terms. Then
IMINTERMS(S)| < min(MAXMIN{a; }72;, MAXMIN{G; }72;)

Proof: A term « - k + /3 corresponds to the point («, ) in the 2-dimensional space. All
terms from S are points in the rectangle defined by the bottom left corner (min{a; };-”:1,
min{f;}7",) and the upper right corner (max{a;}7L;, max{f;}7",). Since all terms in
MINTERMS(S) are incomparable w.r.t. =, there can be at most min(max{a;}7"; —
min{a; }7 1, maz{8;}L; — min{S3;}71,) such terms. Hence the result. O

Given a linear term t = « - k + 3, we denote by t(n) the value av-n+ 3, for any n € N.
The set of valuations of a term ¢, with respect to the threshold ¢ is [t]-, = {t(n) | n > ¢}.
These notations are naturally lifted to sets of terms, i.e. T(n) = {t(n) | t € T}. and
[[T]]ze = Uer Mze-

Unlike DBMs with constant entries, parametric DBMs do not have a closed form, since
in general, the minimum of two univariate linear terms cannot be defined again as a linear
term. A way around this problem is using matrices of sets of univariate linear terms,
with the convention that a set T' = {t1(k),...,tn(k)} of univariate linear terms denotes
the function k — min{t,...,t,}, and min()) = co. The Floyd-Warshall algorithm
for computing closed forms of DBMs with constant entries can be easily adapted to
parametric DBMs.

Algorithm 3 Closure Algorithm for Parametric DBMs

1: procedure PARAMETRICFW (M)

2 for alli=0,...,m—1do

3 for all j =0,...,m—1do

4 if M[i][j] = oo then

5: MUi[i] < 0

6 else

7 Mil[5) < {M (51}

8 for allk=0,...,m—1do

9: for allt=0,...,m—1do
10: for all j =0,...,m—1do
11: Ty < Mi][j]

12: Ty + M]i][k]

13: Ty + MIk][j]

14: M(i][j] <= MINTERMS (To U (11 ¢ T3))

15: return M|i|[j]

16: procedure MINTERMS(S)
17: return {t € S |Vse S.s At}

Algorithm 3 takes as input a matrix of univariate linear terms, and produces a matrix
of sets of such terms (each set of terms 7' is interpreted as min(7")). Lines 2-7 initialize the
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output matrix with sets of terms. Lines 8-14 correspond to the classical Floyd-Warshall
iteration.

Proposition 4.12 Let M € Z2*™[k] be a parametric DBM, such that M;j = oj-k+Bij,
for all 1 <i,j <m. Then, Algorithm 8 runs in at most O(u> - mb) time where

p= mln(lgggm{!aij!}v 1£?§m{mij|})

Moreover, we have |M;;| < 2m - .
Proof: Each term « - k+ 8 € M[i][j] is a sum of at most m terms «; - k + B;;. We have:

a <m - maxi<;j<m{|o;l|}, and
B<m- maxlgi,jgm{wi”}-

—m - maxi <; j<mi| ;| }

<
—m - maX1§i7j§m{’/6ij|} <

By an argument similar to the one used in Proposition 4.11, we have that |[M][i][j]] <
2m - p, where 1 is defined as ¢ = min(maxi<; j<m{|aj|}, maxi<; j<m{|Bi;|}). Therefore,
each call to MINTERMS takes at most O(m?-u3) time. Since the classical Floyd-Warshall
algorithm (i.e. Algorithm 3 in which we consider that MINTERMS needs constant time)
runs in time O(m?), we obtain the result. O

MaxConsistent. Given a difference bounds relation R, integers b > 0,c¢ > 0 such that
RP*2¢ is consistent, and a matrix A € Z2V*2N let us denote Mppr =k-A+ o(Rb) €
Z[k])2V>*2N With this notation, we have:

MAXCONSISTENT(R, b, A) = sup{n € N | Mg A[n] is consistent}.

Since RY*%¢ is consistent, it follows that MAXCONSISTENT(R, b, A) > 2 and hence, we
can define MAXCONSISTENT(R, b, A) equivalently as

MAXCONSISTENT(R, b, A) = inf{n € N | Mg} A[n| is inconsistent} — 1.

In analogy to the non-parametric case, the inconsistency of a parametric difference
bounds constraint amounts to the existence of a strictly negative elementary cycle in
the constraint graph corresponding to Mg A[n] for some valuation n € N of k. The
MAXCONSISTENT procedure can be implemented as follows. Let

M = PARAMETRICFW (Mg »)

as returned by Algorithm 3. Clearly Mg, A [n] is inconsistent if and only if min(M;;[n]) <
0 for some 7 = 1,...,2N. The minimal value of n for which this is the case is K’ =
min{I'(M;;)}2,, where T is a constant defined in the following lemma. Then, MAXPE-
RIODIC returns integer K defined as K = K’ — 1.
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Lemma 4.13 Let T = {c; - k + (;}]%, be a set of univariate linear terms and ¢ € N be
a constant. Then min,>,T'(n) < 0 if and only if there exists 1 <1i < m such that either
a; <0, or a;-0+B; < 0. Moreover the smallest value n such that min,>e{co;-n+p;}1", <
0 s I'(T') = minjL, v; where:

max(f, [—52] + 1) ifa; <0
V= l ifa; >0 A aj-L+B; <0
00 otherwise

Proof: miny,>¢T'(n) < 0 iff there exists 1 < ¢ < m such that a; - n + f; < 0. Let us fix 4
for the rest of the proof. There are three cases:

e if a; < 0 we have n > L—Z—ij + 1, hence n > v; = max(¥, L_%J +1).
e if ; > 0and oy - £+ B; > 0, we have o; - n + 5; > 0, for all n > £, contradiction.

e else, we have a; > 0 and «; - £ 4+ 3; < 0, in which case we have n > ; = /.

Proposition 4.14 For a difference bounds relation R, integers b > 0,c > 0 such that
R? is consistent and a matriz A € Z2N*2N  MAXCONSISTENT (R, b, A) runs in time at
most O((b+ ¢)® - |R|* - N?).

Proof: Computing M requires one application of Algorithm 3. By Proposition 4.12, the
call to Algorithm 3 requires time at most O(u® - N), where:

— mi g bYY. .
p=min(_max {81}, max {1}

Since the constraint graph Q% has (b+1)- N nodes, any minimal path between extremes
may not exceed weight (b+1)- N -|R|. This is because R’ is consistent, i.e. there are no
negative cycles in g}g, and a path going through a positive cycle is not minimal. Since the
rate A is computed as A = o(R**¢)—o(R), we similarly infer that A;; < (b+c+1)-N-|R)|
for all 1 <i,j7 <2N. Hence p < (b+c¢+1) - N - |R|, which gives the result. O

MaxPeriodic. Given a difference bounds relation R, integers K € Ny, b > 0 and ¢ > 0,
such that R’ is consistent, and a matrix A € Z2Y*2N the procedure

MAXPERIODIC(R, b, A, ¢, K)
returns the maximal integer3 0 < n < K such that:

VO<l<n.pl-A+o(R))oR < p((£+1)-A+a(RY))

3The successful test at line 8 of Algorithm 1 implies that n > 2.
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or oo, if K = oo and the above equivalence holds for all . The left-hand side of the
equivalence can be encoded by a matrix of terms of the form min{¢;}*,, where t; are
univariate linear terms, and can be computed by Algorithm 3. The DBM corresponding
to the right-hand side is shown to be closed for all valuations of k, which means that the
relation on the right-hand side of the equivalence can be defined simply by a parametric
DBM, instead of a matrix of min-terms, which is the case for the left-hand side.

Lemma 4.15 Let R € Rg, be a difference bounds relation, and A be the rate of the
periodic sequence {o(R')}22,. Then, for allb >0 and n > 0, the DBM n - A + o(R?) is
closed.

Proof- A direct consequence of the fact that o(R") is closed by definition, and that A is
also closed, by Corollary 4.10. O

We need thus to check equivalence (for all £ > 0) between a matrix of minima of
sets of linear terms in k and a parametric DBM. By Proposition 2.8, equivalence of two
difference bounds constraints amounts to the equality of their closed DBMs. In order to
find the maximal interval 0,...,n in which min{a; - k + 5;}1*; = g - k + Bo holds, for
all k =0,...,n, we apply the followmg lemma to each entry in the left and right-hand
side of the above equivalence, and return the minimal value among all entries, for which
the equivalence holds, incremented by one?.

Lemma 4.16 LetT = {o;-k+5;}1", be a set of univariate linear terms, ty = ap-k+5p €
Z[k] be a term, and ¢ € N be a constant. Then there exists an integer k > { + 1 such
that min T'(n) = to(n), for all £ < n < k, if and only if the following hold:

1VE (0 =00 ABi=Bo) A Ny Noolao - (C+5) + Bo < ai (C+ 5) + Bi]

2.k <min{[ 220 | 1<i<m, ag#ai, [222] > 041}

ap—ay

Proof.: We assume without loss of generality that m > 2 and that all terms «;-k+5;, ¢ =
1,...,m are distinct.

?=7” If minT'(n) = to(n), for all £ < n < k and k > £+1, then clearly A", /\?z0 [ag- (£+
J)+Bo < ;- (£+7)+ Bi], i.e. the second conjunct of the first point is valid. To show the
validity of the first conjunct of the first point, suppose without loss of generality that:

to(l) = ) < i)
to(l+1) = t(l+1) < tH(l+1)
to(l+2) < t1(0+2)
to(l+2) < ta(0+2)

The choice of t; and t9 is not important. We obtain a contradiction in the following
way:

/ — Bi=bo ~ B2=fo
BB - BB

_ 2—
€+1 T ap—a2 = ag—a1

1Since VO <L <k .¢ifand only if VO< £ < K+ 1. ¢.
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To show the second point, assume by contradiction that « > LB o = OJ > (+1 for some

i=1,...,m, such that the term «; - k + ; is distinct from «q - k + By. Since, by the first
point7 we have Bo < B;, and gg_iol > 0, then ag > «;. It follows that ag -k > oy - &+ 5,
which contradicts the fact that tg is minimal in the interval £, ..., k.
”<" By the first point, to(n) = t;(n), for all n, and min T'(n) = to(n), forn = £, 0+1, (+2.
To prove that minT'(n) = to(n) for all £ < n < k, assume by contradiction, that
min T (p) = t;(p) < to(p) for some p = ¢,...,k and some ¢ = 1,...,m, such that ¢; is
distinct from ¢o. But then we have (a; — ap) - p < Bo — Bi < 0. The last inequahty
is due to the first point. Since p > 0, we have that o; < ag, hence Kk > p > L
contradiction.

ag— aJ

Proposition 4.17 For a difference bounds relation R, and integers b > 0,c > 0 such
that R**¢ is consistent and a matriz A € Z2Y*2N  MAXPERIODIC runs in time at most
O((b+c)* - |RI”- N?).

Proof: We apply Algorithm 3 to compose the parametric DBM k- A 4 o (R?) with o(R°),
which requires time O(u? - N9), cf. Proposition 4.12. By an argument similar to the one
used in the proof of Proposition 4.14, we obtain p < (b+c¢+1)- N - |R|. The result of
MAXPERIODIC is the xk bound from Lemma 4.16, which can be established during the
computation of the min-sets using Algorithm 3. Hence the result follows. O

Finally, we prove the asymptotic complexity on the running of Algorithm 1 for a dif-
ference bounds relation R in terms of its prefix, period, the number of variables used to
define R, and the sum of absolute values of coefficients of R.

Theorem 4.18 Let R be a difference bounds relation with prefix B and period C. Then,
Algorithm 1 computes the transitive closure of R in at most O((B+C)2-|R|*- N?) time.

Proof: By Theorem 3.16, Algorithm 1 takes at most O((B + C)?) iterations of the
main loop and in each iteration and moreover, the algorithm considers a prefix and
period candidates b and ¢ such that both b and ¢ are bounded by O((B + C)?). By
Proposition 4.14, Procedure MAXCONSISTENT runs in time at most O((b+c)3-|R|*- N?).
Combining this bound with the bound on b and c, if follows that MAXCONSISTENT runs
in time at most O((B+ C)%- |R|?>- N9). We obtain the same bound on running time of
MAXPERIODIC, by Proposition 4.17. The test on line 8 can be performed in O(N?) time,
by Proposition 2.8. The greatest power of a relation that is computed by the algorithm is
RP*2¢. Since the composition of difference bounds relations can be computed in O(N3)
time, if follows that these computations are performed in O((B+C)-N3) time. Since the
algorithm takes at most O((B + C)?) iterations, we finally infer that the total running
time of Algorithm 1 is bounded by O((B + C)8 - | R|? - N9). O
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888<
88 <=8

-3 -3
-3 -3
0 oo
o 0

888<
88 <=8
g8 <=8

-3 0 -6 3 0
Mpy = Mpe = _01 ;j’ Mppee = _04 ;f A=
o 0 o 0 00

Figure 4.1: Candidate rate A for (b,c) = (2, 2).

0 oo (=3-3k) —3k @@
oo 0 (-1-3k) (—3-3k)
( SN 0 00 )
o0 00 00 0
()= =)
(a) k- A+ Mps (D) Go(-nt M) (c) Gre

Figure 4.2: Left-hand side of the MAXPERIODIC equivalence test

Running Example. We demonstrate the main steps of Algorithm 1 applied to the
difference bounds relation R < x; — 2] < 1Az —zh < —1Azo—2) < —2Az9—xh < 2.
The first valid guess for (b,c) = (2,2), for which the test on line 9 succeeds, leads to
the candidate rate A (Figure 4.1). The MAXCONSISTENT procedure first computes the
parametric DBM corresponding to p(k - A 4+ o(R")), shown in Figure 4.2a. The DBM
is already closed and thus, application of Algorithm 1 doesn’t change its entries. Next,
Lemma 4.13 is applied to compute the value K = co that MAXCONSISTENT returns.
The MAXPERIODIC procedure checks that

p(k-A+0(R")o R & p((k+1)- A+o(R)

for all k& > 0. The parametric DBM p((k + 1) - A 4+ o(R®)) representing the right-hand
side of the equivalence is shown in Figure 4.3. The left-hand side is equivalent to the
composition of o(k - A + Mp) (Figures 4.2a and 4.2b) with R® (Figure 4.2c). This
amounts to the computation of shortest paths between extremal vertices of the graph
in Figure 4.4 which results in a graph identical to the one in Figure 4.3. Since this
graph represents the right-hand side, the above equivalence holds for all £ > 0 and thus,
MAXPERIODIC returns L = oo.

0 oo
o0
00
o0

0
o0
[o.9]
(a) (k+1) A+ Mg (B) Go((k+1)-A4M )

Figure 4.3: Right-hand side of the MAXPERIODIC equivalence test
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Figure 4.4: Computing parametric composition (k- A + Mpy) o R°.

Then, a test on line 12 succeeds and Algorithm 1 returns the transitive closure:
b—1
R" & \/R v 3Ik=>0. \/ (k-A+o(R?)oR
=1
= (xl—x1<1/\:c1—:v2 1 Azy—2)]<2AN29—25<-2)VIL>0.
(r1—2) <-3k—-3Nz1—05<-3kAxo—2| <—-3k—1ANxo—25<—-3k—3)V
(21—} <—3k—2A 2 —25<-3k—4 Nzo—a) <-3k—5 N xo—15H<—3k—2)
After the elimination of the existential quantifier, we obtain:
Rt & (z1—2)<1Ahzi—ah<—-1A20—2)<2AN20—05<-2)V
(1’1—1’1 —3ANT—2h<O0ANTo—) <—1A29—25<-3)V
(r1—2) <—2ANz1—2h<—4Nx9—2) <5 AN19—05<-2)

4.3 Octagonal Relations

Recall from Section 2.4 that an octagonal relation R C ZY x Z defined by a formula
R(x,x') can be represented as a difference bounds relation R(y,y’) defined over the dual
set of variables with the convention that yo; 1 stands for x; and yo; for —x;. Then, an
octagonal relation R can be represented by a difference bounds matrix M. Similarly, for
each DBM M, there is a corresponding octagonal relation £2j;. Furthermore, octagonal
relations can be represented canonically by DBMs Mtﬁ.

We start by defining the mappings between octagonal relations and their matrix en-
codings required by Definition 3.6. Given a consistent octagonal relation R(x,x’) let
o(R) = Mtﬁ Dually, for any coherent DBM M € ZiN>*4N et p(M) = Q. Clearly,
p(c(R)) < R, as required by Definition 3.6. In order to define the mapping m, we first
define the class of parametric octagonal relations.

Definition 4.19 A formula ¢(x, k) is a parametric octagonal constraint if it is equiva-
lent to a finite conjunction of terms of the form x;—x; < wij, xi+x; < v or xi+x; > tij,
where ui;,v;j and t;; are univariate linear terms in k, for all1 <i,5 < N.

A parametric octagon ¢(x, k) is represented by a matrix M3[k] € Z[k]2N*2N of univari-

ate linear terms. Vice versa, a matrix M[k] € Z[k]2Y*2N encodes a parametric octagonal
relation, denoted as Qp7(k). With these considerations, we define w(M[k]) = Qpr(k) to
be the parametric counterpart of the p function from Definition 3.6.
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4.3.1 Proving Periodicity

In order to prove that the class R, of octagonal relations is periodic, we need to prove
that the sequence {o(R™)}>°_, is periodic, for an arbitrary relation R € Roy. It is
sufficient to consider only the case where R is x-consistent i.e., o(R™) = M}%ﬂ, for all
m > 0. We rely in the following on Theorem 2.26 which gives a method to compute M;W’
the tightly closed DBM representation of R™, from M%m, the closed DBM representation

of R™.

We have previously shown, in Section 4.2, that difference bounds relations are periodic.
In particular, this means that the sequence {M%m 1>, corresponding to the iteration
of the difference bounds relation R, is periodic. To prove that the sequence {M}%m}i’i:o
is also periodic, it is sufficient to show that (i) the minimum and (ii) the sum of two
periodic sequences are periodic, and also that (iii) the integer half of a periodic sequence
is also periodic.

Lemma 4.20 Let {sy,}oo_, and {t,,}5°_, be two periodic sequences. Then the sequences
{min(spm, tm) Yoo, {Sm+tm}oo_y and {LST’"J }:::O are periodic as well. Let bs (cs) be the
prefiz (period) of {sm}oo_g, let by (ci) be the prefiz (period) of {tm}or_y, and let define
b = max(bs, b), ¢ = lem(cs, ¢t), and by, = b+ maxf;é K;c, where

[M 1 if /\ES) < Al@ and tp; < Sp+

A 7\ ()
. — t i —Sb+i - t S
Ri=q [Sem] i MY <X and syi <t
0 otherwise

for each i = 0,...,c — 1 and where )\és), ...,)\((;i)l ()\ét), ...,Agtzlj are rates of {sm}oo_g
({tm}oo_) with respect to the common prefiz b and period c. Then, the prefiz and the
period of the above sequences are:

‘ prefix  period

{Sm + tm}gzo b C
{5 - b2
{min(sm, tm) o0 o | bm c

Proof: We can show that the sum sequence {s,, +tm, }oo_ is periodic as well, with prefix
b, period ¢ and rates )\(()5) —|—)\[()t), e )\Es_)l —i—)\g_)l. In fact, forevery k > 0and ¢ =0,...,c—1
we have successively:

(8 + bkt D)eri = Sbr(ktDeti T lor (kr1)ers (4.3)
= )\Es) + Sbtket+i T /\gt) + totketi (4.4)
= )\ES) + )\z(t) + Shtketi T totketi (4.5)
= QA 2D + (5 + Oprkeri (4.6)
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For the min sequence {min(sy,, tm)}o0_, it can be shown that, for each i = 0,...,c—1
precisely one of the following assertions hold:

1. ()\,ES) < )\(t) or )\(s) :)\Z(t) and Sh+i <tb+i) and Vk > 0. Sb+K;c+ket+i < tb-‘y—K,'c-I—kC-l—i

) % —

2. ()\Et) <)\S) or )\58) :)\(t) and tb+i <Sb+i) and Vk > 0. tb+K¢c+kc+i < Sb+Kjct+ke+i

(2 (2

Intuitively, starting from the position b+ K;c, on every period ¢, the minimum amongst
the two sequences is always defined by the same sequence i.e., the one having the minimal
rate on index %, or if the rates are equal, the one having the smaller starting value.

We can show now that the min sequence {min(s,,,tm)}re_, is periodic starting at
by = b+ maxf;& K¢, with period ¢ and rates min()\[()s), )\ét)), ...,min()\gi)l, )\521). That
is, we have successively, for every kK > 0 and ¢ = 0, ...,c — 1, and whenever i satisfies the
condition (1) above (the case when ¢ satisfies the condition (2) being similar):

N (Sp,,, 1 (k-+1)ctis Lot (k+1eti) = Sby+(k-+1)eti

= )‘58) + Sby+keti

= min(A{, A) 4 min(sy, 4 reris o rhesi)

For the sequence {LST’“J }::0, assume that the sequence {s;,}>°_, is periodic with
prefix b, period ¢ and rates Ag, ..., Ac—1. It can be easily shown that the sequence | %3 |
is periodic as well with prefix b, period 2¢, and rates Ag, ..., Ae—1, A0, -oey Ac1-

We have successively for any k > 0, and for any ¢ =0, ...,c — 1:

[5b+(k+1)2c+iJ _ | 2Nt Shike2eti | x4+ L3b+k-2c+iJ
2 2 ’ 2

Similarly, for any £ > 0 and for any ¢ = 0, ...,c — 1, we have:

r(b+k+1)2c+c+iJ _ {2)\1' +5b+k~20+c+iJ g {Sb+k~2c+c+iJ
2 N 2 - 2

O
The theorem below is an immediate consequence of Theorem 2.26 and Lemma 4.20.
Theorem 4.21 The class of octagonal relations is periodic.

Corollary 4.22 [f R € R, is an octagonal relation, the rate A of the periodic sequence
{o(R)}2, is tightly closed.

Proof: On one hand, o(R) = M?, is tightly closed, by definition. By Theorem 4.21,
there exist b >0, ¢ >0 and A € ZOéVX4N, for all n > 0:

O_(Rnc—I—b) —n-A+ O‘(Rb)
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The first two points of Definition 2.19 are immediate. The closure (point 3 of Definition
2.19) is by Corollary 4.10. We are left with proving the last point, namely that for all
1<i,j < 4N:
A A
Ay <[5 ]+ 57 (4.7)
2 2
Since o(R"*?) is tightly closed, for all n > 0, we have, for all 1 <4, < 4N

n. A]]-i-o

no Ay o(RY); < (PR | i
n-

<
< q%@+t%n+t“?%+w“TbJ+2

The last inequality holds because, for all z,y € Z and n > 0:
o [ <5)+ 5+
o [BE] =n-|F]if xis even,

and Aj; and Aj; are both even. We calculate:

Ay A= by o(RY)..
ne (b — () Ay < 2 T s s o0
2 2 2 2 v
Then the condition (4.7) follows. O

4.3.2 Checking *-consistency and Periodicity

Similar to the case of difference bounds relations, in this section we give efficient ways
to implement the MAXCONSISTENT and MAXPERIODIC procedures from Algorithm 1.
In the rest of this section, a univariate linear half-term is a term of the form La'k;rﬁ |,
where the mapping x ~— | §| denotes the integer division by two.

Unlike the case of octagonal constraints with constants coefficients, the matrices rep-
resenting parametric octagons do not have a tightly closed canonical form. To overcome
this problem, one can use Algorithm 3 and Theorem 2.20 to define the tight closure of
a parametric octagonal matrix as a matrix whose entries are either co or terms of the
form min{t;(k)}™,, where t;(k) are either univariate linear terms or sums of half-terms.

MaxConsistent. Given an octagonal relation R, integers b > 0, ¢ > 0 such that R?*2¢ is
consistent, and a matrix A € Z2 4N et us denote Mppp = k- A+ (RP) € Z[k]2NV 4N,
Similarly as in the difference bounds case, we have:

MAXCONSISTENT(R,b,A) = sup{n € N | Mgy a[n] is octagonal-consistent }
= inf{n € N | Mgy a[n] is octagonal-inconsistent} — 1
According to Theorem 2.20, Mgy a[n] is octagonal-inconsistent for some valuation

n € Nof k, if either (i) M[n]gp, A is inconsistent, or (ii) L( I ]R )i J—l—L [n]g’b"\)ﬁj <0,
for some 1 <7 <4N.
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Let M = PARAMETRICEFW (Mg ), as returned by Algorithm 3. Checking for the
case (i) can be done in a similar way as for difference bounds constraints (Section 4.2).
The condition of case (ii) is equivalent to the following:

t
min [{ 5 + L%J |t € Mir,u € Myl < 0, for some 1 < i < 4N (4.8)

The following lemma shows that a set of sums of univariate half-terms is semantically
equivalent to the union of two sets of univariate linear terms.

Lemma 4.23 Let T = {t; + Z;Zl Lugjj 1, where t; = oy -k + By, uij = 5 - k+ 0;5 are
univariate linear terms. Then there exist two sets L,U of univariate linear terms such
that for all k > 0:

min{L(k)} = min{T(2k)}

min{U(k)} = min{T(2k+1)}

Moreover |L| < |T| and U] < |T|.
Proof:  For a univariate linear term ~ - k + § € Z[k], we have:

y-k+0 y+9o

o =Dk 4 (hso Uy b+ 115 2l

I .

Let
m; m; | Sij [\n
L= {Q2oi+ 250 ) k+ B+ 255 5 e ;md
U = {0+ 3050 ) R+ ai+ i+ T (52N
Clearly [T]( = [£]5,UIU] ¢, min{L(k)} = min{T'(2k)}, and min{¥(k)} = min{T'(2k+
1)} for all £ > 0. It is easy to see that |£]| < |T| and |U| < |T. O

Let us denote 7; = {| 5] + [ %] | t € My, u € My}. Then, the condition (4.8) can be
rewritten as

min [7;]5, < 0, for some 1 <i < 4N.

By Lemma 4.23, for each ¢ = 1,...,4N there exist sets of univariate linear terms L;
and U; such that min{C;(k)} = min{7;(2k)} and min{U;(k)} = min{7;(2k + 1)} for all
k > 0. Therefore, for all 1 <¢ < 4N, we have

(min [T;]5 < 0) & (min [£;]5q < 0) V (min [U4]5, < 0).

With these considerations, the MAXCONSISTENT procedure can be implemented as
follows. We define
Kap = min{D(M;)}2,
Ke = min{[(£;)},
Ky = min{l)}N

where given a set of univariate linear terms 7, I'(7) is a constant defined in the Lemma
4.13. Note that Kgj, is the minimal integer n € N such that M[n]r A is inconsistent.
By Lemma 4.23, min{2- K/,2 - K;; — 1} is the minimal integer for which (4.8) holds, or
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M[n]% M[n]
equivalently, the minimal integer n € N such that L( MI;"”A)”J + L( [n}g’b’/\)ﬂ < 0, for

some 1 <4 < 4N. Consequently, the MAXCONSISTENT procedure returns:
MAXCONSISTENT(R,b,A) = min{Kg,2 - K0,2- Ky — 1} — 1.

Proposition 4.24 For an octagonal relation R, an integer b > 0 such that R® is con-
sistent and a matriz A € Z2N >N MAXCONSISTENT runs in time at most O((b+ )3 -
|RI? - N9).

Proof:  Computing M requires one application of Algorithm 3. By Proposition 4.12,
the call to Algorithm 3 requires time at most O(u? - N%), where:

o= min( ey (Al e {lo(7)51)
Moreover, the size of M;; is bounded by 8N - 11, by Proposition 4.12. By an argument
similar to the one in the proof of Proposition 4.12, one infers that y < (b+c+1)-2N-|R|.
Consequently, M takes at most O((b+ ¢)? - |R|* - N?) time and |M;;| is bounded by
O((b+0)- |R| - N?).

Hence, computing £; and U; can be done in time at most O(N? - (b +c¢) - |R|). By
Lemma 4.23, |£;| < [M;;], and [U;] < [|Mi;] and consequently, Kgp, Kz, an Kz can be
computed in O((b+ ¢) - |R| - N3) time for each 1 < i < 4N. Hence, MAXCONSISTENT
procedure runs in time at most O((b+¢)3 - |R|* - N9). O

MaxPeriodic. Given an octagonal relation R, two integers b > 0 and ¢ > 0, such
that R’ is consistent, a constant K € Ny, and a matrix A € ZAV*N the procedure
MAXPERIODIC(R, b, A, ¢, K) returns the maximal positive integer n < K such that the
equivalence p(£ - A + a(R%)) o R® < p((£+ 1) - A + o(RP)) holds for all 0 < ¢ < n, or oo
if the above holds for all positive £.

The left-hand side of the equivalence can be encoded by a matrix M; of terms of the
form min{¢;}!",, where ¢; are either univariate linear terms or sums of univariate half-
terms, and can be computed by Algorithm 3. We show that the DBM Ms that encodes
the right-hand side relation is tightly closed, for all valuation of k£, meaning that the
right-hand side can be simply represented by a parametric DBM, under the octagonal
interpretation.

Lemma 4.25 Let R € Ry be an octagonal relation, and A be the rate of the periodic
sequence {o(R")},. Then, for allb,n >0, the DBM (n+1)-A+0o(RP) is tightly closed.

Proof: As a direct consequence of the fact that o(RP) is tightly closed, by definition, and
that A is tightly closed, by Corollary 4.22. O

Two octagonal relations are equivalent whenever their tightly closed DBM encodings

are equal (Proposition 2.21). Hence we need to check for equality (inside some interval)
between min-sets of univariate linear terms and sums of half-terms (the left-hand side
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matrix M;) and univariate linear terms (the right-hand side matrix Ms). Here again
Lemma 4.23 comes to rescue. We compute M; using Algorithm 3 and Theorem 2.26.
Using Lemma 4.23, we split M7 to M 1, and My, where My 1, My are matrices with
sets of univariate terms as entries such that min{(M; r);;(k)} = min{M;;(2k)} and
min{ (M 7)ij(k)} = min{M;;(2k + 1)} for all £ > 0. Similarly, we split M to M j, and
My 7. Then, we apply Lemma 4.16 to compute the upper bound Py, (Pyr) of the interval
in which M and My (M and M) are equal. Finally, the upper bound of the
interval in which M; and My are equal is computed as min{2 - Pr,2- Py — 1} + 1.

Proposition 4.26 For a difference bounds relation R, and integers b > 0,c¢ > 0 such
that RY*¢ is consistent and a matriz A € Z2N*2N  MAXPERIODIC runs in time at most
O((b+ ) - [R|* - N?).

Proof. By an argument similar to the one used in the proof of Proposition 4.24, Algorithm
3 computes the matrix M of sets representing the parametric composition of k-A—HI(Rb)
with o(R¢) in time O((b+¢)3-|R|*- N?). Moreover the size of each entry M;; is bounded
by O((b+¢) - |R| - N?). Computing the minimal bound from Lemma 4.16 requires then
O((b+c)-|R| - N*) time. Hence the result. O

Finally, we prove the asymptotic complexity on the running of Algorithm 1 for an
octagonal relation R in terms of its prefix, period, the number of variables used to define
R, and the sum of absolute values of coefficients of R.

Theorem 4.27 Let R be an octagonal relation with prefic B and period C. Then,
Algorithm 1 computes the transitive closure of R in at most O((B+C)8-|R|*- N?) time.

Proof: The bounds on the running time of procedures MAXCONSISTENT (Propositions
4.24) and MAXPERIODIC (Proposition 4.26) for octagonal relations are same as for dif-
ference bounds relations (Propositions 4.14 and 4.17, respectively). Similarly, relational
composition of octagons has the same asymptotic bound O(N?3) as difference bounds
constraints. Hence, we obtain the same bound as in Theorem 4.18. O

Running Example Consider the octagonal relation R(xi,za,z),25) & 1 + 22 <
S5Ax] —xp < —2Axh —x9 < =3 Az, — ) < 1. The check at line 9 of Algorithm
1 succeeds for (b,¢) = (1,1). In order to compute MAXPERIODIC, one needs to compose
parametric difference bound matrices, similarly as in the case of difference bound rela-
tions. Moreover, the tightening step must be performed. Figure 4.5 shows the parametric
matrix M representing the left-hand side of the equivalence checked by M AXPERIODIC.
The matrix is closed, but not tightly closed. We illustrate the tightening for the con-
straint y4 — yj, which depends on constraints y4 — y/ and vy — v and is thus computed

as
—6k —6

2

min{ -6k — 3, 00| + | )}
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Y1 Y2 Y3 Ya
Y1 0 00 00 5
Y2 00 0 00 00
Y3 o0 5 0 00
m 00 00 00 0
yl | 2k—2 00 00 —2k+3
yh 00 o) 00 o)
vy | Bk—1 —3k+2 —3k—3 -3k+4
yy 00 00 00 00
yi | 2k-4 o0 o0 —2k+1
yh 00 00 00 00
vy | 8k—4 -3k—1 —3k—6 -3k+1
Y4 00 o) 00 00

/1

8 —8=8238282%8

L8k

o

/1

vy Y3
) )
—2k—2 o
—2k+3 oo
) )
00 00

0 00
—5k 0
00 00
00 00
) 00
—-5k—3 -3
00 00

7

Yy
—3k+2
—3k—1
—3k+4
—3k—3

-5k
1
—6k
0
—-5Hk—2

o0
—6k—3

o0

Figure 4.5: Left-hand side before tightening

By Lemma 4.23, we obtain

[[—6]{—3]]20 = Liuly
[[=E])sy = LeUl:
[H_m;_ﬁ ]]20 = L3UUs;

The tightening step splits M into My, and My. In M, the tightened constraint y4 — v}

is computed as

[—12k = 3],
[-6kls,
[—6k—3]5,

v Y2 Y3 Ya
00 o0 oo —3k—1
oo 2k—4 oo —3k—4
oo 2k+1 oo =3k+1
0 00 oo —3k—6
00 00 o —Hk—3
o0 -2 o0 -2
oo -Hk—2 oo —H6k—3
o0 o0 o0 -3
0 00 o —Hk—5H
00 0 00 1
1 -5k-5 0 —6k—6
o0 o0 o0 0
U [—12k—9].,
U [-6k—3]sy
U [-6k 6]

min{—12k — 3, (—6k) + (—6k — 3)} = —12k — 3

and similarly in My, the tightened constraint y5 — v} is computed as
min{—12k — 9, (—6k — 3) + (—6k — 6)} = —12k —

Further checks are similar as in the difference bounds case. Then, Algorithm 1 returns

the following result:

b—1 c—1

R" & \/R v3k=0.\/n(k-A+o(R)oR

i=1 i=0

& dkE>0. x'2§—3k:/\x&—a:1§—2k—2/\x'Q—xllgl/\xé—mlg—iﬁk—l/\

rh—19<—3k—3 Ax1+22<5 A x1+25<—3k+2 A
T+ r9 < —2k+3 A ) +25 < -5k A xh+xo < —3k+4

After quantifier elimination, we obtain:

Rt & zh<0nz)—-z1<-2Azh—21<—-1AZh—2)<IA

rh—29<—3ANx1+T2<HATI+THL<2A

T +ro <3 AT+, <0 A zo+2h <4
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4.4 Finite Monoid Affine Relations

Recall from Section 2.5 that an affine relation R € ZV x ZV is defined by a linear
arithmetic constraint of the form x’ = Ax + b, where A € ZV*¥ is a square matrix,
and b € Z" is a column vector. The relation is said to have the finite monoid property
if the set {A%, AL,...} of matrix powers of A is finite.

It is easy to see that A is finite monoid if and only if there exists p > 0 and [ > 0
such that AP = AP e, My = {A% ... AP ... APY =11 If A has the finite monoid
property, it can be shown that the transitive closure of T' can be defined in Presburger
arithmetic [Boi99, FL02]. We achieve the same result below, by showing that the update
of a finite monoid affine relations is a periodic relation. As a consequence, the closed
form of the update can be computed by Algorithm 1. Since the update relation is *-
consistent and deterministic, the transitive closure can be computed by applying the
following lemma.

Lemma 4.28 Let R(x,x') € R be a *-consistent deterministic relation and ¢(x) be
a guard. Then the transitive closure of the relation R N\ ¢ can be defined as:

(RAQ)T(x,x') < Ik >0 . Rk,x,x') A\VO < €<k Jy . R(,x,y) Ao(y)
where R defines the closed form of R.

Proof: “=" Let v, Vv’ be a pair of valuations of x and X, respectively, such that v, v’ =
(RAp)*t. Then there exists n > 0 such that v, v/ = (RA¢)". Consequently, there exists
a sequence of valuations v = vo, vi,..., vy = v’ such that v;, v;11 = RAp. By Definition
3.9, we have that = R(n,vo, vy) and = R(i,vo, v;) Ap(v;), foralli =0,...,n — 1.

<" Let v and v/ be two valuations such that = R(n, v, v’) for some n > 0 and for all
i=0,...,n—1 we have = R(i,v,v;) and = ¢(v;), for some valuation v; of x. Since
]Tl(n) < R"™, by Definition 3.9, there exists a sequence of valuations v = v(, vi,...,v], =
v’ such that v}, vj,, = R. By the fact that R was assumed to be deterministic, we have
v; = Vv/jforalli =0,...,n — 1, hence v, = ¢, for all i = 0,...,n — 1. Clearly then
v,vV.E(RAp)T. O

To compute the transitive closure of an affine relation, it is enough to compute the
closed form of its update. This can be computed by Algorithm 1 whenever the update
relation is shown to be periodic. In the following, we show that this is indeed the case,
when A has the finite monoid property. For simplicity reasons, we will work with the
equivalent homogenous form of (2.3)

Th@x’h:Ahxxh/\qﬁh(xh) where Ah<:>< OAO tl) )
where =, = (1,...2N,2N+1) With zx41 € X being a fresh variable and ¢p(x) <
¢(x) A xnys41 = 1. The encoding of an affine update T;, & x', = Aj, x x5, is defined
as o(T,) = A € ZgH)X(NH). Dually, for some M € Z[k]gﬂ)xwﬂ), we define
m(M) < x'j, = M x x;,. With these definitions, we have o(TF) = A%, for all k > 0.
The next lemma proves that the class of finite monoid affine updates is periodic.
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Lemma 4.29 Let A € ZN*N be a finite monoid matriz, b € ZN be a vector, and let
write the finite monoid generated by A as My = {A%, ... AP, ... APT=1Y where p > 0,
1 >0, and AP = APt Then, the sequence {Ahk}zozo s periodic with prefix p and period
l.

Proof: Let A € ZN*N be a matrix, b € Z" be a vector, and

A | b
Ah@( 0.0 1 )

Then we have, for all £ > 0:

k_ AP | S AT x b
(4r) _< 0...0 | 1

Fori=N+1,1<j<N+1, {(Ahk)ij}zozo is trivially periodic. For 1 < 4,57 < N,
{(AR*)ij}22, is periodic due to the fact that A is finite monoid. It remains to be proven
that, for all 1 < j < N, the sequence {(Zf;ol A' x b);}22, is periodic. Without loss
of generality, assume that the monoid of A is My = {A% A, ... AP .. APTI=1} where
AP = APtl Then, for k > p, we have:

k—1 4 —1 i, | k—p+l +1-1 (k—p+1) mod 1) 4
Zi:O Al :Z‘?:o Af 4 | k=ptd p |- Z;D Al + Z —p mo )AZ.
Hence the sequence {Zf:_ol A?}%e . is periodic with prefix p, period I, and rates
A _ ZP-H 1Az

forall j =0,1,...,] — 1. Consequently, A, is periodic with the same prefix and period.
O

As a direct consequence, we have the following theorem.

Theorem 4.30 The class of finite monoid affine updates is periodic. Moreover, the
transitive closures of finite monoid affine relations with Presburger definable guards are
effectively Presburger definable.

The implementation of the procedures MAXCONSISTENT and MAXPERIODIC for finite
monoid affine relations is rather simple. Since we run Algorithm 1 for x-consistent
updates of the form x5, = A, X x, only, MAXCONSISTENT needs to return always
00. The MAXPERIODIC test can be implemented as an equivalence check between two
homogeneous linear systems with univariate linear coefficients. More precisely, given
a homogeneous transformation 2/ = A x z, with 4 € ZNVTU*x(V+D) and a matrix A €
ZWINADX(N+D) e are looking for valuations of k that satisfy the following equality

(A 4+ k- A) x A= A"+ (k+1)-A (4.9)
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Both (A +k-A) x A° and A® 4 (k4 1)- A are matrices where each entry is a univariate
linear term. The test on line 9 of the Algorithm 1 guarantees that the above equality
holds for at least k=0 and k=1. Clearly, if ¢;(0) = ¢2(0) and ¢;(1) = t2(1) for two
univariate linear terms ¢, t2, then ¢1(k) = t2(k) for all £ > 0. Hence, the MaxPeriodic
returns always L = co. We summarize these observations in the following proposition

Proposition 4.31 Given a finite monoid matrizc A € ZN*N | integers b > 0, ¢ > 0,
and a matriz A € ZWVTDXNHD) gueh that A;’fc = Az + A and A;’ZHC = A;’;rc + A, the
procedures MAXCONSISTENT and MAXPERIODIC run in constant time.

Finally, we prove the asymptotic complexity on the running of Algorithm 1 for a finite
monoid affine relation R in terms of its prefix, period, and the number of variables used
to define R.

Theorem 4.32 Let R be a finite monoid affine relation with prefic B and period C.
Then, Algorithm 1 computes the transitive closure of R in at most O((B + C)? - N3)
time.

Proof:  Let R be a finite monoid affine relation and let R, be the update of R. If
follows from Lemma 4.29 that asymptotic bound on the time needed to compute the
transitive closure of R and R, are same. Thus, we consider only an update relation in
a homogenous form encoded as a matrix A € ZgH)X(NH).

By Theorem 3.16, Algorithm 1 takes at most O((B + C)?) iterations of the main
loop and in each iteration and moreover, the algorithm considers a prefix and period
candidates b and ¢ such that both b and ¢ are bounded by O((B + C)?). By Proposition
4.31, procedures MAXCONSISTENT and MAXCONSISTENT run in constant time. The
test on line 8 amounts to equality of two matrices and can be thus performed in O(N?)
time. The greatest power of a relation that is computed by the algorithm is R*+2c,
Since the composition of an update in a homogenous form with itself amounts to matrix
multiplication, if follows that these computations are performed in O((B+C)-N?3) time.
Hence, the total bound on the running time of Algorithm 1is O((B + C)?- N3). O
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5 Complexity of the Transitive Closure
Algorithm

This chapter is concerned with the worst-case complexity of the transitive closure al-
gorithm from Chapter 3 (Algorithm 1) when applied to difference bounds, octagonal,
and finite monoid affine relations. For a periodic relation R C ZN x ZN with prefix
b > 0 and period ¢ > 0, the asymptotic bound on the running time of Algorithm 1 is
O((b +¢)® - |R|® - N?) if R is a difference bounds or an octagonal relation (by Theo-
rem 4.18 and 4.27), where |R| denotes the sum of absolute values of the coefficients of
R. The asymptotic bound is O((b+ ¢)? - N3) if R is a finite monoid affine relation (by
Theorem 4.32).

The main issue, dealt with in this chapter, is thus the evaluation of the upper bounds
of the prefix b and period ¢ for each of these classes of relations. We prove that for
difference bounds relations, b is asymptotically bounded by |R| -2°®Y) and ¢ is bounded
by 2°V) For octagonal relations, the bound on the period is same as for difference
bounds relations and the prefix is bounded by |R|* - 2°(N). For finite monoid affine
relations, b + ¢ is the size of the monoid, which in turn is proved to be bounded by
20(NPE10 1) Columns 2 and 3 in Table 5.1 summarize these results. Combining the
bounds on the size of the prefix and the period with the bounds given by Theorem 4.18,
4.27, and 4.32, we obtain asymptotic bounds on the running time of Algorithm 1 in
terms of N and |R| (the last column in Table 5.1).

Table 5.1: Transitive Closure Complexities for Periodic Relations

CLASS PREFIX PERIOD TRANSITIVE CLOSURE
difference bounds | |R|-29W) 20(N) |R|® - 20"
octagonal |R|? - 20(M) 20(N) | R - 20(N)
finite monoid affine | 20(NV'*#10 1) | 9O(N'es10 1) 9O(N'e810 1)

In all cases, Algorithm 1 runs in EXPTIME in the number of variables, and PTIME
in the sum of absolute values of the coefficients of R or, equivalently, in EXPTIME in
the size of the binary representation of R.
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5.1 Difference Bounds Relations

Any difference bounds relation R € Ry is periodic, by Theorem 4.8. This result extends
to the octagonal class R, by Theorem 4.21. The periodicity of difference bounds rela-
tions is a consequence of the fact that the sequence of tropical matrix powers {M%Z}izo
where Mp, is the incidence matrix of the common transition table T = (Q, A, w) of the
zigzag automata defined for R (see Section 2.3.3), is periodic by Theorem 4.6. Since each
power of R is encoded by a matrix which is a projection of a tropical power of Mg, the
prefix of R is not greater than the prefix of {M%Z}Z-ZO, while the period of R is a divisor
of the period of {M% };>0. In this section, we prove a |R| - 2°Y) upper bound for the
prefix and a 2°(Y) upper bound for the period of Mp. By the previous arguments, these
bounds are also bounds for the prefix and the period of R, respectively.

In the rest of this section, let x = {z1,...,2x} be a set of variables, R(x,x’) be
a difference bounds relation, and Tp = (Q,A,w) be the common transition table of
zigzag automata defined for R.

5.1.1 Bounding the Prefix

We start by instantiating Lemma 4.4 for the common transition table T = (Q, A, w) of
zigzag automata defined for R.

Corollary 5.1 Let Tr = (Q, A, w) be the common transition table of zigzag automata
defined for a difference bounds relation R, and u,v € Q be two control states. Then for
every minimal weight path p form u to v, such that |p| > |R|-|Q|°, there exists a path p'

from w to v, such that w(p) = w(p') and |p| = |p'|, and a basic path scheme 6 = o-\* -0,

lem(d,...,|QI-1)

such that o' = o -\ - o', for some b > 0. Moreover, there exists c | B such

that o - XYk . o’ is a minimal weight path from u to v, for all k > 0.

Proof:  We obtain the statement of the corollary by instantiating Lemma 4.4 with
Tr = (Q,A,w), in which case u(Tr) < |R]. O

Similarly, we instantiate Theorem 4.6.

Corollary 5.2 Let Tr = (Q, A, w) be the common transition table of zigzag automata
defined for a difference bounds relation R, and let Mp be its incidence matriz. Then,
the sequence { M };>q is periodic. Moreover, its prefiz b is bounded by |R| - 2°™), and
its period divides lem(1,...,5") and is bounded by 920t

Proof: We obtain the statement of the corollary by instantiating Theorem 4.6 with
Tr = (Q,A,w), in which case u(Tg) < |R| and |Q] = 5". O

A direct consequence of Corollary 5.2 is that the prefix of a difference bounds relation
R is bounded by |R| - 200Y),

Corollary 5.3 Let x = {x1,...,zN} be a set of variables. Given a difference bounds
relation R(x,x'), its prefiz is bounded by |R| - 200V,
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Proof: We distinguish two cases. First, if R is *-consistent, then the bound |R] - 20(V)
on the prefix of Tp = (Q, A, w) that follows from Corollary 5.2 is also the bound on the
prefix of R, by Proposition 4.9.

If R is not x-consistent, there exists a power £ > 0 such that R’ < 1. Consequently,
there exists a minimal weight path p of length ¢ in the even zigzag automaton for R,
recognizing a negative cycle. By Lemma 4.3, there exists an equivalent path p’ of the form
o -\ .o’ where |0 - 0| < 5*" and |A| < 5%, for some k > 0. We have £ = |0 - o/| + k||
The prefix of R is the minimal length ¢ such that w(p) = w(p’) < 0. If w(o -0’) <0,
then this length is |oo’| < 5*V. Otherwise, if w(o - ¢’) > 0, we have w(\) < 0, or else p’
could not encode a negative cycle, independently of how large it is. Then w(p’) < 0 if

and only if k£ > ui(g'(il)) Since —w(A) > 0 and w(\) € Z, we have —w(\) > 1. A sufficient

condition is that k > |R| - 5* > w(o - ¢'), hence £ = |p/| > 5*" + |R| - 5°V, i.e. the
prefix of a *-inconsistent relation R is also asymptotically bounded by |R| -2°N). O

Similarly, a direct consequence of Corollary 5.2 is the bound on the period which is

double exponential in N. In the next section, we prove that this bound can be improved
to 20V),

Corollary 5.4 Let x = {x1,...,zN} be a set of variables. Given a difference bounds
relation R(x,X'), its period is bounded by 929"

Proof. The period of *-inconsistent relation R is 1, by Definition 3.8, which is clearly
bounded by 920,

Let TR = (Q,A,w) be the common transition table of zigzag automata of a x-
consistent R. By Corollary 5.2, the period ¢ of Tk is bounded by 22°™) " Gince each
element Mpi, i > 0, of the sequence { Mpn },>0 of powers of R is obtained as a projection
of M%i, it follows that the period of R divides the period of Tr. Thus, the period of R

is bounded by 227 00, O

5.1.2 Bounding the Period

In this section, we refine Corollary 5.4 and show that the period of difference bounds
relations is bounded by a single exponential. We start by defining several key notions
and giving a high level idea of the proof.

Key Notions and a Proof Idea

Given a difference bounds relation R(x,x’), x = {x1,...,zx} and the unfolded graph G§,
we define the composition, power, relative length, and relative average weight operators
on paths in G3.

Definition 5.5 Let R(x,x’), x = {x1,...,xn}, be a difference bounds relation and let
P IL‘Z(éO) — af:gl) — .= xl(f;") o xélgo) — a:yfl) " mgi")
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m,n > 1, be two paths in G%. The relative path length operator is defined as |p| =
[l — lo|. If |p| > 0, we define the relative average weight operator w(p) = ﬁ. If
im = Jo, we define p.p', the composition of p with p', as

p.p = xg(l)o) — xﬁl) .. a:z(f:) — xyfl*d) - ... xﬁi"fd)
where d = ko — l,. Further, if i = iy, we define p¥, k > 1, the k-th power of p as
k-times composition of p with itself.

OB
I I
T2 o T2
I3 o T3
Ty Ty

(a) Edges (b) Repeating path p
Figure 5.1: Illustration of repeating path.

Example 5.6 Consider the edges in Figure 5.1(a) and build paths p1 : mflo) — xgl) —

xgo) — xgl) and pa : xgo) — x[(ll). Their concatenation pi.p2 results in a path p : xflo) —
x:(gl) — $§O) — ajgl) — xf) depicted in Figure 5.1(b). Note that |p| = 2. The second

power of p, denoted p?, is depicted in Figure 5.1(c).

Next, we define several notions characterizing the structure of paths in G§.

Definition 5.7 Let R(x,x’), x = {x1,...,zn}, be a difference bounds relation and let
p= xl(-éO) z('an) be a path in G3,. We say that p is forward (fw) if and only if l,, > lo.
We say that p is backward (bw) if and only if L, < lop. We say that p is repeating if and
only if io = iym. We say that p is essential if and only if for all 1 < j < k < m, i = iy
only if j = 0 and k = m. Path p is said to be a cycle if and only ig = iy, and lo = 1.
We say that p is cyclic if and only if p has a subpath that is a cycle. A path is acyclic
if and only if it is not cyclic.

~> T

Intuitively, repeating path can composed with itself arbitrary many times. Note that
the length of an essential path p is at most N, |p| < N. Consequently, its relative length
is at most N too, |p| < N. Next, we define g;;, the folded graph of R. Intuitively, g};
projects all edges onto unprimed variables x.

Definition 5.8 Let R(x,x’), x = {x1,...,2zn}, be a difference bounds relation and let
Gr be its graph representation. The folded graph of Ggr is defined as g}; = (x, E), where
x; — xj is an edge in E if and only if v; = xj, x| > T, o 5 %, or T} < xj is an edge
of Gr. We write x; ~ x; if and only if x; and x; belong to the same strongly connected
component of g;;. Clearly, ~ is an equivalence relation.
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Note that folded graphs are not weighted. Figure 5.2(b) depicts the folded graph g}; of
Gr from Figure 5.2(a). The folded graph in Figure 5.2(b) has two strongly connected
components {z1} and {z2,x3}.

€ . ‘(L.ll X1 \ X(O) X(l) X(Z)
2 A le - N N T xr1 o o o
A o @ r r 1 T9 o

, " i l 1 T \/’O
T3 3 T3 r3 o © “lo
/

(a) Gr (b) g{z (¢) Tr with a simple cycle A2 (d) The label of A\,

Figure 5.2: Folded graph. Zigzag automaton with a simple cycle.

Then, we observe that each cycle A in Tp = (Q,A,w) (a zigzag cycle, for short)
encodes a set of forward x-acyclic and backward x-acyclic paths.

Definition 5.9 A repeating path p is x-acyclic if and only if p* is acyclic for all k > 1.

Intuitively, a x-acyclic path can be composed with itself arbitrary many times without
producing cyclic subpaths. For instance, the path p depicted in Figure 5.1(b) is x-acyclic.
Note that each essential repeating path is x-acyclic.

Further, we study the structure of path schemes o.\*.c’ from Lemma 5.1 and prove
that one can without loss of generality assume that A is simple.

Definition 5.10 A cycle A in the transition table of a zigzag automaton T = (Q, A, w)
is simple if and only if it encodes at most one x-acyclic path per equivalence class of ~
relation. A basic path scheme 0 = o.\*.0’ is simple if and only if X is simple.

Figure 5.2(c) illustrates a part of the transition table of the zigzag automaton corre-
sponding to the relation in Figure 5.2(a). The cycle A\; depicted in Figure 5.2(c) is not

simple, since it encodes two *-acyclic paths xgo) 5 acgl) and :cgo) 9 :Uél) from the same

strongly connected component {2, x3}. On the other hand, A9 is simple, since it encodes
only one *-acyclic path a:g)) 9, xél) N xgz) depicted in Figure 5.2(d).

Next, we prove that we can make the statement of Lemma 5.1 even more accurate and
consider, without loss of generality, only path schemes with cycles whose length divides
lem(1,...,N). Let u; be a x-acyclic path of the form p; : z;;, ~ z;; encoded in a simple
zigzag cycle A, where z;; € z; for some equivalence class z; € x,... We first observe that
there exists an essential *-acyclic path p; of the form v; : zp;, ~ xy;, where zy; € z;
as well. Supposing that A\ encodes m x-acyclic paths, the intuition is to build a cycle

XN as follows: letting L = lem{||v1,...,|vm|}, the cycle X' will encode paths ij, where

dj = HTLH Then, since || = L and |v;| < N, it follows that the length of X' divides
J

lem{1,...,N}.

Since p; and v belong to the same equivalence class z;, by the above observations, it
follows that there exist essential paths §; : x;; ~ x; and ¢ : xy; ~ z;;. These paths can
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be used to connect 1; with v; and vice versa. The notion of a connecting path captures
this idea:

Definition 5.11 A forward repeating path 7 : x; ~ x; is called a connecting path if it
is of the form
o=y & v ¢t

where
® [T~ Xy, VX~ T are forward x-acyclic paths, and
o £:x;~ xk, (:xp ~ x; are essential paths.

Note that in a connecting path 7, the repeating paths p and v are allowed to be raised
to a positive powers r, s,t. Figure 5.3 illustrates a connecting path.

14 v

Figure 5.3: Connecting path 7.

In order to ensure correctness of the construction, we also need to build two zigzag
paths 71 and 7 that will connect A with A’ and vice versa, respectively. In other words,
we need to ensure that A\.m.\.m.\ will form a valid zigzag path. To this end, we
build connecting paths 71,...,7,. Here we encounter a problem of synchronizing the
positions at which v; appears for the first time in 7;. This problem is due to the fact
that the relative length of {; may be arbitrary — we only know that its relative length
is bounded by N, since &; is essential. Lemma 5.26 proves that this problem can be
overcome. Finally, we prove in Lemma 5.29 the desired claim that we can, without loss
of generality, assume path schemes o.\*.0’ where |A| divides lem(1,..., N).

Then, we can refine Corollary 5.4 and establish the upper bound of 20 on the period
for zigzag automata. Since M., the encoding of the m-th power of R, is a projection of
M%m, the bound on the period of the sequence {M%m }m>0 is a valid bound on the period
of the sequence {M}m }m>0 and consequently, it is a bound on the period of a difference
bounds relation R (Theorem 5.31). In Theorem 5.32, we show that this result extends
rather easily to the period of octagonal relations. Moreover, Theorem 5.32 shows how
the bound of |R|* - 2°(N) on the prefix of and octagonal relation can be inferred.

Repeating Paths — Decomposition and Optimality

Repeating essential paths can be seen as building blocks of each repeating path, as the
following proposition states. Note that each essential repeating path is either forward,
backward or an elementary cycle.
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Proposition 5.12 FEach repeating path p can be decomposed into a set of essential re-
peating paths F(p) such that

w(p) = Per(p W) + 2 erap W) + 2 e r () W)

where Fi.(p), Fa(p), Fo(p) € F(p) are the mazimal subset of forward, backward, and
cyclic paths, respectively. Moreover,

HpH = Zp@fb(p) ”N” - Z,LLE]‘—Q(p) ”/’L” pr 18 fO’f”LUCLTd,
lol = > uerai Il = X erm ) 111 if p is backward,
lol = > pera el = X erm ) 1l =0 if pis a cycle.

Proof:  Let p be arbitrary path and denote pg = p. For each ¢ > 0, we define p;;1
inductively as follows. Let u; be an arbitrary essential repeating subpath of p;, i.e.
pi = 0;.11;.0} for some 0;,0!. Then, construct p;y1 by erasing p; from p;, i.e. piy1 = 6;.9;.
Clearly, this decomposition terminates since ppi1 is empty for some & > 0. Then,
F(p) = {uo,- -, pux}. Next, let us define D; € Z, i =k +1,...,0 inductively as follows:

Dyy1 =0 and for each ¢ =k, ...,0, define

D; = D1 + |pi]|  if p is forward,
Di = Di+1 — H,u,zH if j2% is backward,
D; = D;qq if p; is an elementary cycle.

Clearly, for each 1 <1 < k,

lpil = D;  iff p;is forward  iff D; > 0,
lpil = —D; iff p; is backward iff D; < 0,
lpi =0 iff p; is a cycle iff D;=0.

Recall that p = po. Thus, if p if forward, then |p| =>_,c 7 () I4l = 22 ex. () 1l and
if p is backward, then |p| =32 7, lul = X ,c 7 () [1]. Clearly, if pis a cycle, then

lol =2 pera 1kl = 2 e m (o) Il = 0. O

<05 (x5 (B)5 (45 (5)(6) (05 (D5 (D5 B)x(4) <05 (D5 (D5 (B)x(4) <05 (15 (2)
Il © o0 s o o o o xr1 ©o o o o o T o o o o o T o o o
T2 o s K o o o T2 © g o0 o o T2 o o o o o T2 o o o
xr3 o o o o T3 o o*or o o r3 o o o0 o o r3 o o o
T4 o o o o Ty o o o 43 o ry, © ©o o o o ry o o o
5 o o o xTs W r5 o o . © © s © o o
g o o g o ° ° g o e - o T6 © L@, ©
x7 o o T7 o o o x7 o/g ° ‘2\‘0 7 o e %o
(a) po and its subpath pg (b) p1, 1 (c) p2, p2 (d) p3, p3

Figure 5.4: Decomposition of a repeating path to essential repeating paths.
Example 5.13 Consider a path p depicted in Figure 5.4(a). Figures 5.4(a-d) illus-

trate a decomposition of p into essential repeating paths. FEssential subpaths F(p) =
{po, - .., pus} selected during the decomposition are dotted.
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We next show that the average weight of a repeating path p is equal to the average
weight of an arbitrary power of p.

Proposition 5.14 Let p be a repeating path and let d > 1. Then, w(p?) = w(p).

Proof Observe that w(p?) = dﬁgﬁ) = % = w(p). o

Next, we introduce a notion of optimal path.

Definition 5.15 Let z € X, be an equivalence class of ~ and let SZ (S%) be the set
of all forward (backward) repeating paths in Gr of the form x; ~ x;, for some z; € z.
A path p € SZ is >-optimal if and only if W(p) < W(p) for all p' € SE. Similarly, a path
p € 8% is <-optimal if and only if W(p) < w(p) for all p’' € S%.

We next show that the average weight of optimal paths are determined by average
weights of critical essential repeating paths. Thus, we first characterize these paths.
For each equivalence class z € x,., we define the set of essential repeating forward
paths Py (z), minimal average weight of these paths Ci(z), and a subset of fw-critical
paths Pg(z) as follows. Note that we allow a path to cross nodes x© where ¢ < 0, for
notational convenience.

P.(z) = {p: :cz@ ~ IZ(EI) | ¢ > ¢, pis an essential, repeating path in G, m > 0}
Cr(z) = min{[p] | p € P-(2)}
F(z) = {pePu(2)|lpl = Cx(2)}

Similarly, we define P4(z), C4(z), P5(z) for backward paths.
The following lemma gives a precise characterization of optimal paths, based on prop-
erties of critical paths defined above.

Lemma 5.16 Let z C x be an equivalence class of ~ and let p : x ~ x, © € z, be
a repeating path in Gg.

1. If p is forward, then w(p) > Cs(z). Moreover, p is >-optimal if and only if
w(p) = Cx(z) if and only if
a) W(u) = Cx(z) for each forward path u € F(p),
b) W(p) = —Cx(z) for each backward path p € F(p),
c) w(p) =0 for each cycle p € F(p).

g

Moreover, if F(p) contains a backward path and w(p) = Cy(z), then Cs(z) =
*C<] Z).

2. If p is backward, then wW(p) > C4(z). Moreover, p is <-optimal if and only if
w(p) = C4(z) if and only if
a) w(p) = —C4(z) for each forward path u € F(p),
b) w(p) = Cq(z) for each backward path p € F(p),
c) w

—~

(1) =0 for each cycle u € F(p).

73



Moreover, if F(p) contains a forward path and w(p) = Cq(z), then Cq(z) =
—Cix(2).
3. If p is a cycle, then wW(p) > 0. Moreover, w(p) = 0 if and only if
a) W(u) = Cx(z) = —C4(z) for each forward path p € F(p),
b) W(p) = Cq(z) = —Ci(z) for each backward path u € F(p),
c) w(p) =0 for each cycle € F(p).

Proof:  We give the proof for the case when p is forward. Proofs for other cases are
similar.

Let Sy, S4,Ss C F(p) be the sets of all forward paths, backward paths, and cycles in
F(p), respectively. Clearly, w(u) > C(z) for each u € S.. As a corollary of Lemma
5.23, C4(z) + C(z) > 0 and thus, w(u) > Cy(z) > —Cr(z) for each p € S4. Since R is
x-consistent, then w(v) > 0 for each p € S,. Thus, for each p € S, there exists d,, > 0
such that w(p) = C(z) + d,,. Similarly, for each p € Sq, there exists d, > 0 such that
w(p) = —Cx(2) + dy. Let us define:

W)= Y wl)  wE)= Y w)  ws)= 3w

HESE HES4 HESo

We derive:

w(Se) = Yes, W) = Xes, Wlul = X ues, (Co(2) + dy) |l
Co(2) X pes, Il + 2 es. dulpl

2opesa W) =2 cs Wl =22 ,cs, (=Cx(2) + dy)|pl
—Cu(2) Xpesy Il + 22 ies, dulul

w(Sq)

Observe that:
w(Se) +w(Sa) = Col#) (Tpese Il = Less I8l) + Zpespus., dalil
= Co@pl+ e, us., dulul

The last equality holds since [p| = 37 cq lul — 3 ,cs. Iul- Since w(p) = w(Ss) +
w(S4) + w(Ss), we infer that

w(p) = w(Sx) +w(S4) +w(So)
= Co(@)lpl + Xues. dull + 2 es, dullil + 22 e, w(n)

Consequently,

Zu65> du ||H||+Zues<] dy, H.UH'FEMESO w(p)

w(p) = Cu(z)+ Il

Since the fraction in the above equation is non-negative, then w(p) > Cx(z). Moreover,
w(p) = Cx(z) if and only if d, = 0 for each v € S, d, = 0 for each v € S, and
w(v) =0 for each v € S, if and only if W(r) = Cx(z) for each v € Si., W(v) = —Cx(2)
for each v € S, and w(v) = 0 for each v € S,.
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Suppose that F4(p) # 0 and w(p) = Cx(z). Recall that w(p) > Cq(z) > —Ci(
for each p € S4. By the above arguments, w(pu) = —Ci(z). Thus, —Ci(z) > C4(z)
—C(z) and consequently, C4(z) = —Cx (2).

N
~—

The following technical proposition is later used for proving properties of connecting
paths.

Proposition 5.17 Let z C x be an equivalence class of ~ and let p : x; ~ x;, x; € z, be
an optimal forward repeating path in Gr. Then, there exist an optimal essential forward
path p' : xj~ x; and essential paths & : x; ~ x;, ¢ : xj ~ x; such that

e W(¢.() = Cu(z) if £.C is forward,
e W(.() =—Cu(z) if £.C is backward,

o w(&.C) =0 if £.C forms a cycle.
Moreover, p' € F(p) and F(£.C) C F(p).

Proof:  Let po,...,pr and uo,...,ur € F(p) be paths constructed in a decomposition
of p into essential repeating paths as in the proof of Proposition 5.12. Clearly, there
exists 0 < m < k such that pu,, : x; ~ z; is forward. Let 0,0" be paths such that
Pm = 0.1,.0". Let us decompose 6 by erasing its essential repeating subpaths, obtaining
6o, . ..,0,. Similarly, we decompose #' and obtain 6y, ..., 0. Note that we can without
loss of generality assume that pp,4, = 0,.0 for all 0 < n < ¢ and that pypprn = 0.6,
for all 0 < n < 0. Let & = 0, = 0;,. Since p is fw-optimal, then clearly F(£.¢) =
F(00.0)) € F(p). Applying Lemma 5.16, we get the remaining properties of 6.0}, stated
in this proposition. O

Anatomy of Zigzag Cycles

We now inspect the structure of cycles in zigzag automata. In particular, we show
that each x-acyclic path encoded in a zigzag cycle is a concatenation of several zigzag-
segments:

G
Definition 5.18 Let A = qq G, Q N qp, where qo = qp, be a zigzag cycle of

length |\| = p, where G, ...,G), are subgraphs of Gr that label edges appearing in X.
Let G be a subgraph of g% constructed as G = G1.Ga...G,. FEach path 0 in G that is
mazximal in its length is called a zigzag-segment.
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Figure 5.5: Segmentation of a repeating path to zigzag-segments (a) and construction of
a corresponding zigzag cycle (b).

Given a zigzag cycle A of length |\| = p, we write its segments as paths of the form

ngo) ~ xgp)’ mz(p) ~ m§0)’ x§0) ~ xgp)’ or l‘z(p) ~ xgp).

Example 5.19 Consider a zigzag cycle A, depicted in Figure 5.5(b). A, has five zigzag-
segments:
20 )

2 1
vy o s af

— $é2) vy l‘éo) — LUél) — .’EéQ) — I‘él) — LU(70)

) — IEéO) Vg .’I}g) — .’L'gl) — .’EELQ) Vs @ .’IJZ(LO) — .’Eél) — .%'(12)

IZ

Each zigzag cycle A\, |[\| = p, encodes a set of forward x-acyclic paths of the form :EZ(-O) ~>
xgp ) and a set of backward x-acyclic paths of the form P xgo)' For simplicity, let

i
l(ﬁo) S
0 im

10 = im, p = €y — Lo, and no backward path. We will describe how A,, a unique zigzag
cycle that encodes p, can be built. We first define:
Il
ol

I

us first examine cycles which encode one forward #-acyclic path p : x

L,=|min{ly, — o | 0 <k <m}|

L,=
R, = |max{{; —ly | 0 < k < m}| R, =

—

Lo)
10

Intuitively, L, (R),) is the left (right) extent of p relative to x

Example 5.20 (ctd.) Given a path p : xgo) ~ a:g2) depicted in Figure 5.5(a), we com-
pute:
L,=|min{-1,...,3}=1 L,=[3]=1
R,=|max{-1,...,3}|=3 R,=[3]=2
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Next, let decompose p into zigzag segments in the following manner. For each —L, <
Jj < Ry, we define O, ;, the set of maximal (in their length) subpath of p which cross
only variables

(xW G lpl <k < G+1)-lol}

Then, A\, consists of zigzag-segments UkRﬁ _% ©, - Similar definitions can be made for
=—Lp

backward paths. This construction can be generalized for zigzag cycles encoding a set
of forward and backward paths.

Example 5.21 (ctd.) Given a path p : xgo) ~ x?) depicted in Figure 5.5(a), we com-
puted L, =1, fp =1, R, =3, Ep = 2. Then, ©, 1 is a set of maximal subpaths of p
crossing only x("2 UxD UxO) | thus ©,,—1 = {va}. Similarly, ©, is a set of maximal
subpaths of p crossing only x(© UxM Ux® | thus ©,0 = {v1,v3,05}. Finally, ©,, is
a set of mazimal subpaths of p crossing only x Ux® Ux® | thus ©,1 = {r2}. Clearly,

the zigzag cycle in Figure 5.5(b) encodes segments ©, _1U©G,0U0O, 1. O

The following proposition states that the average weight of a cycle A in zigzag automaton
is the sum of average weight of x-acyclic paths that are encoded in the label of \.

Proposition 5.22 Let A be a zigzag cycle that encodes x-acyclic paths p1,...,pn. Then
@A) = w(p1) + -+ +W(pn)-

Proof. Since || = |p1] = -+ = |pn|, we infer:

w(A) = W =i w\(f() =i u\}\xﬁ) = 2 i1 W(pi)

Basic Path Schemes with Simple Zigzag Cycles

This section refines the statement of Lemma 5.1 by proving that the cycle A from each
basic path scheme can be assumed to be simple, without loss of generality. The next
lemma proves that the sum of average weights of a forward repeating and a backward
repeating path in G, m > 1, from the same equivalence class of the ~ relation is
non-negative, whenever R is *-consistent.

Lemma 5.23 Let R be a *-consistent difference bounds relation and let p; = x; ~ x;
be a forward repeating and p; = x; ~ x; be a backward repeating path in Gg such that
x; ~ xj. Then, W(p;) +w(p;j) > 0.

Proof: Suppose that wW(p;) +w(p;) < 0. Let us define:

p b d;
p=lem(|pi], Ipjl), di:m, dj:—”, vi = ()" v = (pj)
(3

d;
lp;
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By Proposition 5.14, w(p;) = w(v;) and w(p;) = w(v;). Thus, wW(y;) + w(vy;) < 0.
Furthermore, since |v;| = |v;| = p, then p-w(v;) +p - w(y;) = w(v) +w(y;) < 0. Since
x; ~ xj, there exist essential paths

(0) (9)

t;; = x, ~ T and 0;; = x;

©) ., (7’)
J

where 0 < |Q|, |r] < N. Let n > 0 be a parameter. We build (refer to Figure 5.6)

xl(—np+q+7') mZ(O) v :Ul(np)
[ ] o ——— 9”
"ﬂ\. .
2
xz(fmﬂrq) ;" xgnpﬂ)

Figure 5.6: Building ¢

Clearly, ¢ is of the form ¢ : a:z(o) ~ ngnpﬂ“). By choosing n > [‘1%1, we make sure
that —np +r + s < 0. We repeat the path p-times and obtain &7 : xz(o) ~ xgp(fnpﬂw)).
Since |y;| = p and p divides p(—np + g + ), we build ¢ = ’yi("p_r_s) which is of the form

¢: xl(p(_”pﬂ”)) ~> :172(.0). Clearly, £P.¢ forms a cycle with weight

np - w(vi) +p-w(Bi;) +2np - w(v;) +p-wb) + (np —q—r) - w(y)

which simplifies to

2np - (w(vi) +w(vy)) — (@ +7) - wlvi) +p - (w(i;) +w(0;:)).

Since we assumed that w(v;) + w(v;) < 0, by choosing a sufficiently large n, we obtain
a negative cycle in G3. Thus, R is not x-consistent, contradiction. O

We continue with a technical lemma.

Lemma 5.24 Let G = (V,E,w) be a weighted digraph, and u,v € V be two vertices.
Let 01 = 01.)\}.0} be a basic path scheme and py = 01.)\1{1.01, b1 > 0 be a minimal path
from w to v such that |pi| > ||VH Further, let 92 = o9\5.0h be a path scheme (not
necessarily basic), and pj = o7. /\1 o and ph = 02)\2 .oh, where by > by and bl > 0, be
paths from u to v, and let L > 0 be integer such that

lp1| + L = |pi| = |p5], wW(A1)

w(Aa),
|A1| and |\2| divide L, w(p]) =w

(p3)-

Then, there exists a basic path scheme 03 = o3.7\}.0% and a path ps = 03.)\33.05, bs >0
from u to v such that w(ps) = w(p1) and |ps| = |p1].
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Proof:  We can use the same techniques as in the proofs of Lemma 4.3 and 4.4 and
for a glven path p, we construct a basic path scheme 03 = 03.05.0% and a path ph =

03.)9 b5 .04, by > 0 from u to v such that |p§| = |p5| and w(ps) < w(p)). Thus, w(py) =
(pg) +D for some D > 0. Observe that

4
los.o5] < [V]* < |p1l.

By requirements of the lemma and by construction of pf, |p1| + L = |p}| = |ph]| = |ph|.
Since || divides L, there exists a path p3 = 03.)\12’3.05, where bs > 0, such that |p3| =
|p1]. Furthermore,

w(pr) = w(p}) —w(\)- L, and
wips) = wiph)—w(ha)- L

The lemma requires that w(p}) = w(ph). Combining it with w(ph) = w(ps) + D, we
obtain that w(p}) = w(ph) + D. The lemma also requires that w(\2) = w(A;). Thus,

w(ph) —w(\) - L=w(ps) —w(X2) - L+ D

and consequently, w(p1) = w(ps) + D. Clearly, D > 0 would contradict that p; is
minimal, thus we conclude that D = 0 and thus w(p1) = w(p3). O

We finally prove the existence of a basic path scheme where the cycle A is simple.

Lemma 5.25 Let Tp = (Q,A,w) be the common transition table of zigzag automata
defined for a difference bounds relation R(x,x), and u,v € Q be two control states.
Then, for every minimal weight path p form u to v, such that |p| > |R| - |Q|°, there
exists a path p' from u to v, such that w(p) = w(p') and |p| = |p'|, and a basic path

scheme 0 = o - \* - o', such that \ is simple, p' = o - X0 - &', for some b > 0. Moreover,

there exists c | % such that o - )\b+kc -0’ is a minimal weight path from u to

v, for all k > 0.

Proof: By Lemma 5.1, there exists a basic path scheme 6; = o1\jo] and a path
p1 =01 )\Iil o}, b1 > 0 from u to v that have all the properties of this lemma except that A\
might not be simple. First, we build a path scheme 8y = 09A\50% which might not be basic,
but where Ag is simple, w(A2) = w(\1), |A2| = |A1], and w(ol.)\?1+q+k) = w(o9.\5.0%)
for some ¢ > 0 and for all £ > 0. In other words, if 6; is followed by a minimal path of
length L > |o9.05], then 05 is followed by a minimal path of length L too.

Let z1,...,2,, be equivalence classes of ~. Let ¢ be a control state of the zigzag
automaton such that A\, is a cycle that starts and ends in ¢q. Let L,R C {1,...,N}
be the set of l-indices and r-indices of ¢, respectively, and partition them according
to equivalence classes z1, ..., %y,, thus obtaining L,,...,L,, and Ry,..., R,,. For each
1 <i<m,let pi1,...,pim,; denote the set of repeating paths encoded in A; that cross
variables in z;. Finally, let ©" denote the paths in o that connect r-indices with /-indices

and © denote the paths in o7 that connect l-indices with r-indices. Let O(i) C © and
©'(i) C ©' be paths that cross only variables in z;. We define p = max { [%L [%} }
Let pi1 < -+ < pim, be the order in which subpaths p;1,..., pim, are visited in the
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path encoded in o1.A1.07. Then, by construction of zigzag automata, p;; is forward if
and only if p; j41 is backward. Figures 5.7(a) and (b) illustrate these definitions.

S = {01,03,05}
o'(1) = {61}
0'(2) = {0:}
O = {09,604}
O(1) = {02}
©(2) = {04}

P11 < P12 < P13
P21 < P22 < P23

Figure 5.7: Illustration of a construction of a path scheme with simple cycle.

Given an equivalence class z;, 1 < ¢ < m, we first give a construction ensuring that
there is at most one repeating path in Ay that crosses variables in z;.

We next build v, v, Ay, v/,7/, which are initialized as follows: v = o1, v = (\1)P,
A2 = A1, V' = (M\1)P, 7/ = o}. Further, we erase all paths from v, A2, v/ that cross some
variable in z;. We finish construction of -y, v, A2, v/, ¥’ for one of the following cases (note
that cases 1 and 2 (3 and 4) are symmetrical):

1. pi1 is fw and m; is even. Erase O(i) from ' and add it to v.
2. pi1 is bw and m; is even. Erase ©’(i) from v and add it to v/.

3. pi1 is fw and m; is odd. Do the actions for Case 1. Further, add p; ,; to A2 and
add (p;m,)’ to both v and v/'.

4. p;1 is bw and m; is odd. Do the actions for Case 2. Further, add p;,; to A2
and add (p; m,)” to both v and v/'.

The construction is finished by building oo = 'y.)\lflu and o), = /.4/. Figure 5.7(c)
illustrates the construction: Case 3 applies for the equivalence class z;, while the Case
4 applies for zs.
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We prove several properties on weights of o2, \g, 0 for case 3 (proofs for cases 1, 2,
and 4 are similar). Let us define

W = Z V= Z w(pi,;)

0cO(3 1<g<m;
Following equalities follow from the construction:

jo2.0%| = lo1.04| = AT + || + V| = [\l - (b1 + 2p)

w(y) = w(o) w) = p-(w(h)=V)
wv) = p-(w)=V)+W w(y) = w(o)) =W
Then,
w(o2.0h) = wy v/ ) = w(or) + (b +2p) - w(h) +w(a}) — 2pV,
w(op AT o) = w(o1) + (b1 + 2p) - w(h) + w(c?)).

For Case 3, m; is odd. Since p; ; is fw and p; j41 is bw for odd j < m;, by Lemma 5.23,
w(p;) +w(pj+1) > 0 and thus V' > 0. By construction, w(A2) = w(A1) — V. Since V > 0
would imply that w(A2) < w(A;) and thus, that 01.)\1{1““.03 is not minimal for all £ > 0,
we infer that V' = 0 and therefore, w(A2) = w(A1) and
AN bi1+2p 1
w(og.09) = w(or. A\ o).

Note that the above construction of o2, A2, and o can be easily extended to deal with
all equivalence classes of ~ at once. Then, \s is simple and the above equality still hold.
Note that if the construction steps for Case 3 or Case 4 generate a path (encoded in v
or V) with cycles, we erase all the cycles. Their weights must be non-negative, since we
consider *-consistent relations. They also cannot be strictly positive since then o1.A1.07
would not be minimal for all k& > b; + 2p, contradiction. Thus erasing them changes
weight of neither o9 nor 02 and hence the above equality still hold. Let us define b, = 0,

by = b1+ 2p, ply = o9. /\2 ab, p = o1. )\1 o} and observe that

b’ b
L=lph| =lprl = (lo2.05] = lor.o1]) + A — AT
= [A1]- (b1 +2p) +0 — A1 - by
= [Aif- (b1 +2p—b1) = [M]-2p
and thus, |A;| = |A2| divides L. Next, we apply Lemma 5.24 which guarantees existence
of a path scheme 03 = 03.)\5.0% and a path p3 = 03.)\33.0§, for some b3z > 0, such that
w(ps) = w(p1) and |p3| = |p1]|. The existence of ¢ | W such that o3.\53+* 5%
is minimal for all & > 0 follows from the proof of Lemma 5.1, since we can choose
i AL = 03. O
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Basic Path Schemes with Cycles Bounded by lcm(1,..., N)

This section refines the statement of Lemma 5.1 by proving that the length of the cycle A
from each basic path scheme divides lem(1,...,N). This fact is essential in proving the
single exponential bound on the period of octagonal relations. We begin with a lemma
that is later used to deal with the problem of synchronization of connecting paths which

was discussed earlier. Recall that for a path p : x(&)) — ... = wz(-im) in Ql“é such that

10

i0 = im and £y, # Ly, we defined its left (right) extent relative to x%o) as

R, = |max{f;, — £y | 0 < k < m}| ﬁpzﬁ%ﬂ

Lemma 5.26 Let 7/ = pu".£.v°.¢.ut be a connecting path such that

r=ry+7re S=81+ -+ s5 t:t1+t2,wh67’6

s1 2 Ly+Ry+N+1 t1 2 Ly+R,+N+1
S5 2 RV+Lu+N+1 T2 Z RM+LV+N+]~
ss > R,—1 to > 1+R,
i > 2N —
s4 > L, % = rn > 1+ 1L,
Let 7 be a path built by erasing all cycles from T and let
e )\, be a zigzag cycle that encodes i,
e )\, be a zigzag cycle that encodes v,
e )\, be a zigzag cycle that encodes 7.
Then, A+ can be written as A, = )\H.m.)\i,s?’_ZN.Trg.)\H where T, Ty are some zigzag paths,

Aol = L wh) = w(X,), and [Aym| = [u" 2] + [ 2] + N.

Proof:  Let us denote the subpaths of 7/ as

aq o) ag 0y as % Qg og g a1p a1l
I I I I I I I I I I I
o= un T S Vot B 7 N S 7 S 7 IR G /L L
First, we show that the constraint on s; ensures that subpaths aj.as.a3 and a5 do not
share a node. Let Mj = |a;.c2| and observe that

Mi+R, Mi+N
vars(ay.az) C U x), vars(ag) C U x (),
k=—L, k=M;—N
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The property on vars(a;.az) holds since ka < L, and Rpk < R, for each path p and
k > 1. The property on vars(as) follows from the fact that £ is essential. Hence,

Mi+max(R,,N) Mi+R,+N
vars(aj.ag.asz) C U xk) ¢ U x ()
k=min(—L,,—N) k=min(—L;,—N)

Similarly, letting My = M; + |ag.au4, we observe that
Ma+|as|+Ry
vars(as) C U x ().
k=Ms—L,
We can now infer a condition that guarantees that subpaths aj.as.a3 and as do not
share a node:

My+R,+N < My—1L,
RM +N < ||(3[3.0é4” — Ll,
laa| > Ly + Ry + N — ||
laa] > L,+R,+N+1 (sufficient, since |as| > 0)
s1 = L,+R,+N+1 (sufficient, since |ay4| = |v| - s1)

Similarly, one infers constraints on ss,t1, and ro. These constrains guarantee that all
sharings of nodes (in other words, cycles) may occur only in g, ay, ag, or agg and thus,
that no cycle appears in as.ag.a7, a1 and a1;.

Next, we prove an auxiliary statement that A, can be written as A\, = )\H.Wl.)\§3.ﬂg.)\u

where 71, 7o are some zigzag paths, and |\,.m| = |p"T72.£v51152|. Figures 5.8 and 5.9
illustrate the proof.
a1 ...04 (0% (675 [67%4 ag...011

0 Vso Vsa+j Yso+s37VS—1
: Vsotj—Ru+1  Tsatj+L, :

x
€2
€3
T4
T5
T6
X7

Q
o
d
o
o
o
o

O
Q
o
o
o)
o
o

(a) path v (b) zigzag cycle A, (C) Hja Vsa+j—15 Vsa+js Vsa+j+1

Figure 5.9: Obtaining A, by iterating v. L, =1, R, = 2.
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Let GoG1...G)r, -1 be the labeling of A; and let as.a6.07 = 79.71 ... 7v5-1, where
S =8 +s3+s4and v =9 = = -+ = y5-1. For each 0 < j < s3, define
Kj=loa...a5.0|, Hj = Gk 41.. .Gk, 1|v| and observe that for each —R, <k < Ly,
Vsotjtk contributes! to Hj; with ©,,;. Thus, H; consists of zigzag-segments

Ry
U ew

j=—L,+1

which are clearly zigzag-segments of \,,. Thus, H} is the labeling of A, for each 0 < j < s3
and consequently, A\; can be decomposed into o1.);?.02 for some paths o1, 03. Moreover,
since Ko = aq ... as| = |p"* 2. v51752|| | then

|o1| = Ko = [T g0 7.

By a similar argument, one can show that A, can be decomposed into A,.03.),, for some
path o3, by viewing the path 7 = ay...a;; shifted as ag...aj1a1...a5. Combining
decompositions o1.A;*.00 and A\, = A,.03.),, we obtain the required decomposition
A = )\H.W1.>\§3.7T2.)\H for some 7y, o, where

Au-mi| = o] = |72 o).

Finally, we prove that A, can be written as A\, = )\H.Wl.)\lys3_2N.7T2.)\u where 71, mo are

some zigzag paths, [A\,| = [\ ], w(\,) = w(N)), and [A,.mi| = |p" 72 + 172 + N,
Let us define

Do = |72 + v 2], Dy = |um v 2], Dy = | 4 2+ N

Since & is essential, Do > D; and Dy — N < D; < Do+ N. Thus, by noticing that
Dy = Dy + N, we infer that 0 < Dy — Dy < 2N. Clearly, there exists 0 < d < |v|
and k > 0 such that Dy +d = Dy + k|v|. Thus, k = | DQH;HDq. Combining this with
0 < Dy —D; <2N, we establish a bound k < 2N.

Next, observe that a decomposition of A, into A,.m3. A2 ~*.my. ), where |\,.m3| =
Dy +d = D; +k|v|, is possible by a similar argument as previously. The only difference
is that j ranges over k < j < s3 instead of 0 < j < s3. Thus, we need to guarantee that
s3 —k > 0. This can be achieved by requiring that s3 > 2N, since the maximal value of
k is k = 2N. This gives the stricter condition on s3 in this lemma that guarantees the
decomposition into A,.73. 2272V w4\, where |\,.m3] = Dy +d = D1 + k|v|.

Let Gy ...G, be the labeling of A,. The decomposition in the previous paragraph
implies that the label of (Ar)p, 4 |, -1 has a prefix (Gy. . Gp)* 2NV Further, the
label of (Ar)p, |x.|—1 has a prefix (G1...Gp)®. Since Dy +d — D1 = k|v|, it follows
that the label of (Ar)p .1 is (G1...Gp)¥. Furthermore, we infer that the label of
()‘T)DQ...|AT|—1 has a prefix (Ggy1...GpG1...Gq)* 2NV, Since Gy ...G, is the labeling

Gq..G Ggy1.--Gn Ggy1...Gn
1..Gq J +1 , +1

of the cycle A\, : ¢

g, there clearly exists a cycle A, : ¢

'Hence the bounds on sz and s4: s2 > R, — 1, 84 > L,.
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q GG, ¢’. Thus, A can be decomposed into A\, = ¢1.(X,)% 72N 0y, where |o1| = Dy =

|72 4 [p122] + N. Clearly, [A,| = A, | and w(A,) = w(X;,). O
Informally, the following technical proposition states that the relative lengths of two

repeating paths can be synchronized by iterating each repeating path with itself several
times.

Proposition 5.27 Let 1,72 be repeating paths and let c1,co > 1. Then, there exists

dh=c1-ki, by =co ko for some ki, ko > 1 such that H’yfll | = H’ygé I

Proof: Let L =lem(cy - |y, c2-|2l), ¢ = H~]/:TH’ ch = W Since ¢1 - |y1| divides L, then

¢1 divides - too and thus, there exists k1 > 1 such that ¢y - k = ¢}. Similarly, there
[l 1

exists ko > 1 such that co - k = ¢,. Further, nyf/l | = nygf" | = L, since ||’yfl1 | =1lnl-c =

Iyl - \I‘;:TH = L and similarly, |y52| = L. O

We finally prove that we can, without loss of generality, consider basic path schemes
with cycles that are simple and moreover, the length of which divides lem(1,..., N). For
the proof of the lemma, we need the notion of optimal cycle.

Definition 5.28 a simple cycle X is optimal if and only if each forward path encoded
m X\ 1s fw-optimal and each backward path encoded in X\ is bw-optimal.

Lemma 5.29 Let T = (Q,A,w) be the common transition table of zigzag automata
defined for a difference bounds relation R(x,x'), and u,v € Q be two control states.
Then for every minimal weight path p form u to v, such that |p| > |R| - |V|°, there
exists a path p' from u to v, such that w(p) = w(p') and |p| = |p'|, and a basic path

/

scheme 0 = o - \*- o', such that \ is simple and |\| divides lem(1,...,N), p' = o-A0- o,
for some b > 0. Moreover, there exists c | w such that o - \**¢. ¢’ is a minimal

weight path from u to v, for all k > 0.

Proof: By Lemma 5.25, there exists a basic path scheme 6; = o01.)\].0] where )\
is simple and a path p; = 01.)\?1.0’1, for some by > 0, such that w(p;) = w(p) and
|p1] = |p|- In this proof, we assume that A\; encodes two forward paths puq, e and no
backward path. The extension to arbitrary number of forward and backward paths is
straightforward. Let p; be of the form pu; : x;; ~ z;; for each j € {1,2}. and let us
denote the equivalence class of z;, as z; = [z;,]~.

Case 1: \; is optimal. By Proposition 5.17, given f;, there exists v; € PS(z;) of the
form v; : Tk; ~> Tk, and two essential paths &; : x;; ~ Tk, and (j : Tk ~> T For each
j € {1,2}, we build a connecting path Tj/- as follows:

] (6] asg Qg (674 73 (6% ag Qg aqo a1l

I I I I I I I I I I I

! 1 T2 S1 S92 S3 S4 S5 t1 t
T M% ,u,% RS TR n " g1 vt G Mt1 .o

J— 3 4 w1 w2 w3 w4 ws 1 t
Ty = Mo - Ho . 2 . Uy L Uyt L Vyo . Ut . Uy . G2 g . put?

b1 B2 3 B4 Bs Be B Bs Bo B Bu
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In addition to the conditions of Lemma 5.26, we require that |ag| = || for all k €
{1,2,4,5}. These additional constraints can be satisfied too, by Proposition 5.27.
Clearly, the new coefficients still satisfy the conditions in Lemma 5.26. Finally, we
define s3 = 2N + plp, wy = 2N + gl where L = lem([ul, [v]).

By Lemma 5.26, there exists a zigzag cycles A;, and A;, that encode 7 and 7 that
were obtained by erasing all cycles in 71 and 74, respectively, and that can be decomposed
into

_ ; 83—2N

)\7-1 = )‘Hl'ﬂ-l‘)‘lll 2N.7T2.)\M1
— / w3—

Ay = AppeT3 N, T4

where
])\'Vj| = |\y;| and w()\’yj) =w(A,;) and

[Aur-mill = len.az] + [ea.as] + N and [ Br.B2] + B4 B5] + N = [ A, 3]
Since |ay| = |Bk| for all k& € {1,2,4,5}, we infer that |\, 71| = |Au,.73].

/\Ml T >‘V1 T /\Ml
. M/*N/N

m ﬁ : G i

loraol N laaas]tem(l.

T T T 1

181-B2| 184.8s| vl
M2 ZQ ; G 2
................................................ ‘;

T 0y

>\/J‘2 3 )\VQ 4 )\/'LQ

Figure 5.10: Synchronization of connecting paths 7 and 7o.

Note that |[A;,| = |[A,| is not true in general. For this reason, we need to make an
extra step. Let M = lem(|Ar |, |A\r|), m1 = %, my = rﬂé' Since |\71| = |\2|, and

since the paths in A;, and A, use disjoint variables, we can build a cycle A by gluing
A7 with A2 and obtain A = Aj.w}.\5.m5. A1, where

_9N _
Al = A ™ = 7r1 Ny = Ao on | Ty = T2y -(Ary )™
Ao T3 Aixgwg_ 7T4')‘u2'()‘7'2)m2_1
Note that the construction of X, is correct since
el

20,572 = 2] = ol (ss — 2N) = ] (g + 2 = 28) = lem (a2 )

and similarly, [\, “*7*"| = lem(|11], [v2]). Thus, [Xy| = lem(|u1], |v2]). Note that A; is

optimal by assumption. Further, Ay encodes paths v;* and v5® which are optimal, by the
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fact that vy, vo are optimal and by Proposition 5.14. Thus, A5 is optimal by construction.
Since |v1], |v1| < N, then |Ag| divides lem(1,..., N). By Proposition 5.17, v; € F(u;)
and F(&;.¢;) € F(pj). Thus, F(r;) € F(u ). Since 75 is forward, then w(7;) = Cx(z;),
by Lemma 5.16. Consequently, 7; is optimal. By Lemma 5.26, A;, encodes TJ( that was
obtained from 7/ by erasing all its cycles. These cycles are non-negative, since R is

J
x-consistent. Next suppose that at least one is strictly positive. Then,

w(rj) <w(rj) =w(p;) = w(v;) = Co(z)).

However, by Lemma 5.16, w(7;) > Ci(z;), contradiction. Thus, w(7j) = Ci(z;) too.
Consequently, A1, As, A are optimal too, by Definition 5.28. By Proposition 5.22,

W(AL) = W(A2) = W(A) = Cp(21) + Ci (22).
We next construct a path scheme 0y = 09.)\,".0%, where
0 = 01.)\?1.)\1.%/1 oh = A’Q.Wé.)\l.)\(p‘l"p‘/?l_l).ai

Next, letting by = |A1], we construct p), = 02.)\’217/2.05. Recalling that p; = 1.\ .07, we
compute
D=lahl ~ ol = At pemh dg AT gl
= NS -y
= (M-l (1A +1)

L}?tting bl =b1 + % + |\, we construct pj = 01.)\?/1.0’1. Clearly, |p}| = |p5]. We infer
that
(Af - [Ao] - AL @(A) + [Aa] - [Aaf - w(A2)
D - (Cp(z1) + O (22))
w(ph) —wlpr) = Ml (7 + 28] - @)
= D-(Cx(z1) + Cn(22))

and thus, w(ph) = w(p}). Clearly, |A\1| and |X,| divides D. We apply Lemma 5.24 which
guarantees existence of a path scheme 3 = o3.\,*.0% and a path ps = 03.\,".0%, for
some bg > 0, such that w(p3) = w(p) and |p3| = |p|. Thus, the lemma holds for § = 63
and p' = p3.
Case 2: )\ is not optimal. Since p1 € P (z1), then PS(z1) # 0. Let choose
v1 € PS(z1) and assume its form is pq : xp, ~ xp,. Further, let & @ x5 ~ zy,,
(1 : mg, ~ z; be arbitrary essential paths. Similarly for ps, we construct v, &, (o.
We construct A, 6, p, p and compute D in the same way as in Case 1. Clearly, \, is
optimal, \; is not optimal and thus wW(A;) > wW(\,) = C(z1) + C(z2). Since || and
IX,| divide |ph| — |p1], then o1.227* o4 is not minimal for some k > 0. Contradiction
with our assumption on 6; = 01.A}.07.

We have proved that Case 2 is not possible, and that for Case 1, there exists a path p3 =
o3. 0" ok where w(ps) = w(p), |ps| = |pl, X, is optimal and || divides lem(1, ..., N).
Let us denote p' = p3, 0 = 03, 0/ = 04, A = X}, b = bz. It remains to prove that there

exists c | W such that 0.A\***¢.o’ is a minimal path from u to v for all k > 0. The
2

w(ph) —w(p1)
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proof is almost identical to that of Lemma 4.4. The only difference is that we can now

consider only basic path schemes o.A\*.c” where A is simple and || divides lem(1,..., N).
Thus, the proof can use lem(1,..., N) instead of lem(1,..., V| — 1) everywhere. This
in turn implies the existence of ¢ | lem(1, ..., N) such that w(c;.A\*.0?) is minimal for
all £ > 0. O

The single exponential bound on the period of difference bounds relations follows
easily from Lemma 5.29.

Corollary 5.30 Let x = {z1,...,zn} be a set of variables. Given a difference bounds
relation R(x,x'), the period of R(x,x’) is bounded by 2°0N),

Proof: Let Tgr = (Q, A, w) be the common transition table of zigzag automata defined
for a difference bounds relation R(x,x’) and let ¢ be the period of Tr. By Lemma 5.29,
c¢|lem(1,...,N). Applying Lemma 4.5, it follows that ¢ is bounded by 20(V), O

We finally summarize the complexity results on difference bounds relations.

Theorem 5.31 Let x = {x1,...,xN} be a set of variables. Given a difference bounds
relation R(x,x'), its period is bounded by 2°N) and its prefix is bounded by |R] - 200V).

Proof.  Follows from Corollary 5.3 and Corollary 5.30. O

5.2 Octagonal Relations

Let R(x,x’) be an octagonal relation and R(y,y’) be its difference bounds representation.
Using the results on bounds on the prefix (Corollary 5.3) and the period (Corollary 5.30)
of R(y,y’), we infer, using Lemma 4.20, the bounds on the prefix and period of the
relations R(x,x’) itself.

Theorem 5.32 Let x = {x1,..., 2N} be a set of variables. Given a relation R(x,x’) €
Reoet, its period is bounded by 2°N) and its prefiz is bounded by |R|* - 20N,

Proof: Let R(y,y’) be the difference bounds representation of R(x,x’) and let Gr =
(@, A, w) be the zigzag automaton of R(y,y’). It follows immediately from Lemma 5.29
that Gg has prefix b = u(Gg) - 1QI° = |R] - 52 and period ¢ = lem(1,...,2N). Conse-
quently, the prefix and period of {M%m }m>0 and of R are b and c as well, respectively.
The prefix and the period of R are defined as the prefix and period of the sequence
{o(R™)}m>0, by Definition 3.6. By definition of o for octagonal relations given in Section
4.3, {o(R™)}m>0 = {Mgfm}mzo. By Theorem 2.26, M;W = M%m for all m > 0 and

. N (MZm) iz (MZm)3
(Mp)ij :mm{(MRm)ij, L P J + { ® J}

for all m > 0 and for all 1 <+4,7 <4N.
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We next prove the asymptotic bound on period of R. If R is #-consistent, its period
is twice the period of R, by Lemma 4.20. Thus the period of R is bounded by ¢ =
2-lem(1,...,2N) and consequently, it is asymptotically bounded by 20(N) by Lemma
4.5. If R is not *-consistent, its period is 1 and the same asymptotic bound applies.

Next, we prove the asymptotic bound on the prefix of a x-consistent octagonal relation
R. Let us define:

{smbm=0 = {(MZ)is},,5 {tm}m>o0 = {L(M%gk)ﬂ + [(M*Q o 1} o

By Lemma 4.20, the periodic sequence {t,}m>0 has prefix b and period ¢ = 2¢. The
sequence { Sy, }m>0 has prefix b and period ¢, but we can without loss of generality assume
that its period is ¢ = 2¢. By Lemma 4.20, the sequence {min(sy,, t;;)}m>0 has period ¢
and prefix defined as b’ = b + max{_; K;c’ where

K= {S;(t)l :ZZJS] if A < A and thyi < sy,
K; = Vbt;‘ibg;] if A < A and sp0 <ty
K;,=0 otherwise.
Observe that -
s, > —=b-|R|, B
by < max{(Mib) (Mib) 551 <b-|R].

Thus, if A” > A and 4; > s444, then

i —Sbas _
K; = [25755 ] < tyri — s+ <20 | B

Similarly, we infer that K; < 2-b-|R| if )\Z(S) < )\Z(-t) and tpy; < Spii. Hence, V' =
b+2-b-|R| - is the prefix of {min(s;,tm)}m>0 and thus of R. The asymptotic bound
|R? - 2°0Y) on ¥ follows.

Finally, we prove the asymptotic bound on the prefix of R that is not %-consistent. Let
b and c be the prefix and period of {M%m}mz[) as inferred previously. By Theorem 2.20,

(Mi )ii (Mi )Ei

either M%e is inconsistent or L R; : J + L R; - J < 0 for some £ > 0,1 <i<4N. For
the former case, £ (and thus the prefix of R) is bounded by |R|-2°®), by Corollary 5.3.
Now consider the latter case. Let us denote

(Mim)i,i (Mim)ii
{sm}tm>0 = {L B J + L ) J}mzo
and let £ > 0 and 1 < ¢ < 4N be such that sy < 0. If £ < b, we immediately get the

required asymptotic bound. If £ > b, then by Lemma 5.29, there exist path schemes in
the zigzag automaton o1.1\j.0] and o2.\5.05 such that (M%z)ﬂ = w(o1.\.0) for some

by > 0 and (M%z)h = w(og.)\gz.aé) for some by > 0 and moreover, letting ¢; = ITCM
and ¢y = ﬁ, the paths Ul.Al{1+kcl.a’1 and 02.)\32+k02.0§ are minimal for all & > 0. By
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Lemma 4.20, the sequence {s;,}m>0 has prefix b and period 2c. Moreover, its rate is
w(ATY) + w(A?). Clearly, w(A]') + w(A5?) < 0, since otherwise sy < 0 would not be
possible. Observe that

sp < max { (M), 7 (M2)i,; b < b+ |RJ.

Then,

¥7) b|R| iz
C<b-|R|+ L(w(k‘il)w(x?))w c<b-|R|-ec

Thus, £ and consequently the prefix of R are asymptotically bounded by |R|? - 20, O

5.3 Finite Monoid Affine Relations

An affine relation R € ZV x Z" is defined by a linear arithmetic constraint of the form
x' = Ax + b where A € ZV*VN is a square matrix, and b € Z" is a column vector.
The relation is said to have the finite monoid property if the set {A°%, A',. ..} of matrix
powers of A is finite. The cardinality of this set of called the monoid size of R, and
denoted by [R]. Finite monoid affine relations are periodic, and the prefix b and period
c of a relation R are such that b+ ¢ = [R]. In this section, we show that the monoid
size of a finite monoid relation is bounded by 20V logwn), in other words, it is simply
exponential in the number of variables. The developments in this section are closely
related to decidability of the finite monoid property as mentioned in Theorem 2.28.

If R has the finite monoid property, then [R] is the smallest integer p from the above
theorem. This is because, due to the two conditions of Theorem 2.28, for every k > 0,
we have that A*P = AP. Moreover, if p is the minimal integer satisfying these conditions,
all powers A%, A, ..., AP~! are pairwise distinct.

In the rest of this section, we give an upper bound for the smallest integer p that
satisfies the conditions of Theorem 2.28. Notice first that every eigenvalue of AP is of
the form AP where A is an eigenvalue of A. Since, by the first condition, AP is either
zero or one, the only non-zero roots of the characteristic polynomial of A must be
roots of the unity. But then P4(x) is a product of z*, for some & < N, and several
cyclotomic polynomials, call them F;,, ..., F; . Clearly, the degrees of these polynomials
are smaller than the degree of P4, which, in turn, is smaller or equal to N. Let ig =
lem(iy,...,im). Then every root A of P4 has the property A% = 1, i.e. the first condition
from Theorem 2.28 is met for p = ié, for any integer ¢ > 0. Moreover, this condition
does not hold for any 0 < ¢ < 4g, or ig <qg< igH, for all £ > 0. But then the second
condition of Theorem 2.28, if it holds for some p which is a multiple of 4g, it must hold
also for p = 1ig.

The only remaining question is how big i1,...,4,, are. The idea is that we do not
need to consider cyclotomic polynomials of degree higher than the degree of P4, which
is turn is at most N. A tight bound on the degree of a cyclotomic polynomial is given
by the following theorem:
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Theorem 5.33 For every two integers n > 0 and d > 0, such that n > 210(%)loglo 11,
the degree of Fy,(x) is higher than d.

Proof.:  See Theorem 8.46 in [Boi99]. O

Since, by Theorem 5.33, we have 0 < i1,...,0y, < 210(%)10&0 11, it follows by Lemma
4.5 that lem(iq,. .., 4n), and implicitly, the minimal integer p satisfying Theorem 2.28,
is bounded by 20V 5101 Thig gives the bound on the size of the monoid for R, which
in turn equals the sum b + ¢ between the prefix and the period of R. In conclusion,
Algorithm 1 runs in time at most gO(NieE10 1)
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6 Computing Termination Pre-conditions of
Integer Relations

In this chapter, we address the problem of conditional termination, which is that of
defining the weakest termination set—the set of initial configurations from which a given
program terminates. First, we define its dual, the weakest non-termination set—the set
of initial configurations from which a non-terminating execution exists—as the greatest
fixpoint of the pre-image of the transition relation. This definition enables the represen-
tation of this set whenever (1) the closed form of the relation of the loop is definable in
a logic that has quantifier elimination and (2) the greatest fixpoint of the pre-image of
the relation can be computed as the infimum of the Kleene sequence. We show that these
conditions are met for three classes of relations: difference bounds, octagonal, and finite
monoid affine relations, and that the weakest non-termination set of relations from these
classes is an effectively computable Presburger formula. This entails the decidability of
the termination problem for these classes. The Presburger formula defining the weakest
non-termination set is defined using the closed form of a relation. This induces a method
for computation of the weakest non-termination set which inherits the asymptotic com-
plexity of the algorithm computing the closed form, which we proved to be EXPTIME
in Chapter 5.

We study the classes of difference bounds and octagonal relations further and observe
that the representation of powers of a relation by zigzag automata provides a better
argument to decide termination of these classes. More precisely, we notice that well-
foundedness of a difference bounds or an octagonal relation manifests in the existence
of a negative cycle in the corresponding zigzag automaton, which makes the limit of
the Kleene sequence empty. These observations lead to a PTIME algorithm computing
the weakest non-termination sets for difference bounds and octagonal relations that
avoids the closed form computations and complex quantifier eliminations. Further, the
structure of the negative cycle in a zigzag automaton can be used to prove a result on
existence of linear ranking functions. We show that we can construct a witness relation
R’ for each difference bounds or octagonal relation R such that R and R’ have equal sets
of infinite runs and, moreover, that R’ has a linear ranking function if it is well-founded.

Finally, we study the class of linear affine relations and give a method of under-
approximating the termination precondition for a non-trivial subclass of polynomially
bounded affine relations.

Related Work. The literature on program termination is vast. Most work focuses
however on universal termination, such as the techniques for synthesizing linear ranking
functions of Sohn and Van Gelder [SVG91] or Podelski and Rybalchenko [PR04a], and
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the more sophisticated method of Bradley, Manna and Sipma [BMSO05], which synthe-
sizes lexicographic polynomial ranking functions, suitable when dealing with disjunctive
loops. However, not every terminating program (loop) has a linear (polynomial) ranking
function. In this chapter, we show that for an entire class of non-deterministic linear
relations, defined using octagons, termination is always witnessed by a computable oc-
tagonal relation that has a linear ranking function.

Another line of work considers the decidability of termination for simple (conjunctive)
linear loops. Initially, Tiwari [Tiw04] showed decidability of termination for affine linear
loops interpreted over reals, while Braverman [Bra06] refined this result by showing
decidability over rationals and over integers, for homogeneous relations of the form C1x >
0 A Oyx >0 A x' = Ax. The non-homogeneous integer case seems to be much more
difficult as it is closely related to the open Skolem’s Problem [HHHKO5]: given a linear
recurrence {u;};>0, determine whether u; = 0 for some i > 0.

To our knowledge, the first work on proving non-termination of simple loops is re-
ported in [GHM™08]. The notion of recurrent sets occurs in this work, however, without
the connection with fixpoint theory, which is introduced in the present work. Finding
recurrent sets in [GHMT08] is complete with respect to a predefined set of templates,
typically linear systems of rational inequalities.

The work which is closest to ours is probably that of Cook et al. [CGLAT08]. In
that paper, the authors develop an algorithm for deriving termination preconditions
by first guessing a ranking function candidate (typically the linear term from the loop
condition) and then inferring a supporting assertion which guarantees that the candidate
function decreases with each iteration. The step of finding a supporting assertion requires
a fixpoint iteration in order to find an invariant condition. Unlike our work, the authors of
[CGLAT08] do not address issues related to completeness: the method is not guaranteed
to find the weakest precondition for termination, even in cases when this set can be
computed. On the other hand, it is applicable to a large range of programs extracted
from real-life software. To compare our method with theirs, we tried the examples
available in [CGLAT08]. For those which are polynomially bounded affine relations, we
used our under-approximation method and have computed termination preconditions,
which turn out to be slightly more general than the ones reported in [CGLAT08].

Roadmap. Section 6.1 gives the fixpoint characterization of the weakest non-termination
set and states conditions under which this set can be computed as the limit of the Kleene
sequence. Sections 6.2 and 6.3 prove that these conditions are met for octagonal rela-
tions (and implicitly for difference bounds relations) and for finite monoid affine rela-
tions, respectively. Section 6.2.1 presents a PTIME algorithm computing the weakest
non-termination set for octagonal relations (and implicitly for difference bounds rela-
tions). Section 6.3.1 presents a method that computes termination preconditions for
polynomially bounded affine relations. We defer all experiments with our methods for
termination analysis to Chapter 8.
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6.1 Preconditions for Non-termination
We first recall the notions of *-consistent and well-founded relations.

Definition 6.1 A relation R C ZN xZN defined by R(x,x’) is said to be *-consistent if
and only if, for any m > 0, there exists a sequence of valuations {v; € Z*}", such that
v, Vir1 E R(x, %), foralli =0,...,m—1. R(x,x) is said to be well-founded if and only
if there is no infinite sequence of valuations {v; : Z*}i>o, such that v;,vi41 E R(x,%'),
for all i > 0.

Notice that if a relation is not *-consistent, then it is also well-founded. However the dual
is not true. For instance, the relation R = {(n,n — 1) | n > 0} is both *-consistent and
well-founded. Also notice that a relation R is *-consistent if and only if R’ is consistent
for all ¢ > 0.

Definition 6.2 A set S C Z" is said to be a non-termination precondition for R(x,x’)
if, for each s € S there exists an infinite sequence of valuations {v; : Z*}i>o such that
s =wy(x) and vi,viy1 = R(x,x'), for alli > 0.

If Sp, Si, . .. are all non-termination preconditions for R, then the (possibly infinite) union
Ui=o.1,. Si is a non-termination precondition for R as well. The set wnt(R) = J{S €
ZN | S is a non-termination precondition for R} is called the weakest non-termination
precondition for R. A relation R is well-founded if and only if wnt(R) = (). A set S such
that S Nwnt(R) = () is called a termination precondition.

Definition 6.3 A set S C Z" is said to be recurrent for a relation R € ZN x ZN if and
only if S C preg(95).

Notice that if S is a recurrent set for a relation R, then for each s € S there exists
s’ € S such that (s,s') € R.

Proposition 6.4 Let Sy, S1,... € Z" be a (possibly infinite) sequence of sets, all of
which are recurrent for a relation R € ZN xZN . Then their union Ui—o 1 Si is recurrent

for R as well.

Proof.  For each i we have S; C preg(S;) C preg(U;—o 1, Sj). The last inclusion is by
the monotonicity of prep. Hence [J;_q; S C preg(U;—o 1, 5))- O

The set wrs(R) = (J{S € Z" | S is a recurrent set for R} is called the weakest re-
current set for R. By Proposition 6.4, wrs(R) is recurrent for R. The following lemma
shows that in fact, this is exactly the set of valuations from which an infinite iteration
is also possible.

Lemma 6.5 Given a relation R € ZV x ZN, the weakest recurrent set for R equals its
weakest non-termination precondition.
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Proof: “wrs(R) C wnt(R)” Let sop € wrs(R) be a valuation. Then there exists s; €
wrs(R) such that (sg,s1) € R. Applying this argument infinitely many times, one can
construct an infinite sequence sg, s1, S2, ... such that (s;,s;+1) € R, for all i > 0. Hence
so € wnt(R).

“wnt(R) C wrs(R)” Let sp € wnt(R) be a valuation and let s, s1, s2,... be arbitrary
infinite sequence such that (s;,s;+1) € R, for all ¢ > 0. Clearly, s; € wnt(R) too.
Consequently, sg € pregp(wnt(R)) for each state sy € wnt(R) and hence, wnt(R) C
prep(wnt(R)). Thus, wnt(R) is a recurrent set and hence wnt(R) C wrs(R). O

Next we define the weakest recurrent set as the greatest fixpoint of the transition
relation’s pre-image.

Lemma 6.6 Given a relation R € Z» x ZN, the weakest recurrent set for R is the
greatest fixpoint of the function X — prep(X).

Proof: By the Knaster-Tarski Fixpoint Theorem, gfp(prep) = J{S | S C preg(S)} =
wrs(R). O

The following two lemmas give conditions under which wrs(R) can be computed as
the infimum of the Kleene sequence {prefs(Z")}.,>0.

Lemma 6.7 Let R(x,x') be a relation and ny > ni > 0 such that pref (ZV) =
prey; (ZN). Then, wrs(R) = N0 preg(ZN) = prejy (ZN) = prey; (ZN).

Proof.  First observe that wrs(R) = wnt(R) C (>0 pre? (ZY), by Lemma 6.5 and by
the fact that wnt(R) C pref(Z") for each m > 0. Second, observe that pre(ZY) =
pref (ZN) for all n > ny, by the hypothesis of the lemma and by monotonicity of preg.
Hence, (V50 Pref(ZY) = Mo<pen, Pref(ZY) = pref) (ZN) = pref? (ZV) is the greatest
fixpoint of prep and it is thus equal to wrs(R), by Lemma 6.6. O

Lemma 6.8 Let R € ZV x ZV be a relation such that either
1. preg 1s N-continuous, or
2. pref?(ZN) = prel (ZN) for some ng >ny >0, or
3. Nmzo Pref(ZN) = 0.

Then, wrs(R) = ,,>0 pref (ZN).

Proof:  If the condition 1 holds, one can apply the Kleene Fixpoint Theorem and
conclude that wrs(R) = gfp(preg) = (),,>0 preh (ZY). If the condition 2 holds, one can
apply Lemma 6.7 and conclude that the lemma holds. For the condition 3 holds, observe
that wnt(R) C prefn(ZY) for each m > 0. Consequently,

wrs(R) = wnt(R) C (50 Pref(ZY) =0

Hence, wrs(R) = (1,50 pre?(ZY) = 0 and the lemma holds. O
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The Lemma 6.8 suggests a method for computing weakest recurrent sets of relations
that satisfy one of the conditions stated in the lemma. In subsequent sections, we show
that Lemma 6.8 is applicable for both octagonal and finite-monoid affine relations. Thus,
wrs(R) = gfp(preg) = =0 Prem(ZY) = (=0 Pregm (ZV) for these classes. In Chapter
3, we showed that the closed form ﬁ()gx’ ,k) is definable for these classes. Using the
closed form E(X, x', k) of R, one can now define wrs(R) as a Presburger formula:

wrs(R) = Vk > 0 3x" . R(k,x,x') (6.1)

Because Presburger arithmetic has quantifier elimination, wrs(R) can be defined in
Presburger arithmetic too. Decidability of Presburger arithmetic entails decidability of
the termination problem for octagonal and finite-monoid affine relations.

Example. Consider an octagonal relation R(z,z’) = > 0 Az’ = z — 1. The closed
form of R(z,a') is R(x,x,k) =2 > k— 1 A2’ =  — k. Quantifier elimination yields
wrs(R)=Vk>032 .o >k—1A2' =2 —k=Vk>0.x>k—1=false. Hence the
relation R is well-founded. O

6.2 Octagonal Relations

For a set v of variables, let U(v) = {£v; £ v2 | v1,v2 € v} denote the set of octagonal
terms over v. As a first remark, by the periodicity of the sequence {Mgi}izo, proved in
Chapter 4.3, the closed form of the subsequence { R?+} ;>0 (of {R};>0) can be defined
as:
Ryc(t.xx)= N u<al+d, (6.2)
uelU (xUx’)

where a, = (Ag)ij, dy = (M]t%b)ij for all octagonal terms u = y; — y;. This is indeed the
case, since the matrix sequence { M, ., }e>o is periodic i.e., My, ., = My, + €Ay, for all

£ > 0. Moreover, it follows that the parametric DBM encoding of j%bp((, x,x’) is tightly
closed.

Lemma 6.9 Let R be a *x-consistent octagonal relation with prefix b, period ¢ and let
ﬁéb,c(ﬁ,x,x’) be the closed form of {R'**}y>0 as defined in (6.2). Then, wrs(R) =
Niso prefs(ZY). Moreover, wrs(R) = () if there exists u € U(x) s.t. a, <0. Otherwise,
wrs(R)=R~%(ZN).

Proof:  Notice that the function prep is monotonic and thus, pl"e’;%l (Z™) 2 p1re’]f%2 (Z'™), for
ki1 < ky. Consequently, we have that (. pref(Z") = Neso preb (ZN). The latter
set can now be defined using the closed form of the subsequence (6.2) i.e.,

m pref, (ZN) = v >0 3 . ﬁb,c(f,x,xl)
k>0
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Since the parametric DBM encoding of §b7c(€ ,X,x') is tightly closed, if follows that the
existential quantifier 3x’ can be eliminated by simply deleting all atomic propositions
involving primed variables from (6.2). Thus, we obtain:

MisoPreR(ZY) = V20 Ayeppg v < aul +dy
Nuevx u < inf {aul +dy | €= 0}

where, for a set S C Z, inf S denotes the minimal element of S, if one exists, or —oo,
otherwise. We have

. —oo if ay <0,
>0} =
inf {ayl +dy | £ > 0} { d, otherwise.
Hence (- pref(ZY) is the empty set, if a, < 0 for some v € U(x). In this case,
condition 3 of Lemma 6.8 holds. Otherwise, we obtain (0, pref(ZY) = Nuev t <

dy. However, this is exactly the set pre%(Z"), by (6.2). In this case, condition 2 of
Lemma 6.8 holds. Thus, we can apply Lemma 6.8 in both cases and conclude that
wrs(R) = (w0 PreR(ZY). To summarize, wrs(R) = 0 if a, < 0 for some u € U(x).
Otherwise, wrs(R) = R~(Z"). O

An immediate consequence is that the termination problem is decidable and that the
weakest termination set is an effectively computable Presburger formula.

Theorem 6.10 The termination problem is decidable for octagonal relations. Moreover,
the weakest non-termination set of an octagonal relation is an effectively computable
octagonal constraint.

Proof: By Lemma 6.9, the weakest non-termination set of an octagonal relation is either
empty or R7%(ZY). Moreover, Lemma 6.9 gives means to compute this set. Thus, the
termination problem can be decided by checking whether wrs(R) = 0. O

Lemma 6.9 can be used to compute wrs(R) for an octagonal relation R. First we need
to check the x-consistency of R, using the method reported in Chapter 4.3. Second, we
compute the closed form (6.2) and check for the existence of a term u € U(x) such that
ay < 0, in which case wrs(R) = () and R is well-founded. Finally, if this is not the case,
then we compute wrs(R) = R~%(Z"). On the complexity side, the computation of the
closed form has asymptotic time complexity of HR||2 .20(N) " as proved in Chapter 5. The
rest of the computation is linear in the size of the closed form. Thus, the method runs
in |R|)? - 2°V) asymptotic time.

6.2.1 Computing WNT in Polynomial Time

Lemma 6.9 can be used to build an EXPTIME algorithm for computation of the weak-
est non-termination precondition, as discussed in the previous section. In this section,
we give a different termination argument which leads to an efficient polynomial time
algorithm that computes the weakest non-termination precondition.
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Lemma 6.9 proves that the weakest recurrent set of an octagon is the limit of the
sequence {R7¥(ZN)}1>0. Note that R7%(Z") is represented as (M%k)¢y» a projection
of Mtﬁk onto unprimed variables. By Theorem 2.26, (M%k) ly is computed by tightening

(M%k) ly- Recall that entries of (M%k) 1y can be encoded as weights of minimal runs of

length k£ + 2 in the even forward zigzag automaton Ag defined in Section 2.3.3. The
later developments of this section depend on this encoding and we thus recall it in the
following example.

Example. Consider the set of variables x = {z1,...,x4} and a difference bounds rela-
tion R(x,x') = a9 —a) < —1Axg—25 <O0Azy —25 <O0AzZ) —24 <OAzh—24 <O.
Graph representation Gp of the relation R(x,x’) is depicted in Figure 6.1 (a). Figure
6.1 (b) shows Ggs, the 8-times unfolding of Gr. The transition table that is common to
all even forward zigzag automata is given in Figure 6.1 (c). An example of a run of A%f
recognizing a path of constraints in G¥%, is given in Figure 6.1 (d). The word accepted by

7 is a subgraph of QJSQ shown in Figure 6.1 (b). The cycle A: q1ﬂ> QQ&) q;g% q1 is taken

twice in this run. The weights of the symbols on the run are w(G1) =w(G2) =w(G4)=0
and w(Gs)=-—1. O

The following proposition relates values of entries in (M%k) Jy to weights of runs of
length k 4 2 in even forward zigzag automata.

Proposition 6.11 Let R(x/,x'), x = {z1,...,xn}, be a x-consistent octagonal relation,
R(y,Y),y = {vy1,.--,v2n}, be a difference bounds representation of R(x',x'), and let
.A%f be the even forward zigzag automaton corresponding to R(y,y’). Then, the following
assertions are equivalent for all 1 < 14,5 < 2N and all m > 0,

1. there exists an acyclic path p from yi(o) to yj(-o) mn Q%L

2. there exists a run w in Ag of length m + 2 such that w(m) = w(p) and 7 is of the

form
ﬂz([fj—>q).(q—>...—>q’).(q’—>Fef).(Fef—>Fef)”.

Vv vV
o1 o2 o3 o4

where q,q' € {l,r,Ir,rl, L}*N are control states, n > 0, w(n) = w(o2), and w(oy) =

w(O'g) = w(a4) =0.

and moreover, (M%m)m' < w(m) for each path 7 of the above form. Moreover, there

exists a path m of the above form such that w(mw) = (Mzm)i;-

Proof: Follows from construction of A%f and the fact that (M%m)m- is the weight of the
minimal weight path from y(o) to yj(-o) in Q%L. O

)

The following lemma gives several equivalent conditions for checking that an octag-
onal relation is well-founded. They will later be used to design an efficient polynomial
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(c) A°f — transition table for forward even zigzag automata
A A
G3 : G1 G2 Gg G1 G2 Gg G4
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(d) a run in zigzag automaton over a path in G5,

Figure 6.1: (a) Gr — graph representation of R(x,x’). (b) G% — 8-times unfolding of Gr.
(c) Common transition table of even forward zigzag automata. (d) a run of the zigzag

automaton over a path in Q%. Indices of the initial control state IQEQ indicate that the

run encodes a path from x(QO) to xflo).

time algorithm that computes the weakest recurrent set of an octagon. The conditions
also provide basis for the proof of existence of linear ranking functions for well-founded
octagonal relations.

Lemma 6.12 Let R(x,x'), x = {x1,..., 2N}, be a x-consistent octagonal relation with
prefiz b and R(y,y'), y = {vy1,...,y2n}, be the difference bounds encoding of R(x,x’).
Then, the following statements are equivalent.

1. R is well-founded
2. R7™(ZN) # R™"(ZY) for some ny > my = b
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3. R™™(ZN) # R™"2(ZN) for some ny > ng > 52N

4. there exists a path o.\.0’ in .A%f of the form o : Iff ~ g, Nignoq, 0 g~ BT
for some 1 <i,j <2N and a control state q such that w(\) < 0.

5. R is well-founded
Proof: (1 = 2) For a proof by contraposition, suppose that R~"1(Z") = R~"2(Z") for

all ng > ny > 0. Then, wrs(R) = R7°(ZN) # 0. The equality follows from Lemma 6.7,
the inequality is due to *-consistency of R. Thus, wrs(R) # () and R is not well-founded,
contradiction.

(1 = 3) Similar to (1 = 2).

(2 = 1) For a proof by contraposition, suppose that R is not well-founded. By Lemma
6.9, wrs(R) = R7%(Z"). Since wrs(R) is a fixpoint, then clearly wrs(R) = R~%(ZN) =
R™™(ZN) for all n > b. Consequently, R~ (Z") = wrs(R) = R™"2(Z") for all ny >
ni 2 b.

(3 = 4) Let ng > ny > 52 such that R~ (ZN) # R™"2(ZN). Then, R "' (2*N) #
R (Z*N) too by contraposition: For all m > 0, the tightly closed difference bounds
encoding of R™™(Z") is (MZm)yy, a restriction of ML to the entries corresponding
to unprimed variables. If R~ (Z?N) = R~ "*(Z*"), then (M )iy = (Mzny)1y, by
Proposition 2.8. This implies that (Mtﬁnl) y = (M%n2 )iys by Theorem 2.26. Conse-
quently, R="(ZN) = R="2(Z") by Proposition 2.21.

Since R~ " # R, then (M, )iy > (M, )iy for some 1 < i # j < 2N. By
Proposition 6.11, there exists a path 7 in Z5 from If;c to F¢/ such that w(r) = (M )i g-
Moreover 7 has length n; +2 and can be written as m = 01.09.03.04 where w(7) = w(m2)
and w(o1) = w(og) = w(os) = 0. Similarly, where is a path 7’ from Iff to Fef of
length ny + 2 such that w(n’) = (Mfn,)ij. m = 04.03.05.0) where w(n’) = w(m)) and
w(oh) = w(oh) = w(oh) =0,

We prove that |o4| > ny by contradiction. Suppose that |o5| < ny and denote n = |o|.
The path 6 = 01.05.05 has length n + 2 and thus (M4 );; < w(0), by Proposition 6.11.
We obtain that (Mzn)i; < w(n') = (Mfn,)ij, by the fact that w(f) = w(oy) = w(n’)
and by Proposition 6.11. Since n < np < ng, we infer that (MZn)i; = (M )ij =
(M%@)m-, by monotonicity of prep. Contradiction with (M%nl)i,j > (M%n2 )ij-

Since |ob| > ny > 52V, there are cycles (at least one) in . Observe that:

e None of these cycles can be positive, since positive weight would imply that 7’ is
not a minimal run of length no, which contradicts the assumption.

e Not all these cycles are zero-weight, which can be demonstrated by contradiction.
Suppose all cycles are zero-weight, erase all of them from ¢/, and denote the result-
ing path ps and its length n = |p2| < 52, Next, build § = ¢7.p2.0%. We infer that
(MZn)ij < w(n') = (M, )i, since w(0) = w(pz) = w(oy) = w(n’) and by Propo-
sition 6.11. Since n < ny < ng, we infer that (M )i; = (Mg )iy = (Mgns )i

by monotonicity of prep. Contradiction with (M%nl)i,j > (METQ)M.
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The above proves that there exists at least one negative-weight cycle in of. Consequently,
7’ can be split into 7 = 0.\.0’ where X is a negative weight cycle.

(4 = 5) By Proposition 6.11, the length of 0.0’ is |o.0/| = m + 2, m > 0 and
0.0’ starts in Iff; and ends in F¢f for some 1 < 4,5 < 2N. Let p = |\|. Clearly,

(M%m-kp)i,j < w(o.\F.0’) for all k > 0, by Proposition 6.11. The infinite sequence
w(o.\F.o! is strictly decreasing and thus inf{w(c.\*.o’ = —oo. Conse-
{w( k>0 y g k>0

quently inf{(M%mMp)i,j}kzg = —o00 too. By monotonicity of pre,

inf{(Mgm)ijtm>0 = inf{(Mmsrp)ijtrzo-

Thus, inf{(Mzm)i;}tm>0 = —co. Consequently, wis(R) = N,,s0 B (ZV) =0 and R
is well-founded. -

(5= 1) If R is well-founded, then ﬂmzoﬁ_m(ZN) = (). Thus, there exist 1 <4,j < N
such that inf{(Mzn)i;}m>0 = —oco. Since (M]%m)i’j < (Mzm)iy for all m > 0, by
Theorem 2.26, we infer that inf{(M%m)m}mzo = —o0 too. Hence, (1,50 R~™(ZN) =0

and R is well-founded. O

The computation of the weakest non-termination set based on Lemma 6.9 requires
computation of the closed form R(k,x,x’) which has |R|? - 2°() worst case time com-
plexity, as proved in Chapter 5. As we next show, it turns out that Lemma 6.12 provides
a better argument for computation of the weakest recurrent set that avoids computa-
tion of the closed form. Algorithm 4 computes the weakest recurrent set for arbitrary
octagonal relation in PTIMFE as proved by Theorem 6.13.

Algorithm 4 Weakest Non-termination Set for Octagons

input An octagonal relation R C ZN xZN
output The weakest non-termination set of R

1: function WNT(R)

2: VR

3: for all:€1,2,...5N do

4: VeVoV

5 W+ VoR

6 if V-4(ZY)=W~YZ") then return V-1(Z")
7 else return ()

Theorem 6.13 Given an octagonal relation R C ZN x ZN | the Algorithm 4 computes
wrs(R) in O(N?) time.

Proof: Note that for all k; > 1, ky = 282511 RF2 can be computed in [logy k;] time
by iterating the assighment R <~ Ro R. Observe that 5N > log,(5*"Y) = 2 -logy 5 - n
for all n > 1. Thus, 25N > 52N for all n > 1. Notice that after executing the line 5,
V =R™, W = R™, where n; = 2°V and ny = 2°V + 1. Clearly, ny > nq > 52V.
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Consider the case when R is *-consistent. If the test on line 6 succeeds, then V1 =
R™ = wrs(R) by Lemma 6.7 and the algorithm returns correct result. If the test
fails, then R~ (ZN) # R™™2(Z") and consequently, wrs(R) = () by Lemma 6.12 (the
direction 3 = 1) and the algorithm returns correct result. Next, consider the case when
R is not *-consistent. If the test on line 6 succeeds, then V~1(ZY) = R~ (ZV) = wrs(R)
by Lemma 6.7 and the algorithm returns correct result. If the test fails, the algorithm
returns () which is correct, since wrs(R) = () for each relation that is not *-consistent.

On the complexity side, since both octagonal composition (lines 4 and 5) can be
computed in O(N3) time, inclusion (line 6) in O(N?) time, and pre-image (line 6) is
computed as a matrix projection in O(N?) time, the algorithm runs in O(N?) time. O

6.2.2 On the Existence of Linear Ranking Functions

A ranking function for a given relation R constitutes a proof of the fact that R is
well-founded. We distinguish here two cases. If R is not %-consistent, then the well-
foundedness of R is witnessed simply by an integer constant i > 0 such that R’ = ().
Otherwise, if R is *-consistent, we need a better argument for well-foundedness. In
this section, we show that for any *-consistent well-founded octagonal relation R(x,x’),
x = {z1,...,2n}, with prefix b, the (strengthened) relation defined by (3x’.RP) A R,
where B = min{b, 52"} is well-founded and has a linear ranking function even when R
alone does not have one.

Definition 6.14 Given a relation defined by R(x,x’), a linear ranking function for R
is a term f(x) = >, a;x; such that for all valuations v,V : x — Z:

1. f is decreasing: if v,V = R(x,x'), then f(v) > f(V/),

2. f is bounded: if v,V = R(x,X), then f(v) > h and f(V') > h for some h € Z.
The main result of this section is the following;:

Theorem 6.15 Let R(x,x') be a *-consistent octagonal relation, with prefix b > 0.
Then, letting B = min{b, 5V}, R is well-founded if and only if the relation defined by
(3x'.RB) A R is well founded if and only if (3x'.RB) A R has a linear ranking function.

The first part of the theorem is proved by the following lemma:

Lemma 6.16 Let R(x,x') be a relation, and m > 0 be an integer. Then wrs(R) = () if
and only if wrs(Ry,) = 0, where Ry, is the relation defined by (Ix’.R™) A R.

Proof:  “=” By the fact that R < (3x’.R™) A R and the monotonicity of wrs. “<”
We prove the dual. Assume that wrs(R) # () i.e., there exists an infinite sequence of
valuations 0 = {v : x — Z};>0 such that (v;(x),vi+1(x)) € R, for all i« > 0. Then all
v;i(x) belong to the set defined by 3x’.R™, hence o is an infinite sequence for the relation
defined by (Ix’.R™) A R as well. O
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It remains to prove that the witness relation defined by (3x'.RP) A R has a linear
ranking function, provided that it is well-founded. The proof is organized as follows. We
first prove the existence of such function for difference bounds relations. By Lemma 6.12,
if the difference bounds relation R is well-founded, then the zigzag automaton Zr must
have a cycle of negative weight. Lemma 6.17 and 6.19 use the structure of this cycle,
representing several of the constraints in R, to show the existence of the linear ranking
function for the witness relation (3x’.R®)AR. Second, using the result of Lemma 6.12 on
equivalence of well-foundedness of an octagon R and its difference bounds representation
R, we prove the existence of linear ranking function for octagons in Lemma 6.22.

Linear Ranking Function for Difference Bounds Relation

We first prove the existence of a linear decreasing function, based on the existence of
a negative weight cycle in the zigzag automaton.

Lemma 6.17 Let R(x,x'), x = {x1,...,2n} be a x-consistent and well-founded differ-
ence bounds relation with preficb > 0. Then, there exists a linear function f(x) such that
for all valuations v : x = Z,V' : X' — 7 satisfying v,V = R(x,x’), we have f(s) > f(s').

Proof: By Lemma 6.12, there exists a path o.A.0’ in Zy of the form o : Iff ~ q,
Aiq ~ q, o0 1 q ~ Fef for some 1 < 1,7 < 2N and a control state ¢ such that
G
w(A) < 0. Let denote the length of A by p and let write A as A = ¢ G, Q.G — Q1.
Let G; = (xUX',Ej) for all 1 < j <p.
Consider the following sum of all constraints represented by edges appearing in the
zigzag cycle (note that the sum of weights of these edges equals w(\)):

2 <( x (mmmid <r§—xj)) <w(y) (6.3)

z;—ral)EE; (z}—x;)EE;

The left-hand side of (6.3) can be written equivalently as

> Yo (wi—x)+ Y (w4 Y (—midw)+ Y () +a)) (6.4)
1<j<p | 1<i<n, 1<i<n, 1<i<n, 1<i<n,
(g5)i=r (g5)i=l (g5)i=lr (g5)i=rl

and thus, after simplifications (—x; +z; = 0, —z} +a} = 0), (6.3) can be written equiva-
lently as

> (wi—z)+ X (—zita) | Swd) (6.5)
1<j<p \ 1<i<n, 1<i<n,
(g5)i=r (g5)i=l

Let f denote the negated sum of all unprimed terms in (6.4) and f” denote the sum of
all primed terms in (6.4). Then, clearly f’ = f[x’/x]. Thus, (6.5) can be written as

fr=rf<w) (6.6)
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Notice that since w(\) < 0, we establish that f' — f < 0 hence f is strictly decreasing.
Formally f(s) > f(s) for all valuations s, s’ such that s, s’ = R(x,x’). Since (3x’.RB) A
R = R, then clearly f(v) > f(¥/) for all valuations v, v such that v, = (3x'.R®) A R.
a

Example (ctd.). We illustrate the construction of linear decreasing function. R is
well-founded and by Lemma 6.12, there exists a path depicted in Figure 6.1 (d) where
w(A) < 0. We follow the construction from Lemma 6.17 and sum the edges in A. We
obtain 1 — x4 +x3 — xh + x9 — 2} + ) — x4 + 2 — x4 + 2/, — x4 < —1, which simplifies to
x1+ 22 + w3 — 3wy — (2] + 2 + 2f — 3x4) < —1. Letting f(x) = — (21 + 22 + 23 — 324),
we have that f(x) > f(x). O

The next auxiliary lemma proves that if the difference z; — x; is bounded in RF for
some k > 1, it is bounded in RP too.

Lemma 6.18 Let R(x,x'), x = {z1,...,xn} be a x-consistent difference bounds rela-
tion with prefix b > 0 and period ¢ > 0. Then, for any 1 <1i,7 < N and k > 0, we have
( Lk )i < 00— (M5 )i < 00, where B = min{b, 5N,

Proof:  (Case 0 < k < B) By monotonicity of preg, (M}

Rk
(MFy.)ij < oo, then clearly (Mj,z)i; < oo.

(Case k > b) Let p = [£22], and &’ = b+ pc. Note that RF = §b7c(x,x’,f)[p/€], where
ﬁb,c(x,x’,ﬁ) [p/f] is the closed form of {R**“},5q. Since k' > k, by the same argument

as for case (1 < k < b), (M},,)i; < co. Since k' = b+ pec, then z; —z; < al +d,

where a,d € Z, is one of its conjuncts. By definition of Ebﬁ(x,x/,ﬁ) [p/¢], we have
(M)ij=a-0+d=d< oo,

(Case k > 5%) By Proposition 6.11, there exists a path 7 = ¢1.09.03.04 in Z7; of length
k 4 2 such that w(m) = (M}, )i ;. Let o5 be a path obtained by erasing all cycles from
o9 and let construct ' = 01.05.03. Let h = |og|. Consequently, (M}, ):; < w(n’) < oo.
Since h < 5V, then oo > <M1*~2h)i:j > (M*,x)i,; by monotonicity of preg. O

RsN

)ij = (MFy)i;. Thus if

Last, we prove that the function f of Lemma 6.17 is bounded, concluding that it is
indeed a ranking function. Since each run in the zigzag automaton recognizes a path
from some x; to some x;, a run that repeats a cycle can be decomposed into a prefix,
the cycle itself and a suffix. The recognized path may traverse the cycle several times,
however each exit point from the cycle must match a subsequent entry point. These
paths from the exit to the corresponding entries give us the necessary lower bound. In
fact, these paths appear already on graphs Gp: for i > B, where b is the prefix of R and
B = min{b,5"}. Hence the need for a strengthened witness (3x’.R®) A R, as R alone is
not enough for proving boundedness of f.

Lemma 6.19 Let R(x,x'), x = {x1,...,2n} be a *-consistent and well-founded dif-
ference bounds relation with prefic b > 0. Then, letting B = min{b, 5N}, there exists
a linear ranking function for (3x'.RP) A R.
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....................................

Figure 6.2: Constructing the ranking function.

Proof:  Let f be a linear decreasing function from Lemma 6.17. Let A : ¢ G,

G
q2...qp —> q1 be the negative cycle used to construct f, and Ap be the suffix from

Lemma 6.17. By construction of the zigzag automaton, for any 1 < j < p,

e [ (g5)i =73 = i | (g5)i = 13

It follows from (6.5) that each (g;); = r contributes to f with a term —z; and that each
(gj)i = [ contributes to f with a term +x; and that each (g;); & {r,} doesn’t contribute
at all. We now demonstrate that for each 1 < j < p, there exists a bijective matching
Bj :{i| (g;)i =7} — {i ] (gj); = 1} such that for any 1 < iy < n s.t. f;(i1) = i, the
difference x;, — z;, is bounded in (3x’.RP) A R, formally (3x’.R®) AR = (zi, —2i, > D)
for some h € Z.

Let 7 € {1,...,p}. By construction of the zigzag automaton, the concatenated graph
GjGjs1 ... GpAp connects each (g;);, s.t. (g;);; = with a unique (g;)i, s.t. (¢;)i, = L.
This induces the required bijection ;. Since G;Gjy1 ... GpAF is a subgraph of Q?‘)‘F‘, it
follows that there is a path xz(»?) ~ xgg) in Q%H)‘F‘, in other words, RPHPFl = o, —2; < h
for some h € Z. By Lemma 6.18, R® = z;, — x;, < I/ for some h' € Z too. Clearly,
(3x.RP) AR = x;, — x4, < I too. Since x;, — x4, < b if and only if x;, — x;, > —H/,
we obtain the required property.

Now since f = 3 1<, Zlﬁgéhézgn(xm — x;,) and since we proved that each of the

(i) =12
differences ;, — x;, in the sum is bounded in (3x'.RB) A R, it follows that f is bounded
in (3x.RP) A R too, formally (3x.R®) A R = (f > h) for some h € Z.

By Lemma 6.17, f is decreasing for R. Thus, f is decreasing fora stronger relation
(3x".RP) A R too, since (3x.RP) AR = R. Thus, f is both decreasing and bounded for
(3x’.RB) A R and is a ranking function for (3x’.R®) A R. O

Example (ctd.). We illustrate the boundedness of f=—(z; +x2+x3 —324) (see Figure
6.2). First, compute B = min{b, 5"} = min{3,5%} = 3. Since there is a path x§6)vx§l6)
in G3G4 (and hence in G%), then R? = (22 —x4<—1), and by Lemma 6.18, we obtain
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RB = (25 —14<—1). Similarly, since there is a path ng)vxf) in GoG3G4 (and hence

in G3), we obtain R® = (z3 —z4 < —1). Similarly, since there is a path x§4) ~ xff)
in G1G2G3G, (and hence in Q%), we obtain RP = (z1 —z4 < —1). Summing up these
inequalities, we obtain that f(x)=—(x1 +x2 +23 —3x4) > 3 and, thus (Ix'.R®) A R =
(f >3).

As an experiment, we have tried the RANKFINDER [PR04a] tool (complete for linear
ranking functions), which failed to discover a ranking function on this example. This
comes with no surprise, since no linear decreasing function that is bounded after the
first iteration exists. However, RANKFINDER finds a ranking function for the witness
relation (Ix’.RP) A R instead. O

Linear Ranking Function for Octagonal Relation

In the rest of this section, let us fix the sets of variable x = {z1,...,zx} and y =
{y1,...,yan} for some N > 1. We first prove two technical propositions.

Proposition 6.20 Let R(x,x) be an octagon, R(y,y’) be its difference bounds encod-

ing and let f(y) be a linear ranking function for R(y,y’). Then, the function f def
flzi/y2i—1, —xi/y21]~.1, is a linear ranking function for R(x,x’).

Proof: If f is decreasing, then f(V) > f(V') for each (V,¥') = R(y,y’), and thus clearly,
for all valuations (V,V') = R(y,y’) of the form

v =(v1,—v1,...,UN, —UN), v = (v}, —v], ..., Vy, —UN).

Recall that by Equation (2.1),

N

$(x) & Gz, yar -, v2n - SN\ y2im1 = —y2i) [ /y2i-1)ily
i=1

for each octagonal constraint ¢. Defining f =l Flwi/y2i—1, —xi/y2i]) ¥, it follows by the
above observations that f(v) > f(v’) for each (v,v’) = R(x,x’). Hence, f is decreasing
too. Similarly, we can prove that f is bounded as well. Since f is clearly linear by
definition, it follows that it is a linear ranking function for R(x,x’). O

Proposition 6.21 Let R(x,x') be an octagon, R(y,y’) be its difference bounds en-
coding and let f(y) be a linear ranking function for (3y’.R") AR, m > 0. Then,

def — . . . .
I lef flxi/y2i—1, —xi/y2)ly is a linear ranking function for (3x’.R™) A R.
Proof: Let a be a function which syntactically transforms a given octagonal rela-
tion R(x,x’) to its difference bounds representation R(y,y’) induced by Definition

2.18. Let « be the inverse of a that syntactically transforms R(y,y’) to R(x,x’) as
R(x,x") = R(y,y')[®i/y2i-1, —:/y2i]lv,. Clearly, R = v(a(R)) for each relation and
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both « and ~ distribute over conjunction. Furthermore, R™ = ~(a(R)™) by Theorem
2.26. Consequently, (3x.R™) = v(3y’.a(R)™).

By the hypothesis, f(y) is a linear ranking function for a difference bounds relation
S(y,y’) defined as S(y,y’) = By’ .a(R)™) A a(R). Let define S(x,x") = v(S). By
Proposition 6.20, f is a linear ranking function for S. Since S(x,x’) = v(Jy’.a(R)™)AR
and by earlier arguments, (3x’.R™) = ~(Jy’.a(R)™), we infer that (Ix'.R™) AR = S.
Consequently, since f is a linear ranking function for S, it is a linear ranking function

for (3x'.R™) A R too. O

Finally, we show that for each x-consistent and well-founded octagonal relation, the
corresponding witness relation has a linear ranking function.

Lemma 6.22 Let R(x,x’) be a *-consistent and well-founded octagonal relation with

prefic b.  Then, letting B = min{b,5*V}, there exists a linear ranking function for
(3x'.RB) A R.

Proof By Lemma 6.12, R(y,}:’) is well-founded too and moreover, E(ﬁy,y’) is *-
consistent by Theorem 2.20. Let b be the prefix of R and define B = min{b, 52N1. By

Lemma 6.19, there exists a linear ranking function f for (Hx/.ﬁB) A R. By Proposition

6.21, the function f = Flwi/y2i-1, —2:/y2i) ¥, is a linear ranking function for (3x’.RP) A
R. To see that f is a linear ranking function for (3x’.R®) A R too, consider arbitrary
term y; — y; considered in the proof of Lemma 6.19. If b > b, then the boundedness
argument (y; — y; is bounded in R) follows by monotonicity of preg and is similar to
the first case of the proof of Proposition 6.18. If b < b, one can use a similar argument
as in the second case of the proof of Lemma 6.18 and show, using the closed form of R
instead of R, that v; — y; is bounded in R? too. O

6.3 Linear Affine Relations

In this section, we prove that the weakest recurrent set of linear affine relations can be
computed as the limit of the Kleene sequence. We further show that this set can be
defined in Presburger arithmetic for a subclass of relations with finite monoid property.
Next, we relax the finite monoid condition and describe a method for generating sufficient
termination conditions, i.e. sets S € Z™ such that S N wrs(R) = 0, for the class for
polynomially bounded affine relations.

We first prove that prep is N-continuous for deterministic relations.

Lemma 6.23 Let R(x,x') be a deterministic relation. Then, preg is N-continuous.

Proof: Let I = {1,...,d}, d € NU {oo}, and {S; € Z"},c; be a potentially infinite
collection of sets. We prove that

preR(nieI Si) = m@'el preg(Si).
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“=" By monotonicity of preg, we have preg([);c; Si) € preg(S;) for all i € I and hence,
preg(Nicr Si) € Nierprer(Si). “<" Let v € (), preg(S;). Then, there exists v; € 5;
such that (v,v;) € R for all i € I. Since R is deterministic, then v; = v; for all i € I and
hence vy € (,¢; Si- Consequently, v € preg((;c; Si)- O

Since linear affine relations are deterministic, the weakest recurrent set of arbitrary
linear affine relation R can be computed as the limit of the Kleene sequence wrs(R) =
N0 pre?(ZY), by Lemma 6.23 and Lemma 6.8. As discussed in the end of Section
6.1, the weakest recurrent set can be defined using the closed form of R:

wrs(R) =Vk >0. 3 . ]%(x,x’, k)

Writing R as Ry (x,X') A ¢(x) where R, (x,x’) is a deterministic update and ¢(x) is
a Presburger guard, we can write the closed form of R, by Lemma 4.28, as

R(k,x,x") < Ry(k,x,x') AYO < £ < k Ty . Ry(£,x,y) A p(y)

Then, the definition of the weakest recurrent set of a linear affine relation is (after the
elimination of the trailing existential quantifier and renaming ¢ with k and y with x’):

wrs(R)(x) = Vk>0.3x" . Ry(k,x,x') A p(x') (6.7)

The main difficulty with the form (6.7) comes from the fact that the powers of a matrix
A cannot usually be defined in a known decidable theory of arithmetic.

In Section 4.4, we proved that ﬁu(k:,x,x’ ) is Presburger definable for linear affine
relations with finite monoid property. It follows immediately from equation 6.7 that
wrs(R) is Presburger definable and thus, that termination problem is decidable for finite
monoid affine relations. We summarize these observations in the following theorem.

Theorem 6.24 The termination problem is decidable for finite monoid affine relations.
Moreover, the weakest termination set of a finite monoid affine relation is an effectively
computable Presburger formula.

6.3.1 Polynomially Bounded Affine Relations

The closed form of polynomially bounded affine relations cannot be defined in Presburger
arithmetic any longer, thus we renounce defining wrs(R) precisely, and content ourselves
with the discovery of sufficient conditions for termination. Basically, given a linear affine
relation R, we aim at finding a disjunction ¢(x) of linear constraints on x, such that
¢ Awrs(R) is inconsistent without explicitly computing wrs(R). For this, we use several
existing results from linear algebra (see, e.g., [Eve03]). In the following, it is convenient
to work with the equivalent homogeneous form:

R(x,x')=Cpxp, >0 A X/, = Apxy,
a b X
Ah_(o 1>Ch_(c —d)xh_<xN+1>
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The weakest recurrent set of R can be then defined as:
wrs(R) = Jzng1 . VE>0. CrAfx, >0 A oy =1 (6.9)
Definition 6.25 A function f : N — C is said to be a C-finite recurrence if and only if:

Fm+d) = ag 1 flm+d—1)+ ...+ arf(m+1) +aof(n), ¥m >0
for some d € N and ag, a1, ...,aq—1 € C, with ag_1 # 0. The polynomial £% —ag_12%~1 —
...a1x — ag is called the characteristic polynomial of f.

A C-finite recurrence always admits a closed form.

Theorem 6.26 ([Eve03]) The closed form of a C-finite recurrence is:
f(m) =pr(m)AT" + ...+ ps(m)A]

where A1,..., s € C are non-zero distinct roots of the characteristic polynomial of f,
and p1,...,ps € C[m] are polynomials of degree less than the multiplicities of A1, ..., s,
respectively.

Next, we define the closed form for the sequence of powers of A.

ZNXN

Corollary 6.27 Given a square matriz A € , we have:

(A™)ij = prijM)AT + ..+ psij (M)A

where A1, ..., s € C are non-zero distinct eigenvalues of A, and p1;j,...,psi; € Clm]
are polynomials of degree less than the multiplicities of A1, ..., \s, respectively.

Proof: If det(A — zI,,) = 2% — ag_12%~! — ... — ajx — ay is the characteristic polynomial
of A, then we have
Ad—adflAdfl —..—a1tA—ap=0

by the Cayley-Hamilton Theorem. If we define f; j(m) = (A™); j, then we have

Amtd  — ad_lAm+d—1 4+ alAm—H + agA™
fi,j(m + d) = ad,lf@j(m +d— 1) + ...+ alf@j(m + 1) + a()fm'(m)

By Theorem 6.26, we have that
(A™)ij = Prig (M)A + ... + poij(m)AL

for some polynomials p1;j,...,ps:; € C[m] of degrees less than the multiplicities of
Al, ..., As, respectively. O

Lemma 6.28 Given a square matriz A € ZN*N | whose non-zero eigenvalues are all
roots of the unity. Then (A™); ; € Q[m], for all1 <i,j < N, are effectively computable
polynomials with rational coefficients.
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Proof:  Assume from now on that all non-zero eigenvalues A1, ..., As of A are such that

)\fl =...= A% =1, for some integers di,...,ds > 0. The method given in [Boi99] for
testing the finite monoid condition for A gives also bounds for dy, ..., ds. Then we have
Moo= .. A =1, where L = lem(dy,...,ds). As di,...,ds are effectively bounded, so

is L. By Corollary 6.27, we have that, if m is a multiple of L, then (A™); ; = p; ;(m)
for some effectively computable polynomial p; ; € C[m] i.e., for m multiple of L, A™
is polynomially definable. But since p; j(m) assumes real values in an infinity of points
m = kL, k > 0, it must be that its coefficients are all real numbers, i.e. p;; € Rim].
Moreover, these coefficients are the solutions of the integer system:

pii(L) = (AP
pij((d+1)L) = (ALY,
Clearly, since A € ZN*N AP ¢ ZN*N for any p > 0. Hence pi; € QIml. O

We turn now back to the problem of defining wrs(R) for linear affine relations R of the
form (6.9). First notice that, if all non-zero eigenvalues of A are roots of the unity, then
the same holds for A;, (8). By Lemma 6.28, one can find rational polynomials p; ;(k)
defining (A¥); ;, for all 1 < 4,5 < N. The condition (6.9) resumes to a conjunction of
the form:

n
wrs(R)(x) = /\Vk‘ >0. Pi(k,x)>0 (6.10)
i=1
where each P; = a;4(x) - k4 .+ a;1(x) - k + ajp(x) is a polynomial in k£ whose
coefficients are the linear combinations a; 4 € Q[x]. We are looking after a sufficient
condition for termination, which is, in this case, any set of valuations of x that would
invalidate (6.10). The following proposition gives sufficient invalidating clauses for each
conjunct above. By taking the disjunction of all these clauses we obtain a sufficient
termination condition for R.

Lemma 6.29 Given a polynomial P(k,x) = ag(x) - k% + ... + a1 (x) - k + ag(x), there
exists n > 0 such that P(n,x) < 0 if, for some i =0,1,...,d, we have ag—_;(x) < 0 and
ad(x) = ag-1(x) = ... = ag—i+1(x) = 0.

Proof.  Assuming the condition a4—;(x) < 0 and ag(x) = ag—1(x) = ... = ag—;i+1(x) =0,
for some 0 < i < d, we have P(k,x) = ag_;(x) - k% 4+ ... + a1(x) - k + ap(x). Since the
dominant coefficient ay_;(x) is negative, the polynomial will assume only negative values,
from some point on. O
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Example. Consider the following program [CGLAT08], and its linear transformation
matrix A.

while (z > 0) 110 1 g k=D
r_ — 2
e a0t (01
vy=y 00 1

The characteristic polynomial of A is det(A — Al3) = (1 — \)3, hence the only eigenvalue
is 1, with multiplicity 3. Then we compute A* (see above), and 2’/ = 2 + k -y + @z
gives the value of z after k iterations of the loop. Hence the (precise) non-termination
condition is: Vk > 0. 2 -k*+ (y — ) -k +2 > 0. A sufficient condition for termination
ist (2<0)V(z=0Ay<0)V(z=0ANy=0A2<0) O

We can generalize this method further to the case where all eigenvalues of A are of the
form ¢q-r, with ¢ € R and r € C being a root of the unity. The main reason for not using
this condition from the beginning is that we are, to this point, unaware of its decidability
status. With this condition instead, it is sufficient to consider only the eigenvalues with
the maximal absolute value, and the polynomials obtained as sums of the polynomial
coefficients of these eigenvalues. The result of Lemma 6.28 and the sufficient condition
of Lemma 6.29 carry over when using these polynomials instead.
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7 Verification of Programs with Integer
Data

In this chapter, we show how the techniques developed in the preceding chapters, which
deal with several restricted classes of program loops, can be used in verification of larger
programs. We presents several algorithms for reachability and termination analysis of
non-recursive programs with integer data. Sections 7.1 and 7.2 present techniques for
modular reachability and termination analysis, respectively, while Section 7.3 presents
an enhancement of a non-modular reachability analysis algorithm based on predicate
abstraction.

The reachability analysis method described in Section 7.1 computes procedure sum-
maries by tracking relations and computing loop accelerations, using acceleration tech-
niques from Chapter 3 and Chapter 4. Since the considered programs are non-recursive,
we can order the procedures topologically with respect to the call graph of a program.
Then, summaries of procedures without call transitions can be computed first. Sub-
sequently, the remaining procedures can be analyzed in the given topological order by
plugging the computed summaries at the call sites. Finally, we check whether the error
summary of the main procedure is empty.

The termination analysis method described in Section 7.2 computes over-approxima-
tions of non-termination sets of procedures. Since we consider non-recursive programs,
there cannot be an infinite sequence of procedure calls that never return, and hence, each
non-terminating run must loop infinitely in one of the procedures. By first computing
a transition invariant of each procedure, one can then compute an over-approximation of
the set of initial configurations from which a run that loops infinitely in that procedure
exists. Next, these sets can be propagated to the main procedure by computing their
pre-image via summaries of procedures. We show that such sets can be computed by
combining techniques from Chapter 6, which compute the weakest non-termination sets
for certain classes of loops, with the reachability analysis techniques from Section 7.1.

Finally, Section 7.3 shows how transitive closure computation can help predicate ab-
straction to deal with the divergence problem by computing inductive interpolants that
rule potentially infinite number of spurious counterexamples in one refinement step. The
underlying idea is that by accelerating dynamically detected looping patterns in spurious
traces, we can analyze multiple concrete traces at once. We further prove that inductive
interpolants that rule out multiple traces can be computed directly from classical Craig
interpolants and transitive closures of loops.

A discussion of the related work can be found in the respective sections. We defer all
experiments with our reachability and termination analysis techniques to Chapter 8.
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7.1 Modular Reachability Analysis

This section describes a reachability analysis techniques that tracks relations of the pro-
cedures of non-recursive integer programs in order to construct a procedure summary
([[P]]g ,[P]5) defined in Section 2.2. A key to computing a procedure summary is ac-
celeration of disjunctive loops, for which we design a semi-algorithm that attempts to
compute effects of all possible interleavings of the disjuncts. Computed summaries can
be plugged in at calling procedures, which can be analyzed subsequently. This process
continues until the main procedure is analyzed. Then, presence of an erroneous execu-
tion is checked. We start by illustrating the approach on an example in Section 7.1.1.
Then, Section 7.1.2 presents an algorithm that computes procedure summaries, and
Section 7.1.3 presents a semi-algorithm that computes transitive closures of disjunctive
loops.

Related Work. Reachability analysis techniques that compute the set of reachable
states precisely [Boi99, FL02, AABOO] or using abstractions, such as abstract interpre-
tation and predicate abstraction methods, have been overviewed in Section 1.1. The
precise reachability methods from [Boi99, FL02, AABO00] lack modularity. Similarly,
the goal-driven search performed in predicate abstraction-based analyzers is not easily
amenable to cope with modular verification since the reason for spuriously reaching an
error state might reside in the overapproximation of the behavior of a function call.
Since the error location is typically not part of that function, it is usually hard to trace
the relation between the cause and effect in order to refine the abstraction in the right
way. A method that attempts to apply predicate abstraction to programs composed of
(possibly recursive) functions is the method of nested interpolants [HHP10]. However,
this method lacks modularity as it represents the entire programs by nested word au-
tomata [AMOG6], i.e., computation models which are equivalent to the visible pushdown
automata [AMO4].

Our work focuses on modular program verification by attempting to compute function
summaries, without regard to the calling context. On one side, unlike the techniques
based on abstract interpretation, we aim at computing precise summary relations that
should not require refinement. On the other side, our method, although modular, is
computationally more expensive than the error-driven search of predicate abstraction,
mostly due to the lack of abstraction (and refinement) in our method. A combination of
these two (apparently antithetical) approaches to program verification seems to be the
key to a wider application of program verification in real-life software development. In
Section 7.3, we present a method that combines predicate abstraction based verification
with a precise reachability analysis technique (acceleration). There, we also discuss
methods based on abstractions in more detail. The idea of using relations as a domain
of program analysis has been also exploited in [PR05], although with the goal of proving
program termination rather than safety, which is the aim of this section.
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7.1.1 Motivating Example

We give an example of an integer program for which we prove safety (unreachability of

the error state) by computing the relation between the values of its variables at the initial

and final control locations. Consider the program in Figure 7.1a and the control flow

graph of the fun function in Figure 7.1b and 7.1c. The function defined in Figure 7.1a
int fun(int x, int m) {

10: int y = x, n = 2*m-Xx;
11 : while (x < n) {

12 : if (x < m) {
13 : X ++;
14 y ++;

} else {
15 : X ++;
16 : y -

}

}

17 : return y;
) (b)
void main() { r=i,i<100,
18: for (int i = 0; i < 100; i ++) - id=i+1 -
19: assert (fun(i,100-i) == i); i= -@ r.=1
} D)

r’=fun(i,100-1)

(a) ()

Figure 7.1: Example of an integer program and its control flow graph

takes two integer parameters and returns an integer result. The goal of the analysis is to
prove that the assertion at line 9 holds whenever the control reaches it. A non-modular
method will typically iterate the loop at lines 8 and 9 and analyze the behavior of the
fun function for each different valuation of the formal parameters x and m. Our method
will instead first infer the error summary relation for the function and then will use this
relation in proving all assertions correct at once.

This method is similar to the classical conversion of finite automata into regular ex-
pressions. We proceed by eliminating the control states from the control flow graph of the
fun function (Figure 7.1b) and recording the result of these eliminations on the remain-
ing edges. We start by first eliminating the states without self-loops. Each elimination
requires composing all incoming with all outgoing edge relations—the edges labeled by
inconsistent relations are not added. First, we eliminate I3 and l4, in Figure 7.2a followed
by l5 and lg, in Figure 7.2b. Next, we eliminate ls, which causes [; to have two self-loops,
labeled by the relations Ry & x <nAz <mAz' =z+ 1Ay =y+1 (the left loop
in Figure 7.2c) and Ry & x <nAz >mAa’ =xz+ 1Ay =y —1 (the right loop in
Figure 7.2c).

At this point, we need to eliminate a control location (I1) with two self-loops. This
step requires the computation of the transitive closure of the disjunctive relation cor-
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m' =mAn =nAz' >zAd —z=y —yArz' <mAz' <n

— ’
R;r = m'=mAn/ =nAz>mAx >ScAhr —x=y—y Az’ <n
RioR = m/'=mAn =nAz' <nAz' <2nty—z—y Aa'—z >y —y+2A

-z >y—y +2A2' 4z <y—y+2mAz' 4z > y—y +2m A 2|(z' —xz+y +y)

(e)

y’=x z>mAy =z’ =xAm =m
OO E-Q=="C
w z<mAy =an

PN

RTOR; z'=n"=2m—zAm' =m
(f) (8)
r=i,i<100,

i7=i+1

i’=0 r!=i i’=0 i
—( )@ O O o
i

r’

(h) (i)
Figure 7.2: Deciding Safety by Elimination of Control Locations

responding to iterating these loops in any possible order. In general, this computation
is not bound to yield a result that can be expressed in linear arithmetic (or, for that
matter, in any decidable subfragment of first-order arithmetic). Hence, our method has
the form of a semi-algorithm.

We first compute transitive closures of the conjunctive relations R{ and Ry (Fig-
ure 7.2e). Then we systematically explore all possible interleavings of Rf and RQ+ by
building a tree (breadth-first) whose edges are labeled with the transitive closures of R}
and R;, and each node corresponds to the composition of the transitive closures on the
path from the root (labeled with the identity relation Z) to the node. Before expanding
the tree, the algorithm checks whether the new relation is either (i) inconsistent or (ii) in-
cluded in the union of the relations labeling the existing nodes. If this test succeeds,
the algorithm backtracks, otherwise it adds the new node to the tree. If the transitive
closure (R1V Ry)™ is equivalent to a finite number of interleavings, this construction will
terminate, otherwise not. For this example, in Figure 7.2d, the tree construction ends
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after three iterations with the result (Ry V Ro)* = R V R} V Rf o Ry, see Figure 7.2e.
This is because the composition R;r o Rf is inconsistent. Next, the location [; is split
into 1] and [ (this time, both locations have no self-loops), and there are four edges
between [ and [f labeled with Z, R, R and R o RJ, see Figure 7.2f. We further
eliminate the locations I} and I{, see Figure 7.2g. Finally, we eliminate variables not
appearing in the signature of the function and obtain the error summary relation of the
fun function: (x >mAy =z)V(x<mAy =z)=(y =x).

This relation is now used to check the validity of the assertion at line 9, in Figure 7.1a.
Since the call to fun on line 9 can be replaced by the summary relation computed
above, we can represent the main function by a control flow graph and apply the state
elimination method in order to establish that the error state (corresponding to a violation
of the assertion) is unreachable. First, we substitute the call arguments and return values
to the error summary function, see Figure 7.2h. Then we eliminate control state lj. Since

the composition of the transitions lg = ly and 1§ T—#Z> err is unsatisfiable, the error

state is unreachable (Figure 7.2i). We can now conclude that the program is safe with
respect to the assertion at line 9.

7.1.2 Computing Program Summaries

Since we consider programs that are not recursive, the call graph of P, CG(P) is a dag,
and therefore one can choose a topological ordering of the procedures (P;,, ..., P;, ) such
that for all 1 <k < ¢ <mn, there is no path from P;, to P;, in CG(P).

The Algorithm 5 computes Presburger formulae defining the summaries of the pro-
cedures in the given topological order, starting with the procedures that do not have
calls to other procedures. Since the program is not recursive, the fixpoint [P] is reached
in at most n steps because each procedure needs to be evaluated only once. Once the
summary of a procedure is computed, it is used to replace the call transitions involving
that procedure in every procedure which is higher in the topological order w.r.t. CG(P)
(function PROCSUMMARY, lines 3 and 4). Additionally, the algorithm checks for error
traces by also computing the error summary of each procedure and checking the result-
ing formula for satisfiability. The problem is thus reduced to computing the summary
of a procedure without call transitions.

Algorithm 6 implements the function PROCSUMMARYNOCALLS, used to generate the
(error) summary of a procedure without call transitions. The idea of this algorithm is
to eliminate control states which are neither initial, error, or final, while introducing
new transitions labeled with compositions of relations between the remaining states. We
iterate the following until no more states can be eliminated: For each control state with
(possibly zero) self-loops labeled with relations Ry, ..., R, we compute the transitive
closure T'= (Ry V...V Rg)*. By convention, if k¥ = 0, then T is the identity relation.

Then we compose the relation of each incoming transition ¢; EiN q with T and with the
relation of each outgoing transition ¢ % q2 and replace the pair of incoming and outgoing

oy . .- PoT . . . ..
transitions with the transition ¢ O—OQ> @2, which avoids q. Finally, we eliminate ¢ and

116



all transitions involving it from the procedure. For an example of a run of this algorithm,
the reader may refer to Figure 7.2 (a), (b), (c), (f), and (g).

The termination of Algorithm 6 is clearly determined by the termination of the tran-
sitive closure computation function DISITRANSITIVECLOSURE since at each iteration of
the main loop, the boolean variable changed is set to true only if at least one control
state is eliminated. Since the set of control states is finite, this implies the termination of
the main loop provided that the semi-algorithm DISJITRANSITIVECLOSURE terminates.

7.1.3 Computing Transitive Closures of Disjunctive Relations

In this section, we present a semi-algorithm computing transitive closures of disjunctive
relations. Given a (possibly empty) set of Presburger definable relations {Ry,..., R},
Algorithm 7, if it terminates, returns the reflexive and transitive closure of the disjunctive
relation R = R V...V R;. We assume in the following that the transitive closure R;r of
each relation in the set is Presburger definable. The algorithm enumerates all unrollings
of the relations Ry, ..., Rj and computes increasingly larger underapproximations of R*.
If two successive such underapproximations are equivalent, the algorithm terminates and

Algorithm 5 Program Summary Algorithm

input a program P = (x4,{P;,,..., P, }, Pm) ordered w.r.t. CG(P)
output a summary ([P], [P]$) of the program

1: function PROGRAMSUMMARY (P = (x4, {P;,,..., P, }, Pm))

2 ([PI5[PI5) < ((0,...,0),(0,...,0)

3 fork=1,...,ndo

£ ([Pl [Pu]3) « ProcSummary (P, [P1, [P]5)

5

6

if V5 is satisfiable then
report “program is unsafe”

input a procedure P=(x, ?m’ ?Om, Q,90,9¢, e, A), and
a program summary ([[P]g, [P15)
output a summary of P w.r.t. (V¢,Ve)

1: function PROCSUMMARY( P, (Vf,Ve) )
7/:callj(?)
ey

2: for each ¢ q € Ado
3: Ry + PLUGSUMMARY (i, j, [P;]4, 1,7
4: R < PLUGSUMMARY(4, j, [Pi]5, ?, Z')
7’:callj(—> ’ Rf ’ Re
5: A (A\{g ————=d})U{e—d, ¢ q}
6: return PROCSUMMARYNOCALLS (P)

1: function PLU(§UMMARY(i,j, R, ?, ?’)
return R[(t),/(X")] —_ [(Z),/ (X, ] b 21 N e zou)

o
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Algorithm 6 Procedure Summary Algorithm

input a procedure P = (x, ?m’ ?O“t, Q,90,49f, ge, A) without call transitions
output The summary relations ([[P}]g ,[P1S)

1: function PROCSUMMARYNOCALLS(P)

2 changed < true

3 while changed do

4: changed < false

5 for each ¢ € Q \ {qo, ¢y, ¢.} with self-loops ¢ B, q,...,q LN g do

6 T < D1sJTRANSITIVECLOSURE(Ry, . .., Ry)

7

for each ¢; it q and ¢ % g2 such that ¢; # ¢, ¢2 # ¢ do

8 itVg 5 gp e A PoToQ 4 R then

9: A(—AU{qlwqﬂf

10: changed < true

11: Q<+ Q\{d}

12: AeAM\ (e g e guid Baa g | d,¢" €qQ))

13:  return (PROJECT(V{R | g0 = q;}), PROIECT(V{R | ¢ 2 q.}))

1: function PROJECT(R)
return 3(x; Ux}) \ (?Zn U ?;om) R

]

o

returns the precise transitive closure.

Algorithm 7 builds breadth-first a tree structure in which each edge corresponds to
a relation R;, and each node corresponds to the composition of the transitive closures
of all relations along the path from the root to itself. The algorithm backtracks either
when the composition becomes unsatisfiable, or when it is included in the union of the
relations corresponding to the nodes which have been already constructed (i.e. if the test
on line 7 fails). As an optimization, if a node NV is obtained from its parent by composing
it with the transitive closure R;r, it is not necessary to add the child corresponding to
R; to N since this child would be automatically subsumed by N (line 9). The result of
the algorithm is the disjunction of all relations corresponding to nodes in the tree (line
11). For an example of a terminating execution of this algorithm, the reader may refer
to Figure 7.2 (d) and (e).

Lemma 7.1 Let S = {Ry,..., Ry} be the input to the Algorithm 7. If the algorithm
terminates, then the output is (R1 V...V Ry)*.

Proof: The reflexive and transitive closure of a relation R = R; V...V Ry is the limit of
the increasing sequence defined by Sy = Id, and S;11 = S; V.S; 0 R, i.e. R* = U?io S;.
Let Ty, Ty, T5 ... be the sequence of trees, as generated by the algorithm. Clearly, Ty C
Ty C Tp, C .... We will show that, (1) for each i > 0, there exists j > 0, such that
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Algorithm 7 Reflexive and Transitive Closure of Disjunctive Relations

input a set of relations S = {R1,..., Ry}

output The reflexive and transitive closure (R; V...V Ry)*
Queue, Tree < ()

1: function DisITRANSITIVECLOSURE(S)

2 if S =0 then

3 return Id

4 Queue.add(Id, L)

5: while !Queue.empty() do
6 (N, P) < Queue.remove()

7 if N is satisfiable and N # \/ Tree then
8 Tree < Tree U{N}

9: for each R € S such that R # P do
10: Queue.add(N o Rt R)

11: return \/ Tree

S; = \/Tj, and that (2) \/T; = R* for all j > 0. If the algorithm terminates, the
sequence Tj has a maximal element 77, and since for all i > 0, S; = \/ Ty, we have that
R* = \/ Ty, and therefore \/ Tj = R*.

To show (1), let us consider the disjunction S; for some i > 0, and let R = R;, 0...0R;,
be some maximal satisfiable sequence of compositions in S;. Let 4,,...,i;, be the
subsequence of i1, . .., i; obtained by replacing each maximal subsequence i; = 741 =
by i;. Since R is satisfiable, then the path R;qu o...0 Rjks is also satisfiable. As a first

remark, every prefix R* 0...0 Pﬁ' , 7 < s is satisfiable. Let us consider the maximal
J
prefix RJr o0...0 R+_ Wthh is represented by a node in some tree Ty, 71, .. ., and let Tj

be the ﬁrst tree in Wthh this path appears. If j = s, then the path appears expllcltly in
the tree, hence R = \/ Tj,. Otherwise, if j < s, the path R;qu 0...0 RJr oR' fails

g1

the test on line 7, hence it is subsumed by Ty, i.e. R;; 0...0 R?I; o R;: = \T1T,. If
1 j 41
j+1=s, we choose Ty. Otherwise, repeat forallh=75+2,...,s

e For all maximal paths P in T}, if Po R;, R 7£> Ty, then add this path
to Ty. The resulting tree will eventually be generated by the algorithm as T, for
some m > ¢, and let the new Ty be T,,.

When the iteration ends, we let Tr = Ty, and we have R = \/T;. Since the number of
maximal satisfiable sequences in S; is finite, we can choose the largest such tree T}, and
obtain that S; = \/Tj,. To prove (2), observe that each path Rj+1 o Rj‘g 0...0 R}: in
some Tj implies R*, hence \/ T; = R*. O

As previously mentioned, Algorithm 5 computing a program summary terminates
for non-recursive programs provided that each call to the DISITRANSITIVECLOSURE
function terminates. In general, this is, however, not true due to the undecidability of
the safety problem for integer programs [Min67].
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Under- and Overapproximations of Transitive Closures

Termination of the disjunctive closure algorithm can be imposed in two ways, depending
on the goal of the analysis. If the goal is proving correctness of the system, i.e. unreach-
ability of the error states, one may resort to overapproximation of the disjunctive loop
relations Ry V ...V Ry by a single, weaker, relation R (i.e. Ry V...V R, = RF) such
that 7% = R is effectively Presburger definable. For instance, if each R; is a convex
polyhedron, one can use Integer Linear Programming [Sch86] to compute the integer
octagonal hull Rf. If using T*? to eliminate the state ¢ in Algorithm 6 suffices to prove
unreachability of error states in the program, then this constitutes a valid correctness
proof, since every trace of the original program is a trace of the abstract program.

Then, Algorithm 7 can be modified into Algorithm 8, which guarantees termination.
The crux of Algorithm 8 is that the expansion of a tree node situated at a depth beyond
a certain threshold is done by composition with RET (line 14), instead of Rf for some
i =1,...,k as in the case of nodes below the threshold (line 11). Since R;V...VRy = RF,
then for any sequence i1,...,i, € {1,...,k}, the relation RZ o...0 Rj;n is subsumed
by RIT. This prevents future descendants of nodes above the threshold to be added to
the queue (the test on line 7 will fail for them), causing termination of the main loop.
The returned value in this case is an overapproximation of the reflexive and transitive
closure (Ry V...V Rg)*.

Algorithm 8 Abstract Reflexive and Transitive Closure of Disjunctive Relations

input a set of relations S = {Ry,..., R}
output a relation R such that (Ry V...V R;)* = R
Queue, Tree + ()

1: function ABSTRANSITIVECLOSURE(S)
2 if S =0 then

3 return Id

4 Queue.add(Id, L,0)

5: while |Queue.empty() do
6 (N, P, depth) < Queue.remove()

7 if N is satisfiable and N # \/ Tree then

8 Tree < Tree U{N}

9: if depth < Threshold then

10: for each R € S such that R # P do

11: Queue.add(N o R, R, depth + 1)
12: else

13: R + ABSTRACTDISJRELATION(S)
14: Queue.add(N o RﬂJr, R, depth + 1)
15: return \/ Tree

On the other hand, if the goal of the analysis is to find errors in the program, the
disjunctive closure algorithm can be stopped after a given number of steps, the result
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being an underapproximation of the transitive closure, i.e. a relation 7” = (Ri V...V
Ry)*. Even if they cannot be used to certify correctness of systems, underapproximations
play an important role in finding errors within complex systems since every error trace
found using underapproximations is a valid error trace of the program.

A direct consequence of the proof of Lemma 7.1 is that the disjunction of the nodes in
each tree built by the DiSITRANSITIVECLOSURE function is an underapproximation of
the transitive closure. Thus the algorithm can be stopped if, e.g., the number of nodes
reaches a predefined threshold, and the result will be a relation stronger than (R V...V
Ry)*. This relation can be used in Algorithm 6 to underapproximate the summary of
a procedure and thus the summary of a program. If insufficient, the underapproximation
can be improved by letting the DISITRANSITIVECLOSURE algorithm run longer.

7.2 Modular Termination Analysis

This section presents a method that computes (an over-approximation of) the weakest
non-termination set [[Pm]]m of the main procedure P,, of a non-recursive program P =
(xg,{P1,..., Py}, Ppn). Its negation is thus a termination precondition of the program.

The method can be summarized as follows. For simplicity, suppose first that R is
the (disjunctive) transition relation of a procedure without call transitions and that R
encodes the program counter. Our method first computes (1) a transition invariant, i.e.
a relation Rf& V.. .\/R#l which over-approximates the transitive closure of R restricted to
reachable states, and (2) a reachability relation, i.e., a relation which over-approximates
(R A Init). Next, we compute the weakest non-termination set WNT(RZ#) of each dis-
junct Rl#, by applying methods from Chapter 6. We prove that computing the pre-image
of WNT(Rf&) V...VWNT(R) via the reachability relation gives an over-approximation
of the weakest non-termination set of the procedure. We apply Algorithm 4 to compute
the weakest non-termination sets WNT(Rz#). A transition invariant and a reachability
relation can be computed by a slight adaptation of the techniques described in Sec-
tion 7.1.

Next, we show that the above approach can be generalized to non-recursive programs
with multiple procedures. Since each infinite run of non-recursive program loops in-
finitely in one of its procedures, one can compute over-approximations of non-termination
sets for each procedures by applying ideas from the previous paragraph, and then prop-
agate these sets to the main procedure by computing their pre-image via summaries of
procedures.

The results of this section can be seen as a generalization of a result by Podelski
and Rybalchenko [PR04b] who proved that disjunctive well-foundedness of a transition
invariant of a program P entails termination of that program. We extend their result to
computation of over-approximations of non-termination sets.
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7.2.1 Transition Invariants and Non-termination Sets

In this section, we present a method that computes, for a given procedure P; of a non-
recursive program, (an over-approximation of) the set of initial configurations from which
runs that loop infinitely in P; exist. Recall from Section 2.2.2 that V; = {v : x; Ux4 —
Z} denotes the set of valuations of variables visible in procedure P;, that S; = {5; :
Qi x Qi — V; x V;} denotes the set of summaries compatible with P;, that [P] =
([P1],-- -, [Pu]) € Si x ... xS, denotes the reachability summary in k£ > 1 steps, and
that [P]" = ([PA]",...,[P.]")) € S1 x ... X S, denotes the reachability summary in
k > 0 steps. Then, the set of valuations in a control state ¢ € @Q); of a procedure P; that
are reachable from the initial control state go; can be defined as the post-image of V;
via [P;]" (g0, q), formally ([[H-]]*(qo,i,q))(vi). With this notation, the precise transition

7™ of a program P is defined as

[[,P]]Tlnv _ ([[PlﬂTInv’ o [[Pn]]TInv)

invariant [P

where for each procedure P; and each ¢,q" € Q;,

P17 (q,¢) & [P1(g, ) A (IPT" (204, 9) V)

Intuitively, the precise transition invariant is obtained by restricting [P] to the set
of reachable configurations. Note that consequently, the set of (infinite) runs in P,
under [P] is equal to the set of (infinite) runs in P; under [P]77™. We say that 7 =
(T1y...,Tn) € S1X...XS,, is a transition invariant if and only if [[Pi]]TI"”(q, q) = Ti(q,q)
for each procedure P; and for all ¢,¢’ € Q;. Thus, a transition invariant is an over-
approximation of the precise transition invariant.

It has been shown in [PR04b] that a precise transition invariant of a procedure P
without call transitions is disjunctively well-founded (meaning that each disjunct of the
precise transition invariant is well-founded) if and only if P terminates from each initial
configuration. The following lemma generalizes this statement to computation of (an
over-approximation of) the weakest non-termination set.

Lemma 7.2 Let P be a non-recursive program, let T = (T1,...,Tn) € S1 X ... x S, be
a transition invariant of P, A= (A1,...,Ap) € S1 X ... xS, be an over-approrimation
of [P]* and let P, = <xi,?§”,?f"t,Q,q(),i,qf’i,qe,i,AZ-> be one of its procedures. Let
Bi CV; be a set of valuations defined as v € B if and only if there exists an infinite
run in P; under [[P]]T]m’ that starts in {(qo;,v). Further, for each q € Q;, let there be
relations Ry, 1 < k < pg, for some p; > 1, such that

Pq
7;(6_17(:0 @ U Rq,k;
k=1

and define

N; def U ((Ai(qO,z‘,q))_l (Lj wnt(R%k))) )
k=1

q€eQ
Then, B; C N;. Moreover, if T; = [[Pi]]TI"v and A; = [P, then B; = N;.
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Proof: First suppose that both 7; and A; are precise, i.e. that T; = [[BHTI"U and
A; = [P]".

“ = “Let pr = (qoi,v0){q1,v1)(g2,v2) ... be an infinite run of P; under [P]
Clearly, there exist infinitely many integers 1 < ¢; < ¢y < f3 < ... such that ¢ =
q, = q, = G, = ... for some ¢ € @;. We construct a infinite meta-run py =
(q0.4,10)(q, Ve, )(q, ve,) - - .. Tt follows from definition of [P]* "™ that

TInv

(e, ve,.y) € [P (a.0) = [T (g, 0)

for all 7 > 1. We next rename valuations in pz to obtain ps = (qo i, po){q, 1) {q, u2) - . ..

Let us assume that [P]77"(q, q) < \/%_1 Ry, for some p > 1. By definition of [P,
it follows that for each ¢ > k > 1, there exists 1 < j < p such that (ux,pne) € R;.
Consequently, we can construct a function f: {(k,¢) | £ > k> 1} — {Ry,..., Ry} such
that (g, ue) € f(k,0) for all £ > k > 1.

Let ~ be the kernel of f and thus, (k,¢) ~ (k¥',¢) if and only if f(k,€) = f(K',¢).
Clearly, ~ is an equivalence relation with finite index, since the range of f is finite.
Consequently, by Ramsey theorem [Ram30], there exists an infinite sequence of integers
1 < ki < k2 < k3 < ... and an equivalence class [(m,n)]~ for some m,n such that
(ki, kit1) ~ (m,n) for all ¢ > 1. Thus, there exists 1 < j < p such that f(k;,kit1) = R;
for all ¢ > 1. Consequently, fi, fik, - - . is an infinite run of R; and hence, py, € wnt(R;).
Since (uo, ik, ) € [Pi]" (904, 9) = [Ai]" (g0, @), by definition of [P;]", if follows that

P
Vg = o € ([[Pi]]*(qo,i7Q))_1 (wnt(R;)) C ([[Piﬂ*(%,i,q))_l (U wnt(Rk)> CN;
k=1
Thus, B; C N;.

“ < “ Clearly, if both 7; and A; are precise, then (J}2, wnt(R,) is the set of ini-
tial valuations of non-terminating runs that start in ¢ € Q;, by definition of [P;]*"™.
Consequently, (Ai(qw, q)) ! ( Zq:l wnt(Rq,k)) is the set of valuations in ¢g; from which
a non-terminating run that loops infinitely at ¢ exists. Consequently,

N U ((Az'(QO,uQ))l (U wnt(Rq,k)>>
k=1

q€eqQ

is the set of valuations in gp; from which a non-terminating run that loops in some
q € Q; and thus, N; C B;.

Next, observe that if 7; O [P]""™ and A; D [P]*, the “ = * direction of the above
proof still holds. Consequently, the lemma holds. O
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7.2.2 Computing Termination Sets of Non-recursive Programs

In the rest of this section, we aim to compute over-approximations N; of the weakest
non-termination sets [P;]%, formally A; D [Pi]%", and then use the complement of AV, as
an under-approximation of the weakest termination set [Pp,]’, formally = Ny, C [Pn]".
Recall from Section 7.1.2 that for each valuation v € V;, v € [[P,}]Xﬁ if and only if either

1. there exists an infinite run in P; under [P] that starts in (qo, ), or

2. there exists a finite run of length £ > 0 in P; under [P] that starts in (go;, V),

ends in (¢, ') for some ¢’ € Q;,V' € V;, and moreover, there exists a transition
Z=call;(t

q ca—J()> ¢" € A; and a valuation v € N such that

/ 720“”1(?) "o
MaTcHCALL(q ——————= ¢", V', V') & T.

Note that if an over-approximation of [P] is used instead of [P] in the above definition,
one defines an over-approximation of [P;]4.

To address the point 1 for a given procedure P;, we first compute (an over-approxima-
tion of) a transition invariant of P;. To this end, we adapt the procedure summary
algorithm from Section 7.1. Intuitively, a transition invariant 7 can be computed by

Algorithm 9 Over-approximating the Weakest Non-termination Set of a Procedure

input a procedure P, = <xi,?§”,?f“t,Qi,q()’i,q]gi,qe’i,Ai), a transition invariant
T =(Ti,...,Tn) of P and an over-approximation A = (Ay, ..., A,) of [P]*
output An over-approximation of [[P]];Lt

1: function PROCEDURENT(P; = (x;, Yi”, ?f“t, Qi590,i» 4> Gei» Ni), T, A)
2: W0

3: for each g € (); do

4: let 7;(q,q) < (R1 \/--.\/Rp) for some Ry,..., Ry, p>1
5: V V' WNT(R))

P cally (T
6: for each ¢ Lﬂj(t)) qJ € A; do
7 V < V'V PlugWNT(i,j, t)
Reach + Ai(qo,,q)
: W < W V Reach™ (V)

10: return PROJECTNT (W)

I: function PLUGNT(4,j, t )

2: return ./\/’] [(?)k/(?in)k}

k=1.T|

1: function PROJECTNT(R)
return 3(x; \ X7) . R

»
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marking all control states as both initial and final. Then, we can apply Lemma 7.2 to
compute the set of valuations for which the point 1 holds. Algorithm 9 achieves this
by executing lines 4-5 and 8-9 for each control state ¢ € ). Line 5 computes the set
of valuation in a control state ¢ € @; from which a run that loops infinitely at ¢ exists
and line 9 next propagates this set to the initial control state. Note that we can apply
Algorithm 4 from Section 6.2.1 to compute the weakest non-termination set WNT(R;).
Finally, Algorithm 9 eliminates variables not included in the signature of P; and returns
(line 10).

To address the point 2 above for a procedure P;, over-approximations of the weak-
est non-termination sets must be computed first for the called procedures. Since the
programs we consider are not recursive, it follows from the discussion in Section 2.2.2
that we can apply an approach similar to the one in Section 7.1.2 and compute over-
approximations N; of [P;]%" following a topological ordering with respect to CG(P).
Thus, N; is computed first for procedures that do not call other procedures and it is
then propagated to the calling sites, as the point 2 above requires. Algorithm 9 achieves
this propagation by executing lines 6-9 for each control state ¢ € ). Line 7 propagates
over-approximations of non-termination sets from the called procedure to the calling site
and line 9 next propagates this set further to the initial control state.

Algorithm 10 computes an under-approximation of [[Pm]]t3 It first calls the compu-
tation of over-approximations of [[PZ]]gt for procedures F; in the given topological order
with respect to CG(P)(lines 3-4. Finally, it computes a termination precondition by
negating the computed over-approximation of [[Pm]]”t (line 5).

Algorithm 10 Termination Precondition for a Program
input input a program P = (x4,{P;,,..., P, }, Pp) ordered w.r.t. CG(P)
output An under-approximation of the weakest termination set [[Pm]]g of P,
function TERMINATIONPRECONDITION(P = (x4, {F;,,..., P, }, Pm))

1:

2 (Nl,,./\/’n)<—(®,,®)
3: for k=1,...,ndo
4
5

N, < PROCEDURENT(P;, )

return = N,

7.2.3 Flat Integer Programs

In this section, we study flat integer programs and show that their weakest termination
set is Presburger definable. This immediately entails decidability of the termination
problem, by decidability of Presburger arithmetic.

A flat integer program is a single-procedure non-recursive program where

1. each control state belongs to at most one cycle in the control flow graph (CFG)

2. for each cycle ¢ i> Q2 i ﬁ> q1 in the CFG, the relation (Rjo...0 R,) is

either a difference bounds, octagonal, or finite monoid affine relation
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Let P be a flat integer program. It is known that the reachability problem for flat
integer programs is decidable [CJ98, LS05]. Consequently, [P]* can be computed by
Algorithm 6. Consider Algorithm 11 that uses an auxiliary procedure LOOPLABEL(P, q)
which returns the composition of relations that label the unique cycle on which the
control state g appears or empty relation if there is no such cycle. Let ¢ € @) and let
L, = LooPLABEL(P, q). Then,

WNT(L,) = WNT(L]) = WNT([P]"""(q, q)).

First equality obviously holds for arbitrary relation. The second equality holds for flat
programs, since each control states belongs to at most one cycle in the control flow
graph. Moreover, L, is a periodic relation and therefore, the weakest non-termination
set WNT(L,) is Presburger definable, as proved in Chapter 6. Thus, given a flat integer
program P, line 4 in Algorithm 11 is equivalent to line 5 of Algorithm 9. Consequently,
since flat programs have no call transitions, Algorithm 11 correctly returns a Presburger
formula defining [P]"™. The following theorem summarizes these observations.

Theorem 7.3 The weakest (non-)termination set of flat integer programs is effectively
computable and Presburger definable. Consequently, the termination problem is decidable
for flat integer programs.

Algorithm 11 Weakest Non-termination Set for Flat Integer Programs

input a flat integer program P = (x,Q, o, 4y, ¢e, A) and the program summary [P]"
output [P]™, the weakest non-termination set of P

1: function PROGRAMSUMMARY (P = (X, Q, Ginit; 4final, Gerr, ), [P]")

2 V0

3 for each q € Q do

4: A < WNT(LoOPLABEL(P, q))

5 B« [P]"(¢i, q)

6 V + VUBT(A)

7

return V

7.3 Predicate Abstraction with Acceleration

This section presents Counterexample-Guided Accelerated Abstraction Refinement (CE-
GAAR), a new reachability analysis algorithm. CEGAAR combines interpolation-based
predicate discovery in counterexample-guided predicate abstraction with acceleration
technique for computing the transitive closure of loops. CEGAAR applies acceleration
to dynamically discovered looping patterns in the unfolding of the transition system and
combines overapproximation with underapproximation. It constructs inductive invari-
ants that rule out an infinite family of spurious counterexamples, alleviating the problem
of divergence in predicate abstraction without loosing its adaptive nature. We present
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theoretical and experimental justification for the effectiveness of CEGA AR, showing that
inductive interpolants can be computed from classical Craig interpolants and transitive
closures of loops. Throughout this section, we assume a single-procedure integer pro-
gram without call transitions P = (x, @, ¢init, Gerr, A) which can be obtained from a
non-recursive procedural program by procedure inlining.

Related Work. Predicate abstraction has proved to be a rich and fruitful direction in
automated verification of detailed properties of infinite-state systems [GS97, HIMMO04].
The pioneering work in [BL99] is, to the best of our knowledge, the first to propose a
solution to the divergence problem in predicate abstraction. More recently, sufficient
conditions to enforce convergence of refinement in predicate abstraction are given in
[BPRO2], but it remains difficult to enforce them in practice. A promising direction
for ensuring completeness with respect to a language of invariants is parameterizing the
syntactic complexity of predicates discovered by an interpolating split prover [JMO06].
Because it has the flavor of invariant enumeration, the feasibility of this approach in
practice remains to be further understood.

To alleviate relatively weak guarantees of refinement in predicate abstraction in prac-
tice, researchers introduced path invariants [BHMRO7] that rule out a family of coun-
terexamples at once using constraint-based analysis. Our CEGAAR approach is similar
in the spirit, but uses acceleration [BIK10, FL02, Boi99] instead of constraint-based
analysis, and therefore has complementary strengths. Acceleration naturally generates
precise disjunctive invartants, needed in many practical examples, while constraint-based
invariant generation [BHMROT] resorts to an ad-hoc unfolding of the path program to
generate disjunctive invariants. Acceleration can also infer expressive predicates, in par-
ticular modulo constraints, which are relevant for purposes such as proving memory
address alignment.

The idea of generalizing spurious error traces was introduced also in [HHP09] by ex-
tending an infeasible trace, labeled with interpolants, into a finite interpolant automaton.
The method of [HHP09] exploits the fact that some interpolants obtained from the in-
feasibility proof happen to be inductive w.r.t. loops in the program. In our case, given
a spurious trace that iterates through a program loop, we compute the needed inductive
interpolants, combining interpolation with acceleration. The method that is probably
closest to CEGAAR is proposed in [CFLZ08]. In that work, the authors define inductive
interpolants and prove the existence of effectively computable inductive interpolants for
a class of affine loops, called poly-bounded. The approach is, however, limited to pro-
grams with one poly-bounded affine loop, for which initial and error states are specified.
We only consider loops that are more restricted than the poly-bounded ones, namely
loops for which transitive closures are Presburger definable. On the other hand, our
method is more general in that it does not restrict the number of loops occurring in
the path program and benefits from regarding both interpolation and transitive closure
computation as black boxes. The ability to compute closed forms of certain loops is also
exploited in algebraic approaches [BHHK10]. These approaches can also naturally be
generalized to perform useful over-approximation [AAGP11] and under-approximation.
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Roadmap. In Section 7.3.1, we define the notion of an abstract reachability tree (ART)
that represents an abstraction of an integer program and define the notion of a spurious
trace in an ART. Next, in Section 7.3.2, we overview the technique of interpolation-based
refinement which rules out a spurious trace and define the notion of a trace scheme, a
generalization of a trace, and a notion of inductive interpolant that rules out a po-
tentially infinite number of traces. Section 7.3.3 describes how to compute inductive
interpolants, and Section 7.3.4 presents how this computation is incorporated in the
CEGAAR algorithm.

7.3.1 Abstract Reachability Tree

Let P = (x,Q, Ginit, Gerr, A) be a single-procedure integer program without call tran-

Ry

sitions. A path in P is a sequence 6 : ¢ fa, Q2 EEN q3.--Qn-1 —— @, where

1,92, ---,qn € Q and g; LN Gi+1 is an edge in A for each i = 1,...,n — 1. We de-

note the relation Ry o Ryo...0R,_1 by p(f) and assume that the set of free variables of
p(0) is x Ux'. The path 6 is said to be a cycle if g1 = g, and a trace if g1 = ginit- The
path @ is said to be feasible if and only if there exist valuations vy, ..., v, : X = Z such
that v;,v;41 E R; foralli=1,...,n— 1.

Given a set of predicates P, an abstract reachability tree represents an abstraction of
an integer program with respect to P.

Definition 7.4 Given a program P = (X, Q, ¢init, Gerr, A), and a (possibly infinite) set
of predicates P such that T, L € P, an abstract reachability tree (ART) for P is a tuple
T = (S, 7, €) where S C Q x 2PN} is 4 set of nodes (notice that for no node (g, ®) in
T we may have L € ®), 7 : Q — 2% is a mapping associating control states with sets of
predicates, i = qinit X {T} is the root node, e C S x S is a tree-structured edge relation:

e all nodes in S are reachable from the root r,
e for alln,m,p € S, e(n,p) Ne(m,p) = n=m,

e c¢({(q1,P1),{(q2,P2)) = @1 ELN g2 and ®y = {P € 7(q2) | post(\ ®1,R) — P}.

We say that an ART node (g1, ®1) is subsumed by another node (ga, ®2) if and only if
¢1 = q2 and A\ &1 — A ®o. It is usually considered that no node in an ART is subsumed
by another node, from the same ART.

It can be easily checked that each path o : 7 = (g1, ®1), (g2, ®2), ..., (qx, Py), starting

Ry
from the root in 7', can be mapped into a trace 6 : q1 T, q2 - - Qi_1 RN qx of P such

that post(T,p(8)) — A\ ®r. We say that 0 is a concretization of o or that o concretizes
to 8. A path in an ART is said to be spurious if none of its concretizations is feasible.
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7.3.2 Interpolation-Based Abstraction Refinement

By refinement, we understand the process of enriching the predicate mapping 7 of an
ART T = (S, m,r,e) with new predicates. The goal of refinement is to prevent spurious
counterexamples (paths to an error state) from appearing in the ART. To this end, an
effective technique used in many predicate abstraction tools is that of interpolation.

Given an unsatisfiable conjunction A A B, an interpolant [ is a formula using the
common variables of A and B such that A — [ is valid and I A B is unsatisfiable.
Intuitively, I is the explanation behind the unsatisfiability of AA B. Below, we introduce
a slightly more general definition of a trace interpolant.

Definition 7.5 ([JMO06]) Let P = (X, Q, ¢init, Gerr, A) be a program and
Rl R2 Rnfl
0:q1 — @ —q3...qn—1 —— qn

be an infeasible trace of P. An interpolant for 6 is a sequence of predicates (I, I, . .., I,,)
with free variables in x such that: Iy = T, I, = L, and for alli = 1,...,n — 1,
post(L;, R;) — I;1q.

Interpolants exist for many theories, including all theories with quantifier elimination,
and thus for Presburger arithmetic. Moreover, a trace is infeasible if and only if it has an
interpolant [EKSO08]. Including any interpolant of an infeasible trace into the predicate
mapping of an ART suffices to eliminate any abstraction of the trace from the ART.
We can thus refine the ART and exclude an infeasible trace by including the interpolant
that proves the infeasibility of the trace, as proved by the following lemma.

R
Lemma 7.6 Let P = (x,Q, Ginit, Gerr, A) be a program and 6 : q1 B, Q2. Gno1 ——

qn be an infeasible trace of P. If T = (S, m,r,e) is an ART for G such that there exists
an interpolant (I; € w(q;))’_, for 6, then no path in T concretizes to .

Proof By contradiction, suppose that there exists a path

g <Q1a (I)1>7 <QQ> q)2>7 B <Qn, (I)n>

in T that concretizes to 6. We show by induction on ¢ that I; € ®; for alli =1,...,n.
By the definition of T', Iy = T € ®1. For the induction step, assume that I, 1 € ®;_4, for
some ¢ > 1. By the definition of 7', we have ®; = {P € n(q;) | post(\ ®i—1, Ri) — P}.
Since post(I;_1, R;) — I;, by Definition 7.5 and I,_; € ®,_;, we have A ®,_; — I;_1,
and by monotonicity of the post operator, post(/ ®;—1, R;) — I;. But I; € m(g;) which
implies I; € ®;, by the definition of 7. Consequently, I, = 1L € ®,, which is in
contradiction with the fact that no node in 7" may contain | in its second component.
O

Note that the refinement technique using Definition 7.5 only guarantees that one
spurious counterexample is eliminated from the ART with each refinement step. This
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fact hinders the efficiency of predicate abstraction tools, which must rely on the ability
of theorem provers to produce interpolants that are general enough to eliminate more
than one spurious counterexample at the time. The following definition generalizes the
notion of a trace.

Definition 7.7 ([CFLZO08|, Def. 2.4) Given a program P, a trace scheme in P is a
sequence of the form:

Q1 a 2 Qn-1 L?\:l Qn w Qn+1
£:q0—>q1—>...—>qn_1—>qn—>qn+1 (71)

where qg = Qinit and:
e Q; = p(0;) for some paths 0; of P, from q;—1 to q;,
o ;= \/;“:1 p(Xij) for some cycles Nij of P, from g; to g;.

Intuitively, a trace scheme represents an infinite regular set of traces in P. The trace
scheme is said to be feasible if and only if at least one trace of P of the form

015 Atiy - Atig 30253005 Ay - Aniy 3 O

is feasible.

The trace scheme is said to be bounded if k; = 1, for all i = 1,2,...,n. A bounded!
trace scheme is a regular language of traces, of the form 6y - A]-...- 0, - A} - 0,11, where
0; are paths, and \; are cycles of P. The following is a stronger notion of an interpolant,
which ensures generality with respect to an infinite family of counterexamples.

Definition 7.8 ([CFLZO08], Def. 2.5) Let P = (x,Q, qinit, Gerr, A) be a program and
& be an infeasible trace scheme of the form (7.1). An interpolant for £ is a sequence of
predicates (Lo, I, Ia, ..., I, Int1), with free variables in x, such that:

1. I() =T and In—‘,—l = J_,
2. post(l;, Qix1) — Liy1, for alli=0,1,...,n,
3. post(Il;, L;) — I;, for alli=1,2,... ,n.

The main difference with Definition 7.5 is the third requirement, namely that each
interpolant predicate (except for the first and the last one) must be inductive with respect
to the corresponding loop relation. It is easy to see that each of the two sequences

(T, post(T,Q10L7), ..., post(T,QroLijoQy0...QnoL))) (7.2)
(wpre(L,Q1oLijoQy0...Quno L)), ..., wpre(L,QnoL}), L) (7.3)
are interpolants for  provided that ¢ is infeasible (Lemma 2.6 in [CFLZ08]). Just as for

finite trace interpolants, the existence of an inductive interpolant suffices to prove the
infeasibility of the entire trace scheme.

!This term is used in analogy with the notion of bounded languages [GS64].
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Lemma 7.9 Let P = (x,Q, ¢inits Gerr, A) be a program and & be an infeasible trace
scheme of P of the form (7.1). If T = (S, m,r,e) is an ART for P such that there exists
an interpolant (I; € W(qi)>?;01 for &, then no path in T concretizes to a trace in &.

Proof: By contradiction, suppose that there exists a path o:

(90, ®0), (@11, P11)s- -5 (q1ir> Prir)s -5 (@n1s 1)y - s (Gnin s Prin)s (Gnt1, Prg1))

in T which concretizes to a trace in £. In analogy with the proof of Lemma 7.6, one
shows that:

e [y € Py,
o [ € Py, forallk=1,...,nand j=1,... 1,
o [hy1 € Ppyr.

The third condition of Definition 7.8 is needed for the proof of the second point above.
Since I,4+1 = L, this contradicts the fact that no node in 7" may contain L in its second
component. O

7.3.3 Computing Accelerated Interpolants

This section describes a method of refining an ART by excluding an infinite family
of infeasible traces at once. Our method combines interpolation with acceleration in
a way which is oblivious of the particular method used to compute interpolants. For
instance, it is possible to combine proof-based [McMO05] or constraint-based [RSS07]
interpolation with acceleration, whenever computing the precise transitive closure of
a loop is possible. In cases when the precise computation fails, we may resort to both
over- and under-approximation of the transitive closure. In both cases, the accelerated
interpolants are at least as general (and many times more general) than the classical
interpolants extracted from a finite counterexample trace.

Given an infeasible error trace 0, we fold it into a trace scheme . In this section, we
describe approaches to abstraction refinement based on type of the trace scheme. The
distinguishing factor is whether £ is bounded and whether cycles in £ can be accelerated.
In Section 7.3.4, we show how these refinement techniques are integrated in the CEGAAR
algorithm.

Precise Acceleration of Bounded Trace Schemes

We consider first the case of bounded trace schemes of the form (7.1) where the control
states qi,...,q, belong to some cycles labeled with relations Lq,..., L, such that L}
is Presburger definable. As discussed in Chapter 3, this requires that each L; is either
a difference bounds, octagonal, or finite monoid affine relation. Then, one can use
acceleration algorithms from Chapter 3 or from [Boi99, FL02]. Under this restriction,
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any infeasible bounded trace scheme has an effectively computable interpolant of one of
the forms (7.2), or (7.3).

However, there are two problems with applying definitions (7.2) and (7.3) in order
to obtain interpolants of trace schemes. On one hand, relational composition typically
requires expensive quantifier eliminations. The standard proof-based interpolation tech-
niques (e.g. [McMO05]) overcome this problem by extracting the interpolants directly
from the proof of infeasibility of the trace. Alternatively, constraint-based interpolation
[RSS07] reduces the interpolant computation to a linear programming problem, which
can be solved by efficient algorithms [Sch86]. Both methods apply, however, only to
finite traces and not to infinite sets of traces defined as trace schemes. Another, more
important, problem is related to the sizes of the interpolant predicates from (7.2), (7.3)
compared to the sizes of interpolant predicates obtained by proof-theoretic methods (e.g.
[KLR10]), as the following example shows.

Example. Let R(z,y,2’,y") : @’ =2+ 1Ay =y+1 and ¢(z,y,...), ¥(z,y,...) be
some complex Presburger arithmetic formulae. The trace scheme

2z =
o —"5 a e (7.4)

is infeasible because z remains even, so it cannot become equal 5. One simple interpolant
for this trace scheme has, at program point, g; the formula 2%2 = 0. On the other hand,
the strongest interpolant has (z = 0A 2 = 2 A ¢)o (2 = z+ 2 A R)* at ¢, which is
typically a much larger formula because of the complex formula ¢. Note, however, that
¢ and R do not mention z, so they are irrelevant. O

To construct useful interpolants instead of the strongest or the weakest ones, we
therefore proceed as follows. Let £ be a bounded trace scheme of the form (7.1). For each

) Ry
control loop g; KN ¢; of &, we define the corresponding meta-transition q; — ¢/ labeled

with the reflexive and transitive closure of R;. Intuitively, firing the meta-transition has
the same effect as iterating the loop an arbitrary number of times. We first replace each
loop of £ by the corresponding meta-transition. The result is the meta-trace:

- Q Q Qn Qn
g g g Bg o O B & (7.5)

Since we supposed that ¢ is an infeasible trace scheme, the (equivalent) finite meta-trace
¢ is infeasible as well, and it has an interpolant Zz = (T, I, I{, 15, 15,..., I}, I/, 1) in

Y Tny Tn?
the sense of Definition 7.5. This interpolant is not an interpolant of the trace scheme &
in the sense of Definition 7.8. In particular, none of I}, I is guaranteed to be inductive
with respect to the loop relations L;. To define compact inductive interpolants based on

IE and the transitive closures L}, we consider the following sequences:

t
Igos = (T,post(I},L}),post(I}, L), ..., post(I,, L), L) and
ngre = (T,wpre(ly,L}),wpre(Iy,L5), ... wpre(I, L), L).

The following lemma proves the correctness of this approach.
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Lemma 7.10 Let P = (x,Q, Qinit, qerr, D) be a program and & be an infeasible trace
scheme of the form (7.1). Then IgOSt and Ig”pre are interpolants for &, and moreover

Ig:pm —>I§1_05t foralli=1,2,...,n.

Proof. To prove that IgOSt is an interpolant for &, we show the three points of Defini-

tion 7.8. The first point holds by the construction of IgOSt. For the second point, we
have:

post(I],LY) — I since Z¢ is an interpolant for £,
post(post(I], LY),Qiy1) — post(Il,Qiy+1) since post is monotone, -
post(Ig_ Qi) — I 1 since Zg is an interpolant for ¢.

We must show next that I}, , — Ig_‘ff. For this, we compute:

POSt(IZ{HaLfH) = Jz. Iz{—l—l(z) A Lf+1(z7]:<)
0
= dz. I{H(z) AVito LZH(Z’X)
o0
= Vieo3z . I} 1(2) A L7 (2,%)

= Jz. I (2)Ne Vv V2 3z I, (2) ALY (2,%)

We have that 3z . I} | (z) A € is equivalent to I, ;, which concludes the second point.
For the third point, we compute:

post(Ig’St,Li) = 3z . post(I],L¥)(z) A Li(z,x)
Jz3t . I(t) A LI (t,z) A Li(z,x)
Jt . I(t) A L (t,x)

3t . Il(t) A Li(t, %)

= post(Il, L}) = Ig"st

The proof for the Ig” P’ interpolant is symmetric, using the fact that post and wpre form
a Galois connection. Finally, we have wpre(I), LY) — I/ — post(I}, L), which proves
the last statement. m

3ol

Notice that computing IgOSt and Ig} P'® requires m relational compositions, which is,
in principle, just as expensive as computing directly one of the extremal interpolants
(7.2), (7.3). However, by re-using the meta-trace interpolants, one potentially avoids
the worst-case combinatorial explosion in the size of the formulae, which occurs when
using (7.2), (7.3) directly.

Example. Let us consider again the trace scheme (7.4). The corresponding unfeasible
finite trace & is:

2=0Az'=2A¢ ;, Tk>0 . 2'=2+42k A '=z+k A y’:y—i—k\ yn Z=BAY
q0 q1 q q2

A possible interpolant for this trace is (T,z = 0,3k > 0. z = 2k, L). An inductive
interpolant for the trace scheme, derived from it, is Z8°" = (T, post(z = 0,3k > 0.2/ =
z4+2kN =xz+kANY =y+k),L)=(T, z2%2=0, L1). O
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Bounded Overapproximations of Trace Schemes

Consider a trace scheme (7.1), not necessarily bounded, where the transitive closures
of the relations L; labeling the loops are not computable by any available acceleration
method from Chapter 3 or from [Boi99, FL02]. One alternative is to find abstractions L?

of the loop relations, i.e. relations Lg < L;, for which transitive closures are computable.
If the new abstract trace remains infeasible, it is possible to compute an interpolant for it,
which is an interpolant for the original trace scheme. However, replacing the relations
L; with their abstractions Lg may turn an infeasible trace scheme into a feasible one
where the traces introduced by abstraction are spurious. In this case, we give up the
overapproximation and turn to the underapproximation technique described in the next
section.

The overapproximation method computes an interpolant for a trace scheme £ of the
form (7.1) under the assumption that the abstract trace scheme:

1
Q'nf (%
LN LN n—-1 — Gn — Qn+1 (7.6)

S D»—E:t

§ﬂ5QD&>

is infeasible. In this case, one can effectively compute the interpolants Z%** and Ig;p e
since the transitive closures of the abstract relations labeling the loops are computable
by acceleration. The following lemma proves that, under certain conditions, computing
an interpolant for the abstraction of a trace scheme is sound.

Lemma 7.11 Let P be a program and & be a trace scheme (7.1) such that the abstract
trace scheme €' (7.6) is infeasible. Then the interpolants Ig)‘gt and Ig‘;pre for &% are also
interpolants for €.

Proof:  We show that Z%7*" meets the three conditions of Definition 7.8. The first
condition is trivially true, while the proof of the second condition is essentially the same
as in the proof of Lemma 7.10. For the third point, since L; — L?, we have:

post(IgOSt, L;) = post(post(I], Lg*), L;)
~ post(post(L], L), L)
post(I], Lng) — Ingt

The proof for Ig;p "¢ is symmetrical. O

To compute abstractions of relations that are guaranteed to have Presburger-definable
transitive closures, we can use octagonal relations (Definition 2.17) and compute the
integer octagonal hull of a relation L. This is the strongest conjunction Lf = A{u <
clueUxUX), L = u < ¢} In practice, if for instance, L is a union of convex
polyhedra, one can use integer linear programming [Sch86] to compute L* efficiently.
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Bounded Underapproximations of Trace Schemes

Let £ be a trace scheme of the form (7.1), where each relation L; labeling a loop is a
disjunction L;1 V ...V Ly, of relations for which the transitive closures are effectively
computable and Presburger definable. A bounded underapproximation scheme of a trace

scheme ¢ is obtained by replacing each loop ¢; L ¢; in € by a bounded trace scheme &

of the form

1€ 9¢ ki
4G —=q— - q;"

where € denotes the identity relation. Let us denote? the result of this replacement by
€’ Tt is manifest that the set of traces £ is included in €.
Since we assumed that the reflexive and transitive closures L7, are effectively com-

putable and Presburger definable, the feasibility of £” is a decidable problem. If £ is
found to be feasible, this points to a real error trace in the system. On the other hand, if
€ is found to be infeasible, let Ie = (T, I, ... ,Ifl, .., I .. IFn 1) be an interpolant
for 5*’. A refinement scheme using this interpolant associates the predicates {Iil, cee Izkl}
with the control state ¢; from the original program. As the following lemma shows, this
guarantees that any trace that follows the pattern of £ is excluded from the ART, en-
suring that a refinement of the ART using a suitable underapproximation (that includes

a spurious counterexample) is guaranteed to make progress.

Lemma 7.12 Let P = (x,Q, Ginit, Gerr, A) be a program, & be an infeasible trace scheme
of P (7.1) and € a bounded underapprozimation of . If T = (S, m,r,€) is an ART for
P, such that {I},... ,Iiki} C 7(q;), then no path in T concretizes to a trace in €.

Proof: By contradiction, suppose that there exists a path in 1" which concretizes to a
trace in £, and let

k; k;
<Qi>q)'}1>a R <Qi7¢)z‘1fi’1>v'"7<qi7q)i1>7 SRR <qi’(I)Mi,ki>
Ly Lik;
ai @

be the fragment of the path which corresponds to the unfolding of the sub-trace

L, i Lik,
N € M € &%

L

—
M)

One can show, along the lines of the proof of Lemma 7.10, that Iij € CIDgZ for all j =
1,...,kand £ =1,...,¢; ;. In this way, we obtain that the last set ® contains L, which
contradicts the definition of the ART. O

2The choice of the name depends on the ordering of particular paths L1, L, .. ., Ljk,;, however we
shall denote any such choice in the same way, in order to keep the notation simple.
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Notice that a refinement scheme based on underapproximation guarantees the exclu-
sion of those traces from the chosen underapproximation trace scheme, and not of all
traces from the original trace scheme. Since a trace scheme is typically obtained from
a finite counterexample, an underapproximation-based refinement still guarantees that
the particular counterexample is excluded from further searches. In other words, using
underapproximation is still better than the classical refinement method since it can po-
tentially exclude an entire family of counterexamples (including the one generating the
underapproximation) at once.

7.3.4 Counterexample-Guided Accelerated Abstraction Refinement

Finally, we describe the core of the Counterexample-Guided Accelerated Abstraction
Refinement (CEGAAR) algorithm. The method starts by initializing the set of pred-
icates with P = {T, L}. Then, it iteratively applies the following steps. The ART is
constructed on-the-fly, according to a certain exploration strategy. When an abstract
error state is reached, the corresponding abstract trace 6 that leads from the root of the
ART to the abstract error state is folded into a trace scheme £. We distinguish several
cases:

1. If £ is bounded, we construct a corresponding meta-trace £. If € is feasible, a real er-
ror has been found and the algorithm terminates. Otherwise, inductive interpolants
are computed using Lemma 7.10 and refine the abstraction using Lemma 7.6. Then,
CEGAAR continues with a next iteration.

2. If € is not bounded, we compute a bounded abstract trace scheme &. If the meta-
trace corresponding to & is not feasible, &' is spurious by Lemma 7.11. Then,
inductive interpolants are computed by applying Lemma 7.10. These interpolants
are used to refine the abstraction using Lemma 7.6, and CEGAAR continues with
a next iteration.

3. Else, if the overapproximation & from Case 2 was found to be feasible, it could
be the case that the abstraction of the scheme introduced a spurious error trace.
In this case, we compute a bounded underapproximation &” of the trace scheme &
and apply the same reasoning as in Case 1.
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8 Experiments

In this chapter, we report on experiments we have performed in order to evaluate the
methods presented in the preceding chapters. First, in Section 8.1, we report on ex-
periments that evaluate the transitive closure algorithm presented in Chapter 3 and
Chapter 4 and show that in some cases, we can achieve a speed-up of four orders of
magnitude when compared with older algorithms for difference bounds and octagonal
relations.

In Section 8.2, we evaluate the reachability analysis techniques from Chapter 7 on
a number of benchmarks we collected. We observe that the reachability method from Sec-
tion 7.1 computing precise procedure summaries outperforms earlier approaches based
on acceleration. Further, we evaluate the method from Section 7.3 that combines
interpolation-based predicate abstraction with acceleration and observe that the com-
bined approach successfully verifies many models that can be handled by neither interpo-
lation-based predicate abstraction nor the summary and acceleration-based method.

Finally, in Section 8.3, we evaluate the termination analysis techniques from Chapter 6
and Section 7.2 and shows that they can be applied to verify (non-)termination of several
benchmarks.

8.1 Transitive Closure Computation

We have implemented Algorithm 1 for difference bounds and octagonal relations within
the FLATA toolset [HIG*12]. We compared the performance of this algorithm with
existing transitive closure computation methods for difference bounds [BIL09] and oc-
tagonal relations [BGI09].

Table 8.1 shows the results of the comparison between the older algorithms described
in [BIL09, BGI09] (denoted as old) and Algorithm 1 for difference bounds relations
dy,... 6 and octagonal relations o1, 6. The tests have been performed on both compact
(minimum number of constraints) and canonical (i.e. closed, for difference bounds and
tightly closed, for octagons) relations. The speedup column gives the ratio between the
old and new execution times. The experiments were performed on a 2.53GHz machine
with 4GB of memory.

As shown in Table 8.1, the maximum observed speedup is almost 10° for difference
bounds (dy4 in canonical form) and of the order of four for octagons. For the relations dj
(canonical form), dg and og the computation using older methods took longer than 10°
msec. It is also worth noticing that the highest execution time with the new method
was of 2.5 msec.

Table 8.2 compares FLATA with the FAST tool [BLP06] on counter systems with one
self loop labeled with a randomly generated deterministic difference bounds relation. We
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Table 8.1: A comparison with older algorithms on difference bounds and octagons. Times
are in milliseconds.

Relation new compact [ canonical
old speedup | old speedup

do @-o = -DA@=y) 0.18 0.70 3.90 38.77  215.3
4 |z—2 =A@ =y) 0.18 1818 101.00 3877 215.39
d |[z—2"=-DA@=y)A(z—2"<B)A(z=27) 1.20 26.50 22.10 | 33431.20 27859.30
ds |z -2 = -DA@=y)A(z—2<5)A(z=2) 0.60 3270 54.50 | 33505.50 55841.70
d @—2 = - DA@=y)Az—2<5)A(z=2) 0.50 | 702.30 1404.60 | 48913.80 97827.60
ds @a=Ab=a)AG=0)A(c=C) 1.80 | 5556.60 3087.00 > 10° o

(a—b<-1DAa—€e <-2)A(b—d <-2)

ANb—c <-DA(c=b <-2)A(c—d <-1)

ANd—c <-2)A(d—€ <—-1Ae—d < -1 ;
de /\Ee—d’g—Q;Aga’—b§4)/\(a’—c§3)) 5.6 > 109 oo > 109 )

A —c <4AAY —d<3)A(d—d<4)A(d—e < 3)

ANd'—a <3ANd —e<4)N(—a<4)A(e—b<3)
01 (z+2"=1) 0.21 0.91 4.33 0.91 4.33
02 @ty <-DA(—y—a < -9 0.29 0.85 2.93 0.84 2.90
0s |@<2)A@+y < -DA(—y—a < -2 0.32 0.93 2.91 0.94 2.04
00 (@tu<BA(2+7 < -DA(—y+y <-3) 0.21 367 1748 1352 64.38
o5 @ ty<DA(—z<0)A(—y<0) 1.20 | 20050.90 16709.10 > 10° >

@AW= 0 A S0 A =0)
o6 Nrx+y<DA@E +y <DA(z—-1<2z') 2.5 > 106 o0 > 108 o0

N’ <z+DAW-1<y)A@E <y+1)

Table 8.2: Comparison with FAST (MONA plugin) on deterministic difference bounds.
Times are in seconds. FEp: timeout 30 s, Fg: BDD too large, Ej;: out of memory.

- FLATA || FAST - FLATA || FAST
v done av. Er |[ done av. Er Ey EB v done av. Er |[ done av. Er Eypy EB
10 50 1.5 0 49 0.6 0 0 1 10 50 1.5 0 22 6.9 23 1 4
15 50 1.6 0 31 105 17 0 2 15 50 1.5 0 1 20.6 4 3 42
20 50 1.6 0 4 34 9 8 29 20 50 1.6 0 0 - 1 0 49
25 50 1.6 0 2 4.2 2 10 36 25 43 1.7 7 0 - 0 0 50
50 50 1.6 0 0 - 0 0 50 50 50 2.3 0 0 - 0 0 50
100 49 7.7 1 0 - 0 0 50 100 42 5.5 8 0 - 0 0 50
(a) — matrix density 3% (b) — matrix density 10%

generated 50 such relations for each size N = 10,15, 20, 25,50, 100. Notice that FAST
usually runs out of memory for more than 25 variables, whereas FLATA can handle 100
variables in reasonable time (less than 8 seconds on average).

8.2 Reachability Analysis

We have implemented the reachability analysis based on acceleration and procedure
summaries, described in Section 7.1, in the FLATA verifier [HIG112]. We use algorithms
that are specific to subclasses of integer relations (e.g. difference bounds or octagonal
relations) for operations such as composition, satisfiability, and transitive closure. We re-
sort to an external SMT solver YICEs [DAM] only for checking satisfiability of polyhedra
and modulo relations.

The CEGAAR algorithm, described in Section 7.3, was implemented by building on
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(1) the FLATA verifier! [HIGT12] that computes accelerations and (2) on the predicate
abstraction engine ELDARICA? [HIG'12] which uses the Princess interpolating theorem
prover [BKRW10, Riim08] to generate interpolants.

Table 8.3 compares the performance of the FLATA, ELDARICA, ELDARICA with static
acceleration, and ELDARICA with dynamic acceleration (CEGAAR) on a number of
benchmarks (the platform used for experiments is Intel® Core 2 Duo CPU P8700,
2.53GHz with 4GB of RAM). Static acceleration [CFLZ08] is a lightweight acceleration
technique generalizing large block encoding (LBE) [BCG109] with transitive closures.
It simplifies the control flow graph prior to predicate abstraction.

The benchmarks are all in the Numerical Transition Systems format® (NTS). We
have considered six sets of examples, extracted automatically from different sources:
(a) C programs with arrays provided as examples of divergence in predicate abstraction
[JMO06], (b) verification conditions for programs with arrays, expressed in the SIL logic of
[BHIT09] and translated to NTS, (c) small C programs with challenging loops, (d) NTS
extracted from programs with singly-linked lists by the L2CA tool [BBHT06], (e) C
programs with asynchronous procedure calls translated into NT'S using the approach of
[GM12] (the examples with extension .optim are obtained via an optimized translation
method [Ganl2]), and (f) models extracted from VHDL models of circuits following the
method of [SV07]. Table 8.3 also reports on the size of NT'S models, some of which have
multiple procedures: |x|, |Q], and |T'| denote the total number of variables, the total
number of control states, and the total number of transitions of all procedures of the
respective model.

Moreover, we have made a comparison with several other reachability analysis tools
based on different verification methodologies. The FAST verifier [BLP06] is based on
acceleration of loops labeled with finite monoid affine relations. We have run FAST with
several available plugins for solving Presburger queries: MONA [KM] (finite automata),
Prestaf [Cou] (shared automata), and Omega [PRK™] (quantifier elimination). Table 8.3
reports on PresTaf which outperformed other plugins. The ArRMC tool [PROT7] uses
predicate abstraction and interpolation-based abstraction refinement. The ASPIC tool
[Gon] uses widening-based abstract interpretation.

Next, we briefly describe some of the benchmarks we considered and then comment
on the results of our experiments.

Benchmarks

One of the set of models we considered—denoted (f) in Table 8.3—is taken from [SVO07]
where an approach for verification of generic VHDL circuit designs based on transla-
tion to counter automata is presented. Traditional verification techniques for hardware
systems usually assume that the state space of these systems is finite. The approach
presented in [SVO07] aims at verification of parameterized VHDL components with in-
finite state space. The translation to counter automata described in [SVOT7] maps bit

http://www-verimag. imag.fr/FLATA . html
*http://lara.epfl.ch/w/eldarica
3http://richmodels.epfl.ch/ntscomp_ntslib
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Table 8.3: A comparison of reachability analysis tools. The letter after the model name distin-
guishes Correct models from models with a reachable Error state. Items with “-”  “d”, and “x”
signify timeout of 300s, “don’t know” answer, and an unsupported class of models, respectively.

Size Time [s] Time [s]
Model Ix] QI |T| | FraTa ELDARICA E]‘DAR[C’B/YXISEE‘C FAST ARMC  AsPIC
STATIC (CEGAAR)

(a) Examples from [JMO06]
anubhav (C) 29 20 25 0.8 3.0 4.0 3.1 49.2 2.6 0.2
copyl (E) 39 21 24 2.0 7.2 5.8 5.9 14.5 44.0 d
cousot (C) 29 31 34 0.6 - 6.2 5.9 35.1 4.0 0.2
loopl (E) 34 21 24 1.7 7.1 5.2 5.4 11.6 36.1 d
loop (E) 34 21 2 1.8 5.9 48 54| 173 361 d
scan (E) 32 25 29 3.3 - 5.1 5.0 9.0 - d
string_concatl (E) 40 43 56 5.3 - 10.1 7.3 - - d
string_concat (E) 34 39 52 4.9 - 7.0 7.5 - - d
string_copy (E) 37 30 36 4.6 - 6.3 5.7 35.6 - d
substringl (E) 45 49 61 0.6 9.4 18.2 8.3 - 0.8 d
substring (E) 33 33 41 2.1 3.3 6.3 3.5 - 0.4 d
(b) Verification conditions for array programs [BHIT09]
rotation_vc.1 (C) 11 13 55 0.6 2.0 9.5 2.0 x 0.6 x
rotation_vc.2 (C) 11 20 93 1.6 2.2 18.5 2.2 X 0.7 X
rotation_vc.1 (E) 11 13 56 1.1 1.3 10.2 1.3 x 0.3 x
split_ve.1 (C) 14 32 183 3.9 3.7 91.1 3.6 X 3.8 X
split_ve.2 (C) 14 29 146 3.0 2.3 74.1 2.2 X 1.1 X
split_ve.1 (E) 14 38 276 28.5 2.3 185.6 2.4 X 1.7 X
(c) Examples from [Mon12]
boustrophedon (C) 25 22 27 - - - 14.4 - - d
gopan (C) 25 26 28 0.4 - - 6.4 0.6 - d
halbwachs (C) 29 32 38 - - 7.3 7.0 - - d
rate_limiter (C) 35 25 27 31.7 6.1 8.1 5.5 X 8.1 X
(d) Examples from L2CA [BBHT06]
bubblesort (E) 12 674 791 14.9 9.9 9.5 9.3 - 0.9 d
insdel (E) 7 28 31 0.1 1.3 2.5 1.4 1.2 0.1 d
insertsort (E) 13 130 169 2.0 4.2 5.0 4.0 - 0.3 d
listcounter (C) 4 31 35 0.3 - 1.9 3.7 14.2 2.3 0.1
listcounter (E) 6 31 34 0.3 1.4 1.6 1.4 - 0.1 d
listreversal (C) 7 97 107 4.5 3.0 6.0 3.3 - 47.9 0.1
listreversal (E) 10 99 107 0.8 2.7 8.1 2.8 - 0.3 d
mergesort (E) 11 544 606 1.2 7.7 21.3 7.4 - 0.7 d
selectionsort (E) 15 401 459 1.5 8.1 13.7 7.7 - 0.5 d
(e) Examples from [GM12]
hl (E) 28 40 50 - 5.1 5.6 5.1 X 17.7 X
hl.optim (E) 19 38 39 0.8 2.9 5.5 2.9 X 0.7 X
h1lh2 (E) 29 41 52 - 9.4 10.1 12.2 X 57.0 X
h1h2.optim (E) 20 39 41 1.1 3.3 4.4 3.4 X 3.4 X
simple (E) 28 40 50 - 6.4 7.0 8.4 X 17.2 X
simple.optim (E) 19 38 39 0.8 3.0 5.1 2.9 x 0.7 x
test0 (C) 28 41 52 - 23.0 23.4 29.2 X 58.9 X
test0.optim (C) 19 39 40 0.3 3.2 5.4 3.2 X 4.3 X
test0 (E) 27 39 48 X 5.4 5.9 5.7 x 174 x
test0.optim (E) 19 37 38 0.6 3.0 5.8 2.9 x 0.6 x
test1l.optim (C) 24 58 62 0.9 4.7 5.9 7.8 X 23.1 X
test1l.optim (E) 24 56 60 15 44 5.9 4.7 x 108 x
test2_1.optim (E) 22 50 55 1.6 5.2 5.5 5.6 X 6.0 X
test2_2.optim (E) 22 51 56 2.9 4.6 5.9 4.6 X 5.9 X
test2.optim (C) 37 55 78 6.4 27.2 30.1 30.0 x 93.5 x
wrpc.manual (C) 5 9 13 0.6 1.2 1.4 1.2 x 47.1 x
wrpc (E) 54 60 89 - 7.9 8.4 8.2 X 0.3 X
wrpc.optim (E) 34 49 55 - 5.1 8.5 5.2 x 1.4 x
(f) VHDL models from [SV07]
counter (C) 2 6 13 0.1 1.6 1.6 1.6 0.8 0.2 0.1
register (C) 2 10 49 0.2 1.1 1.1 1.1 0.5 0.2 0.1
synlifo (C) 3 43 1006 16.6 22.1 21.4 22.0 | 171.8 52.8 2.6
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variables to control locations and integer variables to counters. Various safety properties
are encoded as bit variables whose values are equivalent to propositional logic formulae
representing the bad (unsafe) states. For instance, the SYNLIFO is a synchronous LIFO
component with push and pop operations, which implements signals empty and full.
The property checks if these signals are set correctly for a LIFO container of arbitrary
size.

Another set of examples—denoted (b) in Table 8.3—are counter automata generated
from programs with singly-linked lists, using the approach described in [BBH'06]. The
main idea is that the set of heaps generated by a program with a finite number of local
variables can be represented by a finite number of shape graphs, and the (unbounded)
lengths of various list segments can be tracked by counters. The result of the translation
of a program with lists is a counter automaton whose transition semantics is in bisimu-
lation with the original program. For all singly-linked list programs, we check that there
are no null pointer dereferences. For instance, the LISTREVERSAL is a textbook program
that returns a list containing the same elements as the input list in the reversed order.
The reversal is done in place by changing the links between the cells instead of creating
a copy of the input list. Here, we also check that the lengths of the input list equals the
length of the output list.

A next set of counter automata models—denoted (d) in Table 8.3—are obtained
from the decision procedure of the array logic SIL (Singly Indexed Logic), described in
[HIVO08a]. The decidability of the satisfiability problem for SIL encodes the set of models
of a formula as the union of sets of traces of a set of flat counter automata with difference
bounds constraints, whose emptiness is known to be decidable, e.g., [CJ98, FL02]. Since
FLATA is guaranteed to terminate on flat models with periodic relations on loops, we
can use it as a solver for the SIL logic. We report on two SIL formulae which arise as
verification conditions for loop invariants of array manipulating programs. The array
rotation program rotates an array by one element to the left, and the array split program
splits an array to negative and non-negative parts.

The (f) benchmarks in Table 8.3 were generated from C programs with asynchronous
procedure calls. For instance, WRPC is a simplified asynchronous implementation of
windowed RPC, in which a client makes n asynchronous procedure calls in all, of which
at most w < n are pending at any time.

The (a) models include several tricky numerical puzzles as well well as programs that
manipulate C strings, e.g. programs creating copies or concatenations of strings. The
translation scheme [GI12] generates models that detect out-of-bound errors.

Experimental Results

First, consider the tools FLATA and FAST which are both based on precise reachability
methods that use acceleration. Table 8.3 shows that FLATA significantly outperforms
FAST on a vast majority of benchmarks. Note that we could not make a comparison
for (b) and (e) benchmarks since the FAST tool does not support transitions with non-
deterministic updates like 2’ > 2. The ASPIC tool manifests strengths and weaknesses of
abstract interpretation: correctness of models can be usually verified quickly, however,
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absence of abstraction refinement often leads to “don’t know” answers for models which
have an error trace.

ELDARICA and ARMC are tools based on interpolation-based predicate abstraction
and it turns out that they successfully verify almost same models (the sole exception
being COUSOT and LISTCOUNTER models). Comparing FLATA with ELDARICA (or with
ARMC), one can observe that the tools behave in a complementary way. In some cases
(examples (a)), the predicate abstraction method fails due to an unbounded number of
loop unrollings required by refinement. In these cases, acceleration was capable to find
the needed invariant rather quickly. On the other hand (examples (e)), the acceleration
approach was unsuccessful in reducing loops with linear but non-octagonal relations. In
these cases, the predicate abstraction found the needed Presburger invariants for proving
correctness and error traces for the erroneous examples.

Last, we report on our reachability analysis technique that combines predicate abstrac-
tion and acceleration: static acceleration described earlier in this section and dynamic
acceleration (CEGAAR) described in Section 7.3. The results on this set of benchmarks
suggest that we have arrived at a fully automated verifier that is robust in verifying
automatically generated integer programs with a variety of looping control structure
patterns. An important question we explored is the importance of dynamic application
of acceleration as well as of overapproximation and underapproximation. In some cases,
such as mergesort from the (d) benchmarks and split_vc.1 from (b) benchmarks, the
acceleration overhead does not pay off. The problem is that static acceleration tries to
accelerate every loop in the CFG rather than accelerating the loops occurring on spuri-
ous paths leading to error. Acceleration of inessential loops generates large formulas as
the result of combining loops and composition of paths during large block encoding. The
CEGAAR algorithm is the only approach that could handle all of our benchmarks. There
are cases in which the FLATA tool outperforms CEGAAR such as test2.optim from (e)
benchmarks. We attribute this deficiency to the nature of predicate abstraction, which
tries to discover the required predicates by several steps of refinement. In the verification
of benchmarks using CEGAAR, acceleration was exact 11 times in total. In 30 cases, the
over-approximation of the loops was successful. In 15 cases, over-approximation failed,
and so the tool resorted to under-approximation. This suggests that all techniques that
we presented are essential to obtain an effective verifier.

8.3 Termination Analysis

We first report on our method from Section 6.3. We have compared (Table 8.4) our
method for termination of linear affine loops with polynomially bounded examples given
in [CGLA108] and found the same termination preconditions as they do, with one ex-
ception, in which we can prove universal termination in integer input values (row 2 of
Table 8.4).

We next report on our method from Section 7.2 that computes transition invariants
and then applies Algorithm 4 from Section 6.2 to compute termination preconditions.
We have considered those benchmarks from Section 8.2 that were obtained by trans-
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Table 8.4: Termination preconditions for several program fragments from [CGLA108]

PrROGRAM ‘
if (Ivar > 0)
while (Ivar < 230)
lvar = lvar << 1;
while (x > N)

CooKk ET AL. [CGLA108] ‘ LINEAR AFFINE LOOPS ‘

lvar > 0V lvar <0V lvar > 230 | —(lvar=0)Vivar>239

. = 2% 4 10: z>5Ve+y>0 x;«é%@true
//Q requires n > 200
x = 0;
while (1) y>0 y>0

if (x < n) { x=x+y;
if (x > 200) break; }

lations that preserve termination properties, namely ANUBHAV and COUSOT from the

(a) example set and then all (c), (d), and (f) examples. We have managed to compute
termination sets shown in Table 8.5.

Table 8.5: Termination Sets for Integer Programs.

Size

Model Xl el 7] Time [s] | Termination Set

(a) Examples from [JMO06]

anubhav (C) | 20 20 25 32 i>0

cousot (C) 29 31 34 4.0 L
(d) Examples from L2CA [BBH'06]
listcounter (C) 4 31 35 1.2 T
listreversal (C) 7 97 107 32.6 T
(f) VHDL models from [SVO07]

counter (C) 2 6 13 0.8 L

register (C) 2 10 49 1.4 €L

synlifo (C) 3 43 1006 1016.4 L

First, by computing octagonal abstractions of disjuncts of a transition invariant, we
have verified universal termination of the LISTCOUNTER and LISTREVERSAL programs.
Next, we have verified the COUNTER and SYNLIFO programs by computing the precise
transition invariant and then the weakest non-termination set, which was empty in both
cases. Thus, these models have infinite runs for any input values, which is to be ex-
pected as they encode the behavior of synchronous reactive circuits. Similarly, we have
computed the preconditions for two numerical programs ANUBHAV and COUSOT.
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9 Conclusions

9.1 Summary

We have presented several methods that solve various problems related to formal ver-
ification of programs that manipulate integer data. Most of the techniques are built
upon a novel algorithm computing transitive closures of difference bounds, octagonal,
and finite monoid affine relations, which are shown to be periodic. We have proved that
this algorithm runs in EXPTIME in the size of the binary representation of the input
relation. Moreover, the experimental evidence for difference bounds and octagonal rela-
tions shows that the algorithm scales well in the number of variables and is up to four
orders of magnitude faster than previous algorithms.

Next, we have studied the conditional termination problem for the classes of periodic
relations and showed that the weakest non-termination set is Presburger definable for
relations from these classes. As a consequence, the weakest non-termination set is Pres-
burger definable for flat counter automata. Moreover, we have proved that the weakest
non-termination set of octagonal (difference bounds) relations is an octagon (difference
bounds constraint) itself and, moreover, that it can be computed in polynomial time.

We have presented a semi-algorithmic method for reachability analysis of non-recursive
integer programs that is based on computation of procedure summaries and is therefore
modular. It uses the transitive closure algorithm as one of its main components. The
algorithm computing the summary relation can be adapted to compute transition invari-
ants which are known to be crucial in proving program termination. We show that transi-
tion invariants can be used, in combination with algorithms computing non-termination
sets, to compute termination preconditions for integer programs.

Further, we have addressed the divergence problem of the predicate abstraction and
showed that it can be alleviated by incorporating acceleration into the abstraction-
refinement framework in order to generate interpolants that are inductive and rule out
potentially infinite sets of spurious counterexamples. Last but not least, we have per-
formed experiments with a number of benchmarks and showed that for many of them,
our methods outperform other existing approaches to verification of integer programs.

0.2 Published Results

The transitive closure algorithm studied in Chapter 3 and Chapter 4 is an optimized
version of an algorithm that we originally published in [BIK10]. Chapter 6 extends the
results we published in [BIK12] with a PTIME algorithm for the weakest non-termination
preconditions of octagonal relations. Section 7.3 presents a predicate abstraction-based
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method that we published in [HIK*12]. In [HIG'12], we presented the FLATA tool which
implements most of the techniques described in this thesis. Last but not least, a work

on verification of programs manipulating integer arrays, not presented in this thesis, has
been published in [BHIT09].

9.3 Future Work

The asymptotic bound on the running time of the acceleration algorithm presented in this
thesis has been shown to be in EXPTIME. A natural question that arises is whether the
acceleration problem can be proved to be NP or PSPACE complete. Another question
is whether the search for the correct prefix and period of a relation, performed in the
transitive closure algorithm, cannot be optimized more than how it is currently achieved
by the MAXCONSISTENT and MAXPERIODIC procedures. For instance, if the size of the
prefix and the period could be efficiently computed (or at least approximated) directly
from the input relations, the search could be significantly improved for relations which
have very high prefix or period. Furthermore, direct computability of the size of the
prefix and period would render the procedures MAXCONSISTENT and MAXPERIODIC
superfluous, which would further reduce the complexity of the algorithm.

On what concerns our study of the termination problem for difference bounds and
octagonal relations, a direction that is worth pursuing is to study whether the linear
ranking functions, for which we proved existence, can be efficiently computed. We have
shown that a linear ranking function can be directly constructed from negative cycles in
zigzag automata. The problem we encounter here is that the size of zigzag automata is
exponential. The question therefore is whether the construction of the zigzag automaton
can be bypassed.

More broadly, a possible future research could explore whether the methods presented
in this thesis can be extended to larger classes of programs, for instance by allowing
recursion and parallelism. A related line of study is whether the (accelerated) predicate
abstraction can be extended to handle recursive programs, for instance by making it
reason about trace summaries instead of the set of reachable states.
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