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Abstract

The growing ubiquity of computer systems in every industrial sector has posed in-
creasingly demanding challenges, one of the most crucial being the verification of
adherence of mission- and safety-critical systems to their requirements. One of the
most successful and popular techniques that have been developed for this objective is
model checking. It consists of the formal specification of the system’s requirements
by means of a logic formalism, in the generation of a model of the system in exam by
using an operational or denotational formalism, and in the subsequent automatic and
exhaustive verification of the adherence of the latter to the former.

The capabilities of this process depend on the choice of such formalisms. The
most classical thereof are Linear Temporal Logic (LTL), Computation Tree Logic (CTL)
and CTL*. In particular, LTL maintains the same expressive power as First-Order
Logic (FOL), while providing a model-checking procedure which is only exponential
in specification size, and not non-elementary as FOL. However, LTL only allows to
express properties in the realm of regular languages.

Recently, the literature has seen considerable efforts in the direction of extending
the expressive power of temporal logic towards larger language classes. The most no-
table of them is the work on temporal logics based on Visibly Pushdown Languages
(VPLs), which led to the introduction of the logic CaRet, and of the First-Order com-
plete NWTL. VPL are a subclass of Deterministic Context-Free Languages (DCFLs),
and they are only slightly more expressive than parenthesis languages. The main
motivation of this line of research is the verification of procedural programs: the one-
to-one correspondence between function calls and returns can only be modeled by a
context-free language.

This thesis develops a model-checking framework based on Operator Precedence
Languages (OPLs). OPLs, another subclass of DCFLs, are significantly more expres-
sive than VPLs and, consequently, regular languages. Being suitable for describing
the syntax of real-world programming languages, they could dramatically extend the
properties expressible in system specifications. In particular, they enable verification
of programs with exceptions, which VPL-based formalisms could not do. In this thesis,
we present two temporal logic formalisms capable of expressing OPL properties. The
first one, OPTL, is a first attempt at this task, for which we develop a model-checking
procedure. Unfortunately, OPTL is strictly less expressive than FOL. Thus, we intro-
duce a better logic, POTL, for which we prove equivalence to FOL, and develop and
implement an automata-theoretic model-checking procedure. We demonstrate the
applicability of the resulting tool through case studies, showing promising results.
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Chapter 1

Introduction

Functions, or procedures, are arguably the most successful modularization device ever
introduced in programming languages. Originally inspired by mathematical func-
tions, they are present in programming languages from almost all paradigms, thanks
to their natural abstraction capabilities. Hence, any technique aimed at program ver-
ification must be able to not only model them as accurately as possible, but also allow
for requirements that take them fully into account. To achieve this, the language
used for specifications must explicitly support reasoning on their typical behaviors.
Much like what happens with natural languages, if this is not the case, then the result-
ing sentences—and, consequently, proofs about the program—will necessarily tackle
a limited part of the system’s behavior.

In this respect, the current stance of model checking, one of the most widely used
verification techniques, presents room for improvement. In short, model checking is
the name given to a broad range of techniques for the fully automated verification
of a system model against a formal specification of its intended behavior. The result
of this process is either the assurance that the system satisfies the specification, or a
counterexample, i.e., a behavior of the system that does not satisfy such requirements.
The system properties that can be verified depend on the choice of the mathematical
formalism to be employed for both the model and the specification. For the latter,
temporal logic is one of the most successful, thanks to its good balance between ex-
pressiveness and computational efficiency of verification algorithms.

Different kinds of temporal logics are usually categorized depending on the way
they model time. Linear Temporal Logic (LTL) [138] sees time as a linear sequence of
discrete events, each one of them represented by an atomic proposition, as shown in
Figure 1.1. This is ideal to express requirements such as “the system will never present
unwanted behavior A”, “the system will continuously perform task B”, or “the system
will not have behavior A until it has done B”.

Computation Tree Logic (CTL) [59] instead sees time as an unranked tree, where
each node represents a possible system state, and branches starting from it represent
its possible future behaviors. This perspective is well-suited to reason on nondeter-
ministic systems, and to express properties such as “the system will always be able to
reach a state from where it may do task A”, or “there is at least one execution path in
which B happens”.

However, when writing specifications for procedural programs, we may want to
express properties such as Hoare-style pre- and post-conditions [97] (e.g., “if pre-
condition p holds when procedure A is called, post-condition € will hold when it
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LTL Words —o—0—0 ® ® ® ® ® (]

Nested Words DH/—A.—»O/_\.

call call call ret ret ret call ret
OP Words ° ° ° o o .o .o te
call call call €XC  call ret

Figure 1.1: Time models of LTL (top), Nested Words (middle) and OP Words (bottom).

returns”); stack inspection [102] (e.g., “privileged procedure A cannot be called if un-
privileged procedure B is active on the stack”); or exception safety [1] (e.g., “procedure
A never throws an exception”, and “if procedure B throws an exception, the program
remains in a valid state”). These properties refer to a matching between function calls
and the returns or exceptions that terminate them. Since the algebraic structures on
which the semantics of LTL and CTL are based do not contain such a matching, they
are unsuitable to express them.

This limitation is clearer when we analyze such formalisms from the point of view
of formal language theory. Indeed, LTL and CTL only represent (a subset of) regu-
lar properties, i.e., properties expressible as languages generated by a type-3 gram-
mar from the Chomsky hierarchy [93], and accepted by Finite-State Automata (FSAs).
Procedural programs, instead, use a LIFO stack to keep track of function activation
records: the resulting behaviors can be described by pushdown automata, and the
corresponding formal language class is Context-Free Languages (CFLs), generated by
type-2 grammars in the Chomsky hierarchy.

LTL and CTL model checking have been studied for operational formalisms aimed
at modeling procedural programs, such as Pushdown Systems [30, 78] and Recursive
State Machines [9]. However, the limited fitness of LTL and CTL for expressing re-
quirements on them motivated the introduction of temporal logics capable of repre-
senting restricted subclasses of CFLs.

CaRet [8] is one of them: the algebraic structure on which its semantics is de-
fined contains a linear ordering, making it a linear-time logic like LTL, equipped with
a binary, one-to-one nesting relation. These structures are called Nested Words [5],
and an example is shown in Figure 1.1. The nesting relation naturally models the
matching between function calls and returns, and enables the definition of modal
operators that refer to this structure directly. E.g., CaRet contains an abstract next op-
erator that states a property of the return associated to the call where it is evaluated,
enabling requirements such as Hoare-style pre/post-conditions. Also, it contains a
call-until operator for expressing stack inspection properties. Another notable logic
on nested words is Nested Words Temporal Logic NWTL) [12], which contains until
and since operators based on summary paths, that can skip bodies of nested function
calls. NWTL has been proven to be equivalent to First-Order Logic (FOL) on nested
words, unlike CaRet.

Coming back to the language-theoretic point of view, nested words are an alge-
braic representation of Visibly Pushdown Languages (VPLs) [4], a subclass of Deter-
ministic Context-Free Languages (DCFLs). In VPLs, terminal symbols are partitioned
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into call, internal and return symbols. Call and return symbols act much like open
and closed parentheses, enclosing internal symbols. VPLs are more general than R.
McNaughton’s Parenthesis Grammars [128] in that they allow for a set of different
call and return symbols, internal symbols, and unmatched calls and returns at the
end and at the beginning of strings. While this is enough for representing normally-
terminating functions, it shows its limitations when the programming language to be
modeled features more advanced constructs like exceptions and continuations. These
flow-control devices cause complex stack behaviors such as the simultaneous termi-
nation or instantiation of multiple functions. So, they should be modeled as single
events matched with multiple ones (e.g., function calls matched with the exception
that terminates them). Unfortunately, the matching relation of nested words is strictly
one-to-one, and thus unable to model this kind of behaviors. It is therefore impossible
to reason on them with logics based on nested words.

The work presented in this thesis is aimed at closing this gap. In fact, we present
temporal logics based on Operator Precedence Languages (OPLs), a language class
more powerful than VPLs [121]. OPLs were originally introduced by R.-W. Floyd [80]
with the purpose of efficient parsing, but were later almost forgotten after D. Knuth
introduced LR parsers and proved that they cover the whole class of DCFLs [108].
Our interest in OPLs comes from their nice properties: they are closed by Boolean
operations [66], plus concatenation and Kleene * [64]; language inclusion and of
course emptiness are decidable. This makes them a “robust” language class, well-
suited for model checking, like regular languages and VPLs, and unlike DCFLs and
general CFLs, which are not closed by intersection, and for which inclusion is un-
decidable [93]. Most importantly, OPLs are a much more expressive language class
than VPLs [121]. Since they were introduced with the aim of parsing real-word pro-
gramming languages, they are not limited to representing parenthetical structures,
but also strings whose context-free structure is not visible, such as arithmetic expres-
sions. Thus, when representing their context-free structure as a nesting relation, we
obtain a much more general matching, allowing for many-to-one and one-to-many
relations. This is ideal to represent, e.g., exceptions, as shown in Figure 1.1. We call
Operator Precedence (OP) words the algebraic structure made of a linear ordering plus
a nesting relation coming from OPLs.

We introduce two temporal logics on OP words. The first one is called Operator
Precedence Temporal Logic (OPTL). OPTL features modalities that interact with the
multi-matching structure of OP words: there are matching next/back operators that
state something about the maximal (i.e., farthest) position matched with the current
one, and OP-summary until/since operators that skip positions in between such maxi-
mally matched positions. Thus, OPTL can express all properties expressible by logics
on nested words such as CaRet and NWTL—and we prove this claim formally—plus
more requirements regarding exceptions, such as exception safety. Moreover, OPTL
has hierarchical operators that express properties on multiple positions in relation
with one, that enable requirements on multiple function calls terminated by the same
exception (e.g., “only function A may throw an exception, and function B may throw
only by a invoking A”).

When investigating the expressiveness of temporal logics, the most common yard-
stick is FOL. LTL has been proved to be FO-complete (i.e., equivalent to FOL) in [106],
and FO-completeness was the motivation for introducing NWTL, and several other
temporal logics [12]. Unfortunately, we were not able to prove the FO-completeness
of OPTL, but we proved that it is strictly less expressive than FOL. While this is a
negative result, we argue that it is still an interesting one. First, while CaRet is con-
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jectured not to be FO-complete [12], a proof of such claim has yet to be seen, and the
authors of [12] themselves state that it “appears to be difficult”. Second, our proof is
based on a novel Pumping Lemma for temporal logics, which could be applicable—
with appropriate adaptations—to other CFL-based temporal logics.

Thus, we come to the second temporal logic we introduce: Precedence Oriented
Temporal Logic (POTL). POTL is equipped with modalities devised with the idea of
“navigating” a word’s underlying syntax tree. It features until and since operators
that can navigate up or down in the syntax tree, possibly skipping subtrees (which,
in the context of procedural program execution traces means skipping function bod-
ies). Also, unlike OPTL, it has chainable hierarchical operators that, as we shall see,
allow for expressing more complex properties on e.g. function calls terminated by the
same exception, or calls issued by the same function. POTL can express all OPTL-
expressible properties, and has some advantages over it. In particular, it can express
properties limited to a single subtree in a word’s syntax tree, which allows us to nat-
urally express certain function-local properties that are not expressible in OPTL.

Moreover, we formally prove that POTL is equivalent to FOL on OP words. Proofs
of this kind are often very difficult and long: the initial proof of FO-completeness of
LTL was the topic of an entire Ph.D. thesis [106], and later proofs are still rather in-
volved [85, 143]; the FO-completeness proofs in [12] use sophisticated model-theoretic
techniques such as composition arguments based on Ehrenfeucht-Fraissé games. For
our proof, we follow this last route. We first translate POTL into a FO-complete logic
on finite trees, X, [125]. Then, we extend this result to infinite words by means
of a composition argument. Our composition argument is somewhat more complex
than the ones used in [12], because of the greater variety of tree shapes resulting from
OP w-words, which must be combined together.

We remark that equivalence to FOL on context-free languages is an even better as-
surance of good expressive power than on regular languages (such as for LTL). In fact,
the FO-definable fragment of OPLs was recently proved to be equivalent to the class
of non-counting or aperiodic OPLs [122, 123], retracing analogous results on regular
languages [129]. With CFLs, aperiodicity manifests by preventing counting properties
on the structure of the syntax tree, so that e.g. “procedure A calls itself recursively an
even number of times” is not expressible. However, requirements of this kind do not
seem to be of great interest, as we shall see when giving examples of useful require-
ments expressible by OPTL and POTL. Instead, many practically-interesting regular
languages are counting.

As a corollary of the FO-completeness proof of POTL, we prove that FOL on OP
words has the three-variable property. This property holds for a class of algebraic
structures if every First-Order (FO) formula on their signature can be written with at
most three distinct variable names. It has been linked with expressive completeness
of temporal logic [84], and was proved for labeled linear orders (which we also call
LTL words) and nested words.

We then present an automata-theoretic model checking procedure for POTL based
on Operator Precedence Automata (OPAs), the class of automata accepting OPLs. Due
to the more complex semantics of OPA, our construction is quite involved, and we
formally prove it for each operator. The resulting automata are exponential in the size
of the formula, which is in line with the analogous constructions for NWTL [12] and
LTL [158]. Moreover, the nice property of LTL model checking of being polynomial
in model size is kept, as POTL model checking is also polynomial in model size. POTL
model checking and satisfiability are EXPTIME-complete, which is higher than LTL—
although the model checking algorithm is still exponential—but the same as NWTL.
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We implemented our model checking procedure in an explicit-state model check-
ing tool called Precedence Oriented Model Checker (POMC) [55], for both the finite-
and infinite-word cases. To the best of our knowledge, this the first publicly available
tool for model checking a temporal logic with context-free modalities (i.e., including
CaRet, NWTL etc.). We tested POMC on several interesting case-studies, checking
properties such as exception safety and stack inspection. The procedural programs
we checked were both modeled manually and automatically generated from a sim-
ple programming language. The results we obtained are promising: we were able to
check in a matter of seconds interesting properties on models with up to thousands
of states.

1.1 Summary of Contributions

Here we briefly summarize the contributions presented in this thesis.

« We introduce two temporal logics on OPLs, OPTL and POTL, and show that
they are capable of expressing many useful requirements on procedural pro-
grams with exceptions;

« we prove that they are strictly more expressive than state-of-the-art logics on
nested words such as CaRet and NWTL;

« we prove that OPTL is not FO-complete in an original way;
« we prove that POTL is FO-complete;
« we prove that OP words enjoy the three-variable property;

« we provide a model-checking procedure for POTL and study its complexity,
which is not worse than state-of-the-art logics;

« we implement POTL model checking for both finite and infinite OP words in
the open source tool POMC;

« we experimentally evaluate POMC on case studies, obtaining promising results.

1.2 Structure of the Thesis

This thesis is divided in four parts. Each part is introduced by a brief note explaining
its structure, and the articles in which their contents (if they are original contributions)
have been published.

Part I has two aims: introducing background notions that are essential for un-
derstanding the rest of the thesis, and giving an overview of the related work in this
field. In particular, background is given on model checking in general—and LTL in
particular—, on OPLs on both finite and infinite words, and on the model-theoretic
techniques used in the FO-completeness proof of POTL.

Part II presents the syntax and semantics of OPTL and POTL, and contains their
characterization in terms of expressiveness, i.e., the proofs that OPTL is more expres-
sive than NWTL, and that it is less expressive than FOL, and the FO-completeness
proof of POTL.

Part I1I details the model checking procedures for POTL and their implementation
and evaluation.

Finally, Part IV concludes the thesis by providing some directions for future work.
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Part 1

Background
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As we mentioned in the Introduction, the purpose of this part of the thesis is
twofold: introducing background concepts that are essential to understand the rest of
the thesis, and surveying related work on the topics we address.

Chapter 2, where we introduce some background on model checking and temporal
logic, addresses both such purposes, and is particularly aimed at readers not familiar
with such topics.

Chapter 3, instead, gives an overview of related work on the topics of model check-
ing of context-free systems and specifications, with the aim of helping the reader un-
derstand the positioning of our work with respect to the state-of-the-art. Thus, we
only give a more detailed introduction of previous works that we deem most relevant,
and give appropriate references for those not so closely related.

Chapter 4 gives an introduction to OPLs especially aimed at readers not necessar-
ily well-versed in formal language theory. Some knowledge on OPLs is essential for
understanding the main topics of the thesis.

Finally, Chapter 5 briefly introduces the model-theoretic techniques used in some
of the proofs in Chapter 9. Readers not interested in fully understanding such proofs
may skip this chapter.
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Chapter 2

Temporal Logic and
Model Checking

Model checking is a family of techniques for tackling the problem of checking the
correctness of software and cyber-physical systems. The main idea that links such
techniques—and that considerably contributed to their success—is their being fully
automated. This differentiates them from other approaches to verification, such as
mechanized theorem proving, that require a variable amount of human interaction.
The ease of use gained in this way comes at the cost of restricting the classes of prop-
erties that can be checked, which must be decidable.

At the high level, model checking consists of generating a model of the system to
be analyzed, coming up with a formal specification of the properties to be assessed,
and checking that the former satisfies the latter. If this is not the case, a counterex-
ample, i.e. a possible behavior of the system model that violates the specification, is
produced. The class of properties that can be verified in this way is determined by
the formalisms used for the model and for the specification. The model is often an
over-approximation of the actual system, and can represent faithfully only some of
its behaviors (especially if the system is a Turing-complete one). Thus, only proper-
ties related to such behaviors can be checked. On the other hand, the formalism used
for the specification must admit an algorithmic procedure that checks any express-
ible property with a reasonable temporal and spatial computational complexity (this
excludes Turing-complete formalisms, which may represent undecidable properties).

In this section, we give a succinct presentation of classical model checking tech-
niques, focusing on those that model time as a linear succession of discrete events.
For a broader presentation of model checking techniques which are out of the scope
of this work, cf. [17, 63].

2.1 Transition Systems

Discrete systems are most often modeled by means of transition systems. A transition
system is a directed graph where each vertex represents a system state in a particular
moment of its execution, and edges represent actions that cause a possible evolution
of the system. Information about the system’s state is encoded through atomic propo-
sitions, which are facts that are true (or false) about the system in one of its states. For
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example, if the system is a computer program, atomic propositions encode variable
values, suchas x = 0, x > 0, and so on. Each action, or transition, can also be labeled.

Definition 2.1 (Transition System [17]). Given a set of atomic propositions AP and
a set of labels A, a transition system is a tuple M = (S, I, L, ), where S is a set of
system states, I C S is a set of initial states, L : S — P(AP) is the state-labeling
function, and § € S x A x S is the transition relation.

A transition system is called finite if the sets AP, A and S are finite.

The 6 relation describes how the system evolves by linking each state to each
possible next one, through actions. Note that § does not have to be a function, i.e. for
each state s, there may be 0 or more states s’ and actions a such that (s,a,s’) € 0.
A state with no successors is called terminal. The semantics of transition systems is
formalized through the notion of run or execution.

Definition 2.2. A finite run of a transition system M is a finite sequence p =
$0Q1810Q3 . . . 4y Sy, Where n > 0, such that so € I, s,, is a terminal state, and for
all 0 < i < n we have (s;,a;41, S;+1) € . An infinite run is defined similarly, except
there is no last state or action.

The distinction between finite and infinite runs reflects the need for formalizing
both systems whose executions have an end, such as terminating computer programs,
and systems that run continuously, such as process controllers and software that runs
on servers.

Runs describe the behavior of the systems from an internal point of view, as they
show transitions between states explicitly. However, such a level of detail is often
not needed or not possible. Thus, we introduce execution traces, which describe the
system’s behavior through the atomic propositions assigned to states by the labeling
function. This can be seen as a way of describing the system’s evolution only through
its observable behavior, possibly treating it as a black box, whose internal details are
not known (or not interesting).

Definition 2.3 (Execution Trace). The trace of a run p = sgais1as...a,S, is a
sequence m = L(p) = L(s9)L(s1) ... L(sp).

This definition is extended to infinite runs in the obvious way.

We denote as L(M) = {L(p) | p is a run of M} the set of all traces generated by
transition system M.

Thus, an execution trace is a sequence, or a string or word, of sets of atomic propo-
sitions from P(AP).

Example 2.4. Figure 2.1 shows a simple procedural program, and a possible way of
modeling it as a transition system. States are represented with circles, with the atomic
propositions holding in them next to them. The only initial state is go. Transitions
are represented with arrows, next to their labels. The atomic propositions are start
and end, marking the beginning and end of the program; p 4, which holds in states
that are part of procedure pA; x > 4 and x < 4, which tell us whether the value of
variable x is lower than 4 or not. Since it marks the end of the program, state g5 is
indeed terminal.

Action labels represent program statements, whose execution makes the state of
the system to evolve. Additionally, call and ret mark the invocation and termination
of a procedure.
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pA() { start
read(x);
while (x < 4) {
x=x+1;
}
print (x);

}

Figure 2.1: A program (left) and the transition system modeling it (right).

Note that this transition system represents the state of the program only partially,
since there is no way of knowing the exact value of x in any state. However, since
the program’s flow of execution is only sensitive to whether x is lower than 4 or not,
this is enough to represent some of its possible behaviors. One possible run of this
system is the following:

Pfin = qo call ¢1 read(x) g3 print(x) g4 ret g5

State ¢ is terminal, so the run is finite. This run’s execution trace is

{start} {pa} {pa,x >4} {pa,x > 4} {end}.

This transition system also exhibits infinite runs, such as the following:

pinf = qo call g1 read(x) 2 (x =x+1) g2 (x=x+1) q2...

Its execution trace is the following:

{start} {pa} {pa,x <4} {pa,x <4} {pa,x <4} ...

The original program, however, is always terminating, since variable x will necessar-
ily reach the value 4 if it is always incremented. Thus, this transition system abstracts
from the original program, and represents faithfully only some of its behaviors.

In order to automatically check transition systems against requirement specifica-
tions, such properties must be stated through an appropriate formal language, which
usually defines a set of system traces that are considered acceptable. Temporal logics
are a family of formal languages that are often the premier choice for this purpose.

2.2 Linear Temporal Logic

Linear Temporal Logic (LTL) is a modal propositional logic for expressing properties
on a linear, usually discrete, timeline. LTL, previously known as tense logic [106], was
proposed for expressing program requirements by Amir Pnueli in 1977 [138]. LTL is a
modal extension of propositional logic, so a finite set of atomic propositions AP needs
to be chosen. Then, its syntax is the following:

pr=al-p|leVe|OpleUp|op|eSe

where a can be any element of AP. The propositional operators can be augmented
with T, which is always true, A, = and <= asusual.

23



Temporal modalities can be divided in future (O and i) and past (© and S). A
future LTL formula contains only future operators, and a past one only past opera-
tors. LTL is sometimes presented with future operators only (indeed, such operators
are expressively complete thanks to the separation property [86], as we will see in
Section 2.2.1); here we include past operators too, for convenience. The semantics of
LTL is based on a discrete! linear timeline of events, all labeled with atomic proposi-
tions describing them. Each formula is evaluated on one of such time instants. The
O operator, called next, says something about the immediate future: O ¢ is true in a
time instant if and only if the subformula ¢ is true in the next one. The U/ operator,
called until, concerns a time interval: I/ 1) is true at an instant if and only if 1) is true
in a future instant, and ¢ holds in all instants between them. The back © and since S
operators are the past versions of, respectively, O and U.

Formally, the semantics of LTL is based on words.

Definition 2.5 (Word). A word on an alphabet of atomic propositions AP is a tuple
w = (U, <, P), where either U = {0,...,n},n € N (and w is called a finite word),
or U = N (and w is an infinite or w-word); < is the usual ordering on N; and P :
AP — P(U) is a labeling function associating each atomic proposition to the set of
positions where it holds.

LTL formulas are evaluated on a single word position: the notation (w,?) | ¢
means that LTL formula ¢ holds on position i of word w. For all words w and positions
i, we define

o (w,i) Faiffi € P(A);

w,

)

w,i) E eV iff (w,i) E ¢ or (w,i) = 9 or both;
)
)

E - iff (w,1) = ¢ (¢ does not hold in position i of word w);

1) FE Opiff (w, i+ 1) = ¢

w, 1) = U 1 iff there exists a position j > i such that (w, j) = ¥ and for all
<k < j we have (w, k) = ¢;

g

(
(
X
<

(w,i) F opiff (w,i—1) E ¢

« (w,i) |E ¢ S iff there exists a position j < ¢ such that (w, j) |= 1 and for all
j < k < iwehave (w, k) E .

We say that a word w satisfies an LTL formula ¢ iff (w, 0) = . We can thus see LTL
formulas as a way of specifying a formal language: we define the language denoted

by ¢ as
L(p) ={w [ (w,0) = ¢}
Until and since operators entail an existential quantification on linear paths be-

tween the position where they are evaluated and a future (resp. past) one. We call
such paths linear because they are made of consecutive positions.

Example 2.6. We can interpret the execution traces of pg,, and p;,s from Example 2.4
as (w-)words, respectively called wg,, and w;,y, as shown in Figure 2.2.

Formula O(x < 4) holds in all positions in w;,s except 0, since x < 4 always
holds in the next one. Instead, © start only holds in position 1, because start holds in

ILTL can be defined on any set equipped with a Dedekind-complete linear order. So, while in principle
it could be defined on a continuous set, in this work we are only concerned with discrete timelines.
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start pa pa,x >4 pa,x >4 end

[ L L { L
0 1 2 3 4
start pa pA7X<4 pAaX<4 pA7X<4
o ————— 00— o— 0
0 1 2 3 4

Figure 2.2: Execution traces of runs pg, (top) and p;,s (bottom) from Example 2.4
represented as words, respectively wg, and w;,r. Word positions are displayed as
dots with their number below and the atomic propositions holding in them above.

0. Formula o :== p4 U end is false in all positions of w;,¢, because end never holds.
o holds, however, in positions 1, 2 and 3 of wg,. E.g., in position 1 it is witnessed
by the path from 1 to 4, because p4 holds in 1, 2 and 3, and end holds in 4. Thus,
formula o holds in a position if it is part of the execution of procedure p 4, which
must eventually terminate.

Formula p4 S start is true in all positions of w;ys, and in all positions of wyy,
except the last one. It means that procedure p 4 has always been active since the start
of the program. E.g,, it holds in position 3 of wg, because start holds in 0 and p 4 in
1, 2 and 3; it does not hold in position 4 because p 4 does not hold in it.

Until and since operators can be concatenated. For example, p4 U ((x > 4)U end)
is true in positions where p 4 is active, and after which p 4 terminates with x > 4, such
as 1, 2 and 3 in wpy,, but also—trivially—position 4.

In the rest of this thesis, we shall see temporal logics whose until and since oper-
ators existentially quantify on different kinds of paths, whose positions may not be
consecutive, although they are always linearly ordered.

A few shortcuts are usually defined to make it easier to express properties in LTL.
The eventually operator is defined as & ¢ := TU ¢, and it holds in a position ¢ iff there
exists a future position j > ¢ where ¢ holds. It can be used to say that, in the future,
a certain event will occur or a requirement will be satisfied. The globally operator is
defined as ¢ := = O(—gp) and, due to the double negation, it holds in a position ¢
iff ¢ holds in all positions j > 4. It can be used to express safety requirements, that
make sure that some bad behavior will never occur in the system. Another important
kind of requirement is obtained by nesting these two operators, with formulas of the
form (0 < . Such requirements are called liveness properties, and they ensure that a
desired behavior will continuously occur sometime in the future.

Example 2.6 (continuing from p. 24). Formula < end is true in the first (and subse-
quent) position of words representing execution traces that terminate, such as wgy,
from Figure 2.2. If we check < end on the transition system of Figure 2.1, we find out
that it does not hold, because there are traces such as the one represented by w,s
that do not satisfy it, although the program does.

Formula [J —(x < 4) is true in the first position of wgy,, and it distinguishes cases
in which the value entered by the user and assigned to variable x is greater than or
equal to 4.

Expansion laws are some of the most important properties of LTL operators: for
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any formula ¢ and v,

pUP =YV (e NO(pUY)), pSY=9V(pAo(pSY)).
Seeing why such laws hold is straightforward: ¢ U v is true in a position 7 if

+ 1 holds in 7, so that j = ¢ and the path witnessing its truth is made on the sole
position ¢, or

« @ holds in ¢, and ¢ U 1 in j, which means that there is a path between ¢ + 1
and a position j > ¢ + 1 where ¢ holds, and p holds inall i + 1 < j' < j. If we
concatenate ¢ with this path, we obtain another path that witnesses ¢ U v in 1.

The explanation for the since case is symmetric. The expansion laws make the non-
local requirements entailed by until and since more “local”, which—as we shall see—is
useful for LTL model checking.

2.2.1 Expressive Completeness

The solidity of LTL’s expressive power is rooted in its equivalence to the first-order
theory of the linear order equipped with monadic relations. By this we mean FOL on
the signature (U, <, (Pa)acap), where U and < are as in Definition 2.5, and all P,’s
are sets (or monadic relations) of positions where atomic proposition a € AP holds.
Formulas in this logic consist of:

« propositional connectives A, V, and -, =, <= ;
« the quantifiers 3z and Vz, which quantify variables on single positions in U;

- monadic predicates a(x), which is true iff the value assigned to variable x is in

P, foralla € AP;
« comparisons between variables with x < y and x = y.

A variable is said to occur free in a formula if it is not quantified.

The extension of first-order logic that allows for quantification over finite sets of
word positions is called weak Monadic Second-Order Logic (MSOL). For a more formal
and complete introduction to FOL and MSOL, we refer the reader to e.g. [23].

The expressiveness of LTL is characterized by the following seminal result:

Theorem 2.7 (Kamp’s Theorem [106]). LTL = FOL with one free variable.
This means that:

1. for every LTL formula ¢, there is an equivalent first-order formula @(z) such
that for any word w and position i in it, we have (w, 1) | ¢ iff (w, i) E @(x);

2. for every first-order formula with one free variable (x) on the above signature,
there is an LTL formula ¢ such that for any word w and position ¢ in it, we have

(w, @) = @ iff (w, i) = D(2).

Point 1 is quite straightforward, because any LTL formula can be translated into FOL
by composing the formal semantics of its operators. The proofs of point 2 are, in-
stead, much more involved. This is justified by a difference in computational com-
plexity: as we will see in Section 2.2.2, LTL satisfiability is PSPACE-complete, while
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FOL satisfiability is nonelementary [152]. Thus, translations from FOL to LTL incur
in a nonelementary blowup in their length.

After the first proof by Hans Kamp [106], alternative proofs of Theorem 2.7 have
been developed. The one from [85] exploits an important property of LTL: the separa-
tion property. This property says that any LTL formula can be equivalently expressed
by a Boolean combination of pure future and past LTL formulas. If such a formula is
evaluated on a position ¢ of a word w, past subformulas only depend on the prefix of
w from O to ¢, while future ones only depend on the sub-word starting from ¢. Thus,
LTL with no past operators is equivalent to FOL too, when its formulas are evaluated
in the first position of a word.

Equivalence to FOL, or expressive completeness, is considered a good assurance
of a temporal logic’s expressiveness. In fact, it has been proved for more expressive
variants of LTL [12], which we review in Section 3, and even for temporal logics on
trees [126]. Unfortunately, the separation property does not hold for such logics [24],
and such proofs use more sophisticated model-theoretic devices.

A consequence of LTL’s expressive completeness is the following:

Theorem 2.8 (Three-variable property [106]). Every first-order formula on words with
at most one free variable is equivalent to one using at most three distinct variables.

It is proved by showing that the formal semantics of LTL can be expressed using
only three variables. Then, arbitrary FO formulas can be translated to LTL thanks
to Theorem 2.7, and then back to FOL with three variables by carefully combining
LTL formal semantics. The three-variable property for a structure has been linked
to the existence of a possibly multi-dimensional expressively-complete modal logic
for it [84]. The fragment of FOL with only two variables has also been studied, and
proved to be equivalent to a temporal logic with only next, back, and future and past
eventually operators [77].

What made LTL successful is not only its ability to express useful temporal re-
quirements, but also the possibility of model checking it automatically and efficiently.

2.2.2 LTL Model Checking

Model checking a system M against an LTL specification ¢ means verifying that all
execution traces generated by M satisfy . More formally,

Definition 2.9 (LTL Model Checking). Given a transition system M and an LTL
formula ¢, the model checking problem consists in determining whether

L(M) C L(p).

Here we illustrate the classical automata-theoretic model-checking procedure for
LTL introduced by M. Y. Vardi and P. Wolper [158]. The general idea is to exploit the
closure properties of a class of automata that have a sufficient expressive power to
represent both the system and the specification. For any LTL formula ¢, an automaton
A, that accepts exactly execution traces satisfying ¢ can be built. Thus, if we express
the system M to be checked as one of such automata, then we can build A, and, if the
class of automata we use is closed by intersection, we can combine them to obtain an
automaton that accepts only execution traces of M that satisfy -, and hence do not
satisfy . If the language accepted by such an automaton is empty, then there exist no
such traces, and we have proved that all possible behaviors of M satisfy ¢. Otherwise,
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the resulting automaton is a succinct representation of all traces of M that violate (.
Thus, in this case we are able to extract counterexamples useful to understand why M
does not satisfy its specification.

More formally, we have

L(M) C L(y)
— LIM)NL(p) =0
s LM) N L(~p) = 0

where by L(¢) we mean the set complement of L(y). So, if we are able to build
an automaton Aa, such that L(Ax) = L(M), and an automaton A, such that
L(A-,) = L(—y), we have

L(M) € L(g) <= L(Aw) N L(A,) = 0.

Thus, we have an effective way to solve the model checking problem if the automata
class we use admits a practical way of building the intersection automaton for any
two automata, and of checking its language emptiness.

This procedure has been originally developed for model checking systems with
infinite behaviors, which are usually of greater interest, and uses Biichi automata.
We illustrate it in this section, and we assume without loss of generality that L(M)
only contains infinite words.> The approach is, however, very general, and can be
implemented by means of other automata classes, as we shall see throughout this
thesis. For model checking LTL on finite execution traces, in particular, Finite State
Automata accepting the class of regular languages can be used [17].

2.2.2.1 Biichi Automata

Biichi automata are acceptors of infinite words. Given a finite alphabet X, an infinite
or w-word is an infinite sequence agajas ... with a; € X for all i € N. We denote as
Y. the set of w-words with characters in X.

Definition 2.10 (Nondeterministic Biichi Automaton (NBA) [42]). A nondeterminis-
tic Biichi automaton is a tuple A = (3, Q, I, F, §), where X is a finite input alphabet,
(Q is a finite set of states, I C () is a set of initial states, F' C () is a set of final states,
and 0 C (@ x X) x @ is the transition relation.

An NBA configuration is a pair (w, q), where w € X¢ is the input word and ¢ €
@ is the current state. A run of an NBA is an infinite sequence of configurations
{(wo, qo)Y{w1,q1) ... such that for all i > 1 we have w; = a;w; 1 for some a; € %,
and (qo, @i, q1) € 0. Arun p on w-word w is a run that starts in a configuration (w, o)
for some gy € 1. We define

Inf(p) = {q € Q | there exist infinitely many positions 7 s.t. (w;, q) € p}

as the set of states that occur infinitely often in p. Run p is successful if there is a final
state gy € F such that ¢y € Inf(p), and an w-word w is accepted by A if it performs
a successful run on w. We define the language accepted by A as

L(A) = {w € 2 | A accepts w}.

21t is always possible to transform a transition system into one that has no finite behaviors by replacing
terminal states with stuttering states. This is done by simply adding transitions that both start and end in
those states, obtaining infinite runs where the stuttering state is repeated infinitely.
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The class of languages accepted by NBAs is that of w-regular languages [155].

Definition 2.11. Alanguage L C ¥ is w-regular if there exists an NBA A such that
L(A)=L.

w-regular languages have been characterized also by means of w-regular expres-
sions and monadic second-order logic [155].
NBAs have important closure properties, as they form a Boolean algebra [155].

Theorem 2.12. Given two NBAs Ay and A, on the same alphabet 3, it is possible to
effectively build the following NBAs:

o An such that L(An) = L(Ay) N L(A);
o Ay such that L(Ay) = L(A;) U L(Ay);
« Ay such that L(A;) = X%\ L(A;).

Such closure properties are essential for model checking: since LTL contains pro-
positional operators such as V, A, and —, any class of automata must be closed by
union, intersection and complement in order to recognize languages of traces that
satisfy any LTL formula. Closure by intersection is also needed, so we can compute
L(An) N L(A-g).

A deterministic version of Biichi automata exists too, but such automata are strictly
less powerful than their nondeterministic counterparts [155]. This differs from what
happens with regular languages of finite words, as nondeterministic finite-state au-
tomata can always be determinized [93].

Before showing the automata construction for model checking, we introduce a
variation on Biichi acceptance conditions:

Definition 2.13 (Generalized NBA). A generalized NBAisatuple A = (2,Q,1,.F,0)
where X, Q, I, and 0 are the same as in Definition 2.10, while 7 C P(Q) is a set of
sets of final states.

The semantics of configurations and runs is the same as for normal NBAs. Instead,
the acceptance condition is the conjunction of multiple Biichi acceptance conditions,
one for each set in F: a run p is successful if for each F' € F there is a state ¢y € I
such that gy € Inf(p). The definitions of w-word and language acceptance change
consequently.

Generalized NBAs can be translated to normal NBAs polynomially:

Theorem 2.14. Let A = (X,Q, I, F,0) be a generalized NBA. It is possible to build
an NBA A’ with |Q)| - |F| states such that L(A') = L(A).

Proof. We use a classical construction based on counters (see e.g. [111]). Let k = |F|;
we assign a linear ordering to sets in |F|, and call F}, 0 < ¢ < k — 1, the i-th of such
sets. We define A’ = (X, Q', I, F',§’) as follows:

cQ=Qx{0,... . k—1}
. I =T1x {0}
. F'=F x {0}

. if (q,a,p) € 4, then for 0 < i < k — 1 we have ((¢,%),a,(p,j)) € &', where
j=1iifq¢ F;,and j =i+ 1 mod k otherwise.
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A’ contains k different copies of A; it starts by running the first one, and switches to
the next one (modulo k) each time it finds an accepting state for the current one. Since
the accepting states must be from the first copy, each infinite run must necessarily
cycle through all of them, so that each accepting condition is satisfied. O

Since any normal NBA can be seen as a generalized NBA where F is a singleton,
we can state the equivalence of the two classes in terms of expressive power. Thus,
all properties proved for NBAs in Theorem 2.12 also hold for generalized NBAs.

2.2.2.2 NBA Construction

To model check transition systems, we consider NBAs that use ¥ = P(AP) as their
alphabet, where AP is a set of atomic propositions. Then, if a transition system is
finite, building an NBA that accepts the language of its traces is quite straightforward.
Given M = (S,1,L,§), we define Arg = (P(AP), S, 1,5, )—so the set of states
is the same, and all states are final—where we have (¢, L(q),q’) € ¢' iff (¢,b,¢') € §
for some b € A (recall that A is the set of action labels).

Now, we show how to build A-.

Theorem 2.15 ([158]). For any LTL formula ©—and we take © = — in our case—we
can build a generalized NBA A such that L(Az) = L(p) with 2007 states.

Proof. The idea behind this construction is to make an NBA that has sets of LTL for-
mulas as its states, and its transition relation is such that, at any moment, the formulas
contained in the current state are those that hold in the next word position to be read.
Thus, in particular, the NBA will only read symbols containing the exact same atomic
propositions present non-negated in the current state.

We define the closure of a formula 3, denoted C1(%), as the smallest set such that:

-+ ¢ € Cl(®);
« AP C Cl(9);

« for any formula ¢y € Cl(®) such that ¥» # —0 for any formula 6, we have
—1p € Cl(p) (we identify ——) with );

« if =) € Cl(®) for some formula ), then ¢ € CL(®);
« ifany of O % or © ¢ is in Cl(®) for some formula 1), then ¢ € Cl(¥);

« ifany of Y AO, YV O, 9pUO, or S0 is in C1() for some 1) and 6, then ) € Cl(p)
and 0 € Cl(9);

« ifpU 0 € Cl(P) for some 1) and 6, then O(yp U 0) € Cl(p);
« if1) S 6 € Cl(p) for some 1) and 0, then O(y) S 0) € Cl(p).

Note that the size of C1(%) is linear in the length of &.

Now we define the set of Atoms(p) C P(Cl(®)), and we denote its elements
with capital letters of the Greek alphabet. We use Atoms() as the set of states for
Agz: each state is the set of all and only formulas that are true in it. Thus, elements
of Atoms(®) must be consistent with respect to propositional logic and LTL, which
means that they cannot contain any contradiction. In particular, Atoms(%) contains
all and only sets @ C Cl(®) such that
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« for every ¢ € Cl(p), we have ¢y € @ iff - & ®;

« YANOeDiffp € Pand h € D;

«YVOeEDiffp € Dorh € P, or both;

« YU 0 € P iff one or both of the following conditions hold:

1. 0 € &, 0or
2. € Pand O(v U 0) € D

+ 1 S 6 € @ iff one or both of the following conditions hold:

1. 0ecd,
2.pedando(y SO) € @.

The last two rules, which are justified by the expansion laws, reduce the satisfaction
of the LTL until and since operators to that of the next and back operators.

We define Az = (P(AP), Atoms(®), Iz, Fg, 05) with Iz = {® € Atoms(®) |
@ € ®}. The transition relation d3 contains all triples (®,a, ¥) € Atoms(p) X
P(AP) x Atoms(p) such that

e a=®NAP;
« for any O ¢ € Cl(p), we have Oy € @ iff ¢y € ¥;
« forany © 1 € Cl(@), we have O ¢ € W iff ¢ € .

In this way, the transition relation encodes the temporal obligations entailed by the
next and back operators.

Notice that, for now, for until operators we only use the consistency requirement
on Atoms(p) derived from the expansion law. This requirement can be satisfied even
by an infinite succession of states in which v and 1 U 6 hold, but 6 never does. Thus,
the generalized Biichi condition is chosen to make sure that the until operators are
eventually satisfied, so that for every until formula ¢ U 6 € Cl(p) that appears in a
state, @ holds in a subsequent state. Thus, for each 1) U 6 € Cl(p) we define

Fyuo ={® € Atoms(®) | v U & DV O € D},

and J contains all and only such sets. O

Example 2.16. Figure 2.3 shows the NBA built for formula ¢ end = Tl end according
to the procedure reported in this section. We only have AP = {end} as the set of
atomic propositions, and the closure is

CIT Uend) ={T Uend, T,end, O(T U end), ~(T U end), mend, = O(T U end)}.
The set of initial states is I = {qo, ¢1, g3}, as they all contain T I/ end. There is only

one set of final states, F'ry/end = {¢1, ¢2, g3}, because the formula contains only one
until operator.
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T U end,
O(T U end),
end, T

{end}

Figure 2.3: Generalized NBA built for formula & end. Initial states are marked with
an entering arrow, and final ones are drawn with a double line. Negated formulas
are omitted for readability: if a formula does not appear in a state, it means it should
appear in it negated (e.g., ~end is in ¢p and ¢s).

2.2.2.3 Wrap-Up

Once we have Ay and A, we can compute their intersection according to Theo-
rem 2.12. In practice, there is no need to transform the generalized NBA A_, into
a normal one, because the intersection procedure can be adapted to work with gen-
eralized NBAs directly. Actually, an intersection procedure is often defined directly
between transition systems and generalized NBAs [17].

To check the intersection for emptiness, graph-theoretic techniques can be used.
In particular, an NBA is not empty if there is a reachable cycle in its transition relation
that contains a final state. It is easy to see that, if such a cycle exists, the NBA admits
at least a run in which a final state is visited infinitely often. This can be checked by
using algorithms for finding strongly connected components, or by looking for reach-
able cycles directly, with a procedure called nested Depth-First Search (DFS) [17]. The
latter consists in launching a first DFS which finds a final state; once such a state is
found, another search is launched to see if it is reachable from itself. This approach
can perform better in practice, because it does not always require to store the whole
NBA in memory. In fact, A4, A- and their intersection can be computed on-the-fly,
generating states only when they are visited. The procedure stops as soon as a cycle
with a final state is found, terminating early if the NBA is not empty, and showing
that M violates ¢. If no such cycle is found, the whole automaton must be visited
to prove that M satisfies . Hence, the worst-case complexity of this procedure is
O(n - (n+m)), where n is the number of reachable states and m the number of tran-
sitions connecting them [17]. While n and m are linear in M, note that the size of
A_, is exponential in the length of ¢, according to Theorem 2.15. Thus, the over-
all temporal complexity is polynomial in model size, but exponential in the size of
the specification. However, the LTL formula expressing the specification is (usually)
short, while the model can be much larger than A-,. This makes LTL model check-
ing practically feasible, despite its membership in a complexity class which is usually
considered intractable:
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Theorem 2.17 ([150]). LTL satisfiability and model-checking are PSPACE-complete.

Thus, LTL model checking is advantageous over that of formalisms such as weak
monadic second-order logic, which on one hand is more expressive, as it has the same
expressiveness as NBAs [155], but on the other hand its complexity is nonelementary
[131]. FOL model checking is PSPACE-complete too [151], but there is no known algo-
rithm whose complexity is favorably split between model and formula size, as for LTL.
Indeed, [83] proves that any algorithm for FOL model checking that is polynomial in
model size must be nonelementary in formula size.

Remark 2.18. The approach described above only works if the transition system M
to be checked is finite. If it has an infinite number of states, it cannot be translated
into an NBA. Even if a direct intersection between transition system and NBA is
done, the nested DFS algorithm can only show that the specification is violated by
finding an acceptance cycle. It cannot show that M satisfies it, because that would
require visiting all states of M. This is a significant limitation, because many systems
of interest are infinite-state: for example, computer programs can be seen as having
an unlimited memory (even if a computer’s memory is limited, it is often too big to
consider all of its possible configurations explicitly). Indeed, if function pA of the
example program in Figure 2.1 was recursive, the program stack, which keeps track
of active function frames, could potentially grow unbounded, generating an infinite
number of configurations. The resulting program would not be representable by a
finite transition system.

However, some infinite-state systems admit a finite representation. One notable
example, which is the main subject of this thesis, are systems equipped with a stack,
such as different kinds of pushdown systems. They are interesting because they can
model the stack that procedural programs use to keep track of function calls. In the
following, we will see how this kind of systems can be modeled and model-checked.

In the last few decades, numerous techniques that improve on the practical fea-
sibility of LTL model checking have been introduced, especially for coping with the
large size of models, called the state-space explosion problem. An important family of
such techniques, called symbolic model checking, uses devices such as Boolean Deci-
sion Diagrams (BDDs) for representing model states more efficiently; others exploit
recent advances in Propositional Satisfiability (SAT) and Satisfiability Modulo Theo-
ries (SMT) solvers to solve the model-checking problem. Such techniques are, how-
ever, out of the scope of this work: we refer the interested reader to [63].

2.3 Branching-Time Logics and Model Checking

In LTL, time is seen as linear, so that every time instant can be followed by exactly
another one. Instead, the family of branching-time logics sees time as a tree, where
any time instant can be followed by one among multiple events, each one leading
to a different “timeline”, or execution path. This represents well the nondeterminism
inherent in many systems to be checked, such as cyber-physical systems.

CTL and CTL* One of the first branching-time logics to be introduced is Compu-
tation Tree Logic (CTL) [59, 142]. The syntax of CTL is divided in two parts:

pu=alohe| | AY|EY
Yu=0¢|pUep
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Formulas generated by ¢ are state formulas, which hold in a state of the system, and
those generated by v are path formulas, that hold on an execution path starting from a
state. State formulas can universally or existentially quantify over paths starting from
the state where they hold. Operators in path formulas have the same meaning they
have in LTL, where an execution path can be seen as a word made of the subsequent
states visited by the run.

For example, formula A O a says that a will hold in all states that are reachable
from the current one in one step, while E O a says that a will hold in at least one of
them. Similarly, formula A & a, where < is the same as in LTL, means that a will
eventually hold in a state in all execution paths starting from the current state, and
E < a that a will eventually hold in at least one of such paths.

LTL formulas can be seen as if they were implicitly universally quantified at the
top level—e.g., O a in LTL is equivalent to A O a in CTL—but have no way of quan-
tifying other parts of the formula. There are CTL formulas that are not expressible
in LTL: for example, A O E < a means that in every computation, it is always possi-
ble to reach a state where a holds. LTL can express the liveness requirement (1< a,
which however means that a will be always reached in all paths, not just possibly.
This requirement, in turn, is not expressible in CTL [17]. Thus, LTL and CTL are
incomparable in terms of expressiveness.

The logic CTL* was introduced to join the expressive power of LTL with that of
CTL [59]. It does so by allowing for nested path formulas in CTL, namely replacing
the definition of ) above with

Y= |OY YUY,

Thus, in CTL* it is possible to nest temporal modalities directly, writing formulas such
as A [J< a, which expresses the LTL liveness requirement. Indeed, CTL* can express
all LTL and CTL properties, and it is strictly more expressive than both of them [17].

In terms of model-checking complexity, one interesting feature is that CTL model
checking is in PTIME, and can be implemented with a quite natural graph-theoretic
algorithm polynomial in both model and formula length, working directly on transi-
tion systems [59]. CTL satisfiability is, instead, in EXPTIME [72]. CTL* is, of course,
computationally costlier: its model checking is PSPACE-complete [60], and satisfia-
bility is in 2EXPTIME [73].

p-calculus  Modal p-calculus [109] is another branching-time logic which has ap-
plications in model checking. It features propositional operators and atomic propo-
sitions that are evaluated on transition system states, variables that represent sets
of states, existential and universal quantification on single transitions, and least and
greatest fixpoint operators. The fixpoint operators, combined with those quantifying
single transitions, can denote the existence of finite or infinite sequences of transi-
tions, traversing states where certain propositional formulas hold.

The importance of p-calculus derives in part from its expressive power: it is equiv-
alent to monadic second-order logic on deterministic tree transition systems® [136].
Thus, it subsumes both LTL, CTL and CTL* [67]. One relevant characteristic of p-cal-
culus formulas is their alternation depth, which is (roughly) the number of alternations
among nested least and greatest fixpoints. Alternation-free y-calculus, the fragment
of p-calculus with alternation depth 1, is equivalent to weak monadic second-order

3A tree transition system is a transition system whose transition graph is a tree, with a root state that
has a unique path to every other state.
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logic [136]. While a lower bound for the complexity of p-calculus model checking
has still to be proved, the currently known algorithms have complexities of the form
n®(@, where n is the size of the model and d is the alternation depth of the for-
mula [40]. Satisfiability, instead, is EXPTIME-complete [73].

For a more complete overview of u-calculus, we refer the reader to [39, 40]. We do
not present pu-calculus and other branching-time logics in more depth, because they
are quite different from the kind of formalisms studied in this thesis.
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Chapter 3

Context-Free Model Checking

In this section, we survey the related work on model checking of pushdown systems
and context-free properties. We describe to some extent the works most relevant with
respect to this thesis, and only give an overview of the remaining ones, for which we
refer interested readers to the appropriate literature.

Starting from the 1990s and throughout the early 2000s, during a period of intense
research on model checking, part of the community investigated ways to broaden the
scope of both systems and specifications to be checked. Given the relationship be-
tween LTL and regular languages, one natural direction was to go up in the Chomsky
hierarchy, by trying to model-check context-free languages. This endeavor was also
suggested by practical applications: procedural programming languages use a LIFO
stack to keep track of procedure calls, generating inherently context-free behaviors.

3.1 Context-free models and regular specifications

Initial efforts were directed towards extending model checking of existing specifica-
tion formalisms (e.g., LTL, CTL, CTL* and p-calculus) to context-free system models.
We survey this part of the literature in this section.

3.1.1 Pushdown Systems

Pushdown Systems (PDS’s), a.k.a. pushdown processes, have received considerable at-
tention because of their suitability for abstracting the stack of sequential procedu-
ral programs, while remaining much simpler than more general formalisms such as
process algebra. PDS’s are very close to nondeterministic pushdown automata from
formal-language theory and, with a few exceptions (e.g. [45], where transitions are
labeled), they differ from them only by their inability to read input symbols. Indeed,
in model checking only their stack behaviors are of interest, unlike their language-
accepting capabilities. PDS’s may also exhibit infinite behaviors.

The literature contains a profligacy of formal definitions for PDS’s, all of them
being equivalent, or nearly so. Here we give one which should be more familiar for
formal-language theorists.

Definition 3.1 (Pushdown System (PDS)). A PDS is a tuple A = (@, T, ) where Q
is a finite set of control states, I is the stack alphabet, and § C (Q x T') x (Q x I'*)
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is the set of transition rules. If | Q] = 1, then A is a context-free process.!
A PDS configuration is an element of () x I'*, and a PDS can transition from a
configuration (g, A7) to (p, ay) if (¢, A, p, @) € 4.

PDS definitions often differ in whether transition rules may pop zero or one sym-
bols, and push zero or more. However, all such definitions are equivalent, because I"
can be expanded to include symbols that encode multiple ones.

One of the formalisms used for model-checking PDS’s is modal pi-calculus. Model
checking of the alternation-free fragment of modal p-calculus was applied to sequen-
tial context-free processes in [44, 100], and extended to the full modal p-calculus in
[45, 159], with an exponential computational complexity. [159] also proves that the
problem is EXPTIME-complete, even when fixing the specification.

The authors of [30] introduce an algorithm for reachability in alternating PDS’s
that uses alternating finite-state automata for representing regular sets of configura-
tions. From this, they derive algorithms for model-checking LTL on PDS’s that are
exponential in formula size and polynomial in model size, and prove the EXPTIME-
completeness of the problem. They also introduce a new algorithm for model-checking
alternation-free modal p-calculus, and identify a fragment for which model checking
is PSPACE-complete. The algorithm for LTL model checking is implemented and ex-
perimentally evaluated in [75]. The authors of [78] use a similar symbolic approach,
representing stack configurations with finite-state automata to obtain a model check-
ing algorithm for LTL, and sketching one for CTL*.

Another way of representing PDS’s is to view their state-space as an infinite graph,
whose nodes are stack contents and arcs are transitions between configurations, and
can be represented finitely. In this way, graph automata are used in [112] to model-
check pi-calculus on context-free rewrite systems, which are equivalent to PDS’s, and
prefix-recognizable rewrite systems, which define transitions through regular expres-
sions on stack contents. This work is extended to LTL in [113], and to global model
checking? in [137].

Module checking, i.e., the problem of model checking a system by considering its
interactions with the environment, is studied for CTL and CTL* over PDS’s in [35].

3.1.2 Recursive State Machines

Recursive State Machines (RSMs) [9] have been introduced as a modeling formalism
closer to procedural programs. They consist of a set of boxes, which can be seen as
procedures, and nodes, which represent control locations in the program. Each box
has a set of entry (or call), internal, and exit (or return) nodes. Boxes are used as stack
symbols, and nodes as control states: RSM configurations consist of a stack of boxes
and one node; transitions that enter (resp. exit) a box push (resp. pop) the topmost box,
and the control state changes accordingly. RSMs are not expressively more powerful
than PDS’s: each PDS is bisimilar to a RSM and vice versa [9]. They rather introduce a
certain degree of algorithmic simplification due to the distinction of entry/exit nodes.
In fact, reachability and cycle detection can be solved in time O(n6?), where n is the

!Context-free processes are called in this way because they are bisimulation-equivalent to context-free
grammars, when comparing transition graphs. There exist PDS’s which are bisimulation-equivalent to no
context-free processes [47]. Notice that here we are only interested in behaviors of PDS’s in the bisimulation
context, disregarding accepted language families. The fact that a nondeterministic pushdown automaton
can be always transformed into one with only one state accepting the same language is irrelevant.

2While local model checking aims at verifying that one single initial state satisfies a given property,
global model checking means finding the set of states that satisfy a property.
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number of nodes and 6 is the maximum between the number of entry and exit nodes.
The complexity for the same problems is cubic for PDS’s [75], which coincides with
that of RSMs if # = O(n). Algorithms for model checking LTL and CTL* are derived
in [9], while [7] studies subclasses of RSMs for which reachability and cycle detection
are linear. More practical algorithms for reachability and cycle-detection for RSMs are
given in [10]. RSMs can be seen as a generalization of Hierarchical State Machines,
for which model checking is studied in [6].

3.1.3 Boolean Programs

Boolean programs were introduced with the SLAM toolkit [19], which was developed
by Microsoft to model-check control-flow dominated properties of Windows device
drivers. Boolean programs can be seen as RSMs augmented with predicates over
Boolean variables, which make them more succinct than RSMs. For this reason, they
are also called Extended Recursive State Machines [89]. C programs are modeled as
Boolean programs by abstracting their expressions as Boolean predicates (cf. predicate
abstraction [104]). Such abstractions can be refined automatically until they are fine-
grained enough to prove (or disprove) the desired property, through a process called
Counterexample-Guided Abstraction Refinement (CEGAR) [61]. The most important
verification problems on Boolean programs are studied in [89]: reachability analysis
and LTL model checking are EXPTIME-complete even in model size, while CTL and
CTL* model checking are 2EXPTIME-complete. The same work introduces practi-
cally relevant subclasses of Boolean programs for which such problems are in more
tractable complexity classes. Several practically efficient ways of verifying Boolean
programs have been devised [18, 22, 74, 116].

3.2 Context-free models and context-free
specifications

Logic formalisms used for specifications in the previous section are, however, re-
stricted to regular-language properties. In particular, p-calculus expresses all regular
properties, as it is equivalent to monadic second-order logic [136]. LTL instead cor-
responds to the first-order definable fragment of regular languages (called star-free
languages) [106].

While model checking the whole class of context-free specifications is undecidable
[99], the problem is decidable for selected fragments thereof. In the rest of this section
we review works that address this challenge.

3.2.1 Process Algebra

Non-regular behaviors arise from the Algebra of Communicating Processes (ACP) [25],
a process algebra introduced to formalize concurrent processes. ACP expresses choice,
sequencing, concurrency and communication among processes in an axiomatic frame-
work. Its fragment called Basic Process Algebra (BPA) generates context-free traces [16].

A variant of LTL based on Presburger arithmetic was introduced [28] to express
counting specifications concerning the number of occurrences of a certain event. It
contains a modality that associates a state formula to an integer variable, which is
incremented every time the formula is true in a state. For example, it can be used to
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require that, in a messaging protocol, the number of requests is the same as the num-
ber of answers. The resulting logic, called PLTL, is capable of expressing context-free
properties (such as well-balancing of parentheses), but also context-sensitive ones.
The model-checking problem for PLTL is, however, undecidable. Verification is decid-
able for its positive fragment PLTL™, which imposes syntactic restrictions on PLTL:
PLTL* formulas cannot contain concatenated until operators (i.e., an until cannot
appear in the right-hand-side of another until), and formulas such as & [J ¢ are not
expressible. Satisfiability is instead undecidable for both logics. Different fragments
of PLTL are presented in [27], in which decidability of model checking is studied for
PDS’s and Petri nets, besides ACP.

PCTL, the branching-time dual of PLTL, is presented in [29]. The results obtained
for PLTL are replicated for PCTL: while model checking ACP processes is undecidable
for PCTL, it is decidable for its positive fragment PCTL" on guarded ACP processes.

3.2.2 Approaches that specify properties on stack contents

A formalism for specifying stack inspection properties on Java programs is presented
in [102], and is motivated by a security framework based on checkpoints that had
been introduced in the Java Development Kit at the time. Such properties deal with
the sequence of procedures present in the program’s stack at any moment, yielding
requirements such as “a privileged procedure A cannot be called if another procedure
B is present in the stack”, and more.

[76] develops model checking for LTL with regular valuations on PDS’s, i.e. with
atomic propositions that identify a regular language of stack contents, and prove an
EXPTIME lower bound. This formalism can express non-regular properties such as
stack inspection, but it is more general than previous approaches because it contains
the whole LTL.

The problems of determining stack boundedness (whether the stack size remains
below a given threshold throughout the execution) and maximum stack size for dif-

ferent classes of interrupt-driven programs are studied in [48], yielding complexity
bounds from polynomial to PSPACE-hard.

3.2.3 Other Approaches

Nondeterministic pushdown parity tree automata are used in [114] to express spec-
ifications. Due to their great expressive power, model checking is undecidable on
context-free models, but decidable on finite-state ones (in time exponential both in
model and specification size).

Propositional Dynamic Logic has also been extended to express some limited clas-
ses of context-free languages [92].

3.2.4 Visibly Pushdown Languages and Nested Words

A line of research that lead to a more complete framework for expressing context-free
specifications was initiated by R. Alur and P. Madhusudan with the introduction of
CaRet in [8].
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3.24.1 CaRet

CaRet is a superset of LTL, and includes next and until modalities that interact ex-
plicitly with the structure of procedural programs. Given a set of atomic propositions
AP, CaRet’s syntax is the following:

pu=aloVelap|Op|eUe|O% U |OT p|eU™ ¢

where a € AP. The semantics of CaRet is based on linear words representing pro-
gram execution traces, in which each position is either a function call, a return, or
an internal position (which represents any instruction that is not a procedure call or
return). A matching relation that links each call to the return of the same function
frame arises from such partitioning.

The propositional operators and O and U have the same meaning as in LTL, with
the only addition that call, ret and int can be used as atomic propositions to distin-
guish the three kinds of positions. Operator O® ¢ requires ¢ to hold in the abstract
successor of the current position ¢, which is ¢ + 1 if ¢ is not a call and 7 + 1 is not
aret, and if 7 is a call it is its matching ret (thus the body of such call is skipped).
U is an until on paths made of abstract successors. O~ ¢ requires ¢ to hold in the
call of the function containing the current position, while ¢/~ is an until on the path
made of nested calls whose frames contain the current position (note that these are
actually past operators).

Abstract operators are useful for expressing properties limited to one function
frame. For example J(p = T U® q), where O is the LTL globally, means that if
a request p is made, the answer q is given at some point in the same function frame.
Call operators can be used to express stack inspection properties:

O(call Apa = —pcU” pr)

means that “a module A should be invoked only within the context of a module B,
with no intervening call to an overriding module C”.

[8] also gives a procedure for model-checking CaRet against RSMs, which has
complexity polynomial in RSM size and exponential in formula size, and shows that
model checking is EXPTIME-complete.

3.2.4.2 Visibly Pushdown Languages

Visibly Pushdown Languages (VPLs) are the language class that arises from this way
of modeling execution traces [4]. VPLs are a strict subset of Deterministic Context-
Free Languages, and are very similar to R. McNaughton’s Parenthesis Grammars [128],
where calls correspond to open parentheses and rets to closed ones, with the addi-
tion that VPLs allow for unmatched calls and rets respectively at the end and at the
beginning of a word. We define them through their accepting automata.

Definition 3.2 (Visibly Pushdown Automaton (VPA) [4]). Let X be a finite alphabet,
and X, 3., 2t be three disjoint sets such that ¥ = ¥ UX, UX;,;. A VPAis a tuple
A= (Q,1,T,4, F) where Q is a finite set of states, I C () is the set of initial states,
F C @ is the set of final states, I' is a stack alphabet with a distinguished member
1L el and

§C((QxXe) x (@x (P\{LN) U ((Qx %) x (QxT) U((Q X Tint) x Q)

is the transition relation.
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VPA stack contents are non-empty words over I' ending in 1, configurations are
triples (z, g, o) where x € ¥* is the remaining input word, ¢ € () is the current state,
and o are the current stack contents. A run is a finite sequence of configurations
(20, G0,00) - - - (Tn, Gn, o) such that for all 0 < ¢ < n — 1 we have x; = a;x;41, and
one of three kinds of moves may occur:

push: if a; € ¥, then 0,41 = 7o, for some v € T, and (¢;, a;, ¢i+1,7) € 6;
pop: ifa; € ¥, theno; = yo; 41 ory = 0; = 0541 = L, and (¢;, a;, ¢ivr1,7) € 6;
internal: if a; € X;,;, then 0,41 = 0; and (g;, a;, ¢i+1) € 0.

A word w € X* is accepted iff there is a run starting in a configuration (w, go, L),
for some ¢y € I, and ending in (¢, ¢y, v) for some ¢; € F and stack contents . The
language accepted by A is the set of strings accepted by A.

The main peculiarity of VPAs is that the kind of move (and hence the stack be-
havior) is completely determined by the current symbol and the alphabet partitioning.
Moreover, there are no e-moves, i.e. each move reads an input symbol. For this reason
we call VPAs real-time. It is also easy to see that the stack of a VPA mimics the one of
a procedural programs with respect to function calls and returns, but it has no way
of simulating single events that pop multiple stack symbols, such as exceptions.

VPAs had actually already been introduced as input-driven pushdown automata
in [130], which however mostly studies them for language recognition. In [4], other
properties are studied: VPLs sharing the same alphabet partition form a Boolean al-
gebra (they are closed by union, intersection and complement), and are closed by
concatenation and Kleene *. Universality, equivalence and inclusion are decidable and
EXPTIME-complete. VPLs are also characterized in terms of MSOL. The same proper-
ties are studied for wVPLs, the infinite-word counterpart of VPLs, obtained by adding
Biichi acceptance conditions to VPAs. wVPLs form a Boolean algebra, are closed by
concatenation between a VPL and an wVPL, and have a MSOL characterization. Uni-
versality, equivalence and inclusion remain decidable and EXPTIME-complete. While
VPAs are determinizable, their w-counterparts are not. This is unsurprising, because
the same happens with w-regular languages (cf. Section 2.2.2.1).

Congruences for VPLs are studied in [11] and, while in general there is no unique
minimal VPA for a VPL, VPL subclasses having this property exist [51, 110]. The
problem of VPA minimization is NP-complete [88].

3.2.4.3 Nested Words

Some early attempts at giving a MSOL characterization to CFLs introduced the idea
of a matching relation between word positions. A first logic mechanism aimed at
“walking through the structure of a context-free sentence” was proposed in [115] and
consists in a matching condition that relates the two extreme terminals of the right-
hand-sides of a context-free grammar in double Greibach normal form, i.e. a grammar
whose production right-hand-sides exhibit a terminal character at both ends. In a
sense, such terminal characters play the role of explicit parentheses. [115] provides a
logic language for general CFLs based on such a relation which, however, fails to keep
the decidability properties of logics for regular languages due to the lack of closure
properties of CFLs.

This matching condition was then resumed to define the algebraic structure be-
hind CaRet, nested words, which have been further studied in [5], after being suggested
for their possible data-theoretic applications [2].
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Definition 3.3 (Nested Word [5]). A nested word over an alphabet ¥ is a tuple
(w, u, call, ret)

where w = a3 ...ap, with a; € ¥ for all 1 < i < n; u is a binary relation over word
positions plus {—00, 400}, and call and ret are two sets of word positions, such
that for each 1 < 1,7, 7, j/ < n we have:

o if p(4, j) then call(i), ret(j) and i < j;

« if u(4,5) and u(i, ") both hold then j = j';if u(4, j) and u(é’, 5) both hold then
i = 4/ (u is one-to-one);

« if i < j, call(i) and ret(j), then either u(i, k) or u(k, 5) for some i < k < j.

If pu(, 7) then i is the matching call of j, which is the matching return of i.

—o0 and +00 are added to model pending edges, and we consider —oo < i < +00
foralll <i<n.

A nested w-word is defined in the same way, except w is an w-word.

Regular languages of nested words are equivalent to VPLs [5], and thus they in-
herit all their properties. They have been characterized in terms of (non)deterministic
Nested Words Automata (NWAs) and MSOL for both finite and w-words, and retain
Boolean and concatenation closure properties and decidability of universality, equiv-
alence and inclusion, which are EXPTIME-complete.

3.2.4.4 Nested Words Temporal Logic and Expressive Completeness

The expressive power of temporal logic on nested words was investigated in [12].
While the stance of CaRet with respect to FOL remains unknown, the authors intro-
duce several kinds of linear-time temporal logics that are provably equivalent to FOL.
Here we briefly present one of them, Nested Words Temporal Logic (NWTL), which
will be needed later in the thesis. Its syntax is given by

pu=Tla|call|ret |[~p |V |Op|Oup| 0|0 |eU” o |pSTp,

with a € AP. The semantics of propositional, O and © operators is the usual one
from LTL. For any nested word w and position 4, (w,i) = call iff call(i) and
similarly for ret; (w,i) = O, ¢ iff there exists a position j such that x(4, j) and
(w,j) E ¢, while the meaning of @, ¢ is analogous, but it refers to the past. The
until and since operators I/ and §¢ are based on summary paths. A summary path
between positions ¢ and j, 7 < j,is a sequence of positionsi =19 < i1 < -+ < ip =]
such that for any 0 < k < n we have

) h if u(ig, h) and h < j,
Y+l = 4 . .
i, +1 otherwise.
An example of a property that can be expressed with NWTL is
O((call Ap Apa) = Onq),

where [ is the LTL globally operator, which means that “if the pre-condition p holds
when procedure A is invoked, then if the procedure terminates, the post-condition
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q is satisfied upon return” [12]. A useful shortcut ¢ U+ ¢ := (= Oret A ) U ¢
called summary-down until can be defined to only allow for paths that follow call
edges (from a call i to ¢ + 1 if it is not a ret), internal edges (from ¢ to ¢ + 1 if 7 is
not a call and ¢ + 1 is not a ret), and nesting edges (from a call to its matching
ret). This operator only goes down in the nesting structure of words, i.e., towards
inner function calls, and remains limited to the current function frame and those of
the functions it calls. Since and upward versions of this operator can also be defined.
A property that can be expressed with it is

O(call Apa = —(T U wr)),

which means that “a procedure A, and the procedures it calls, do not write to a variable
before it returns” [12]. The ability of this operator to remain constrained to one func-
tion body is crucial to achieve expressive completeness and, as we shall see in Part II,
a similar remark can be made for logics introduced in this thesis. CaRet does not seem
to be capable of expressing properties of this kind, which is why it is conjectured not
to be expressively complete [12].

The authors of [12] also give two more temporal logics on nested words, which
reach expressive completeness through the within operator, one of them by adding it
to CaRet. For any formula ¢, nested word w and call position 4, (w,i) E W iff
(w',i) & ¢, where w’ is the subword of w from 4 to its matched ret j. Thus, the
within operator restricts a formula and all its subformulas to one function frame. The
addition of the within operator to NWTL makes it exponentially more succinct.

This succinctness result has an impact on model checking complexity: NWTL
model checking is EXPTIME-complete—and an automata-theoretic procedure expo-
nential in formula length is given in [12]—while model checking logics with the within
operator is 2EXPTIME-complete. All such complexities are, however, still polynomial
in model size.

Finally, [12] identifies temporal logics equivalent to the two-variable fragment
of FOL on nested words, i.e., the set of FO formulas using only two distinct variable
names. NWTL and the other expressively complete logics are instead equivalent to the
three-variable fragment of FOL, which means that any FO formula on nested words
can be re-written by using only three distinct variables.

3.2.4.5 More developments on VPLs and Nested Words

Nested words have been extended to the branching-time model in [13], which presents
NT-pu, a version of p-calculus on nested trees. Model checking of NT-x formulas is
EXPTIME-complete, while satisfiability is undecidable.

Visibly Linear Temporal Logic (VLTL) [33] is a logic that captures the whole class of
VPLs, as opposed to the FO-expressible fragment covered by NWTL. VLTL features
operators that embed Visibly Rational Expressions [32], the VPL version of regular
expressions, in LTL (similarly to Regular Linear Temporal Logic [148], which uses plain
regular expressions). VLTL model checking, which is based on a class of two-way
alternating automata for VPL [31], surprisingly retains EXPTIME-completeness.

ConCaRet, a variant of CaRet with modalities for expressing properties on con-
current programs, is presented in [34]. Its model checking on RSMs augmented with
a restricted form of concurrency is EXPTIME-complete.

Two timed versions of CaRet are studied in [37]. One of them is based on event-
clocks and its satisfiability and model checking problems are EXPTIME-complete. Its
model checking algorithm uses VPAs augmented with event-clocks [36]. The other
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one is an extension of Metric Temporal Logic, and its satisfiability is undecidable even
on finite words, although [37] also presents a decidable fragment thereof. Moreover,
an extension of Interval Temporal Logic for expressing branching-time visibly push-
down requirements is presented in [38].

Weighted MSOL for nested words is studied in [127].

Colored Nested Words [3] enrich nested words with colors in order to overcome the
limitation of their nesting relation to be one-to-one. Since their nesting relation can be
many-to-one, they can represent events such as exceptions in procedural programs.
This limitation is also addressed by the work presented in this thesis. Notice, however,
that our work is based on OPLs, that are more expressive than colored nested words,
because they can express one-to-many relations too.

3.2.4.6 Tools

The literature on tools for nested words is not as rich as the theoretical one. Tools
and libraries such as VPAlib [133], VPAchecker [154], OpenNWA [69] and Symbol-
icAutomata [68] only implement operations such as union, intersection, universal-
ity/inclusion/emptiness check for Visibly Pushdown or Nested Word Automata, but
have no model checking capabilities.

PAL [49] uses nested-word based monitors to express program specifications, and
a tool based on BLAST [94] implements its runtime monitoring and model checking.
PAL follows the paradigm of program monitors, and is not—strictly speaking—a tem-
poral logic. PTCaRet [146] is a past version of CaRet, and its runtime monitoring has
been implemented in JavaMOP [50].

[134, 135] describe a tool for model checking programs against CaRet specifica-
tions. Since its purpose is malware detection, it targets program binaries directly by
modeling them as PDS’s. Unfortunately, this tool does not seem to be available online.

To the best of our knowledge POMC, the tool we present in this thesis, is the
only publicly-available tool for model-checking temporal logics capable of expressing
context-free properties.
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Chapter 4

Operator Precedence
Languages

Operator Precedence Languages (OPLs) were originally introduced in the context of
efficient programming-language parsing. Hence, they were defined through their
generating grammars [80], Operator Precedence Grammars (OPGs), which are a spe-
cial class of Context-Free Grammars (CFGs) for which it is possible to generate effi-
cient deterministic bottom-up parsers. Their algebraic and closure properties [64, 66]
recently revived interest in OPLs, leading to their investigation from the logic and
automata-theoretic point of view [119].

In Section 4.1, we first present OPLs through their historical grammar-based char-
acterization, and then through the automata-theoretic one, which will be used in the
rest of the thesis; in Section 4.2 we extend such definitions to infinite words; in Sec-
tion 4.3 we illustrate one possible practical application of OPLs through an example.

4.1 Operator Precedence Languages on finite words

In the following, by € we denote the empty string; given a set of characters I', we
denote by I'* the set of all finite strings with characters in I', and 't = T'* \ {€}.

Definition 4.1 (Context-Free Grammar (CFG)). A CFG s a tuple (V, X, P, S) where
V and ¥ are finite sets of, respectively, non-terminal and terminal symbols such that
V' NY = (; P is a finite set of production rules of the form X — «, where X € V is
the left-hand side (lhs) and « is the right-hand side (rhs), a (possibly empty) string of
symbols from V' U ¥; and S € V is called the axiom.

A grammar G = (V, X, P, S) generates a language by deriving its strings. A string
B can be derived from « in one step, written a« =¢ S, iff @ = oy X g, with X € V,
B = a1f'as, and X — B’ € P. The language generated by G is Lg = {z € ©*
S =% x}, and = is the reflexive and transitive closure of =¢.

Definition 4.2. A production rule is in operator form if its rhs has no consecutive
non-terminals. An operator grammar only contains rules in operator form.

Every CFG can be transformed into an equivalent one in operator form of size
polynomial in the original. In particular, if (V, 3, P, S) is the original grammar, and k
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S call S ret
€ S call S ret
s 4 » ‘
ca ret €
7N |
S han FE exc €

Figure 4.1: Syntax tree of word w,,; according to grammar Geca.

is the maximum length of its rules’ right-hand sides, the equivalent operator grammar
has O(|X| - (|2] + k- | P|)) non-terminals and O(|X| - (|[N|+ k- |X| - | P|)) production
rules [93, 147].

Example 4.3. Grammar Gean = ({5, E}, Zcan, Peanl, S), with Ycan = {call, ret,
han, exc}, has the following production rules:

S — Scall Sret FE — ScallE
S — Shan Sexc E—e«¢
S —e

where ¢ is the empty string.

This grammar has been conceived to represent the execution traces of a procedu-
ral program with exceptions. As the chosen identifiers suggest, call represents the
fact that a procedure call occurs, ret represents the fact that a procedure terminates
normally and returns to its caller, exc that an exception is raised and han that an ex-
ception handler is installed. It implements a policy such that an exception aborts all
the pending calls up to the point where an appropriate handler is found in the stack,
if any; after that, execution is resumed normally. Calls and returns, as well as possible
pairing of handlers and exceptions are managed according to the usual LIFO policy.
The alphabet symbols are written in boldface for reasons that will be explained later.

The sample word w., = call han call call call exc call ret call ret ret can be
derived from Gecan. All rules are in operator form, so Gean is an operator grammar.

Figure 4.1 shows the Syntax Tree (ST) associated with w,,;. The ST of a string
shows its underlying structure according to a context-free grammar: the root is la-
beled with the axiom, and each non-terminal has the rhs of a production rule as its
children. Notice how this structure is meaningful for the semantics described earlier:
each function call is enclosed in the call-ret pair of the caller, and calls terminated
by an exception are enclosed in its han-exc pair.

The distinguishing feature of OPGs is that they define three Precedence Relation
(PR) between pairs of input symbols which drive the deterministic parsing and there-
fore the construction of a unique ST, if any, associated with an input string. For this
reason we consider OPLs a kind of input-driven languages, but larger then the orig-
inal VPLs. The three PRs are denoted by the symbols <, =, > and are respectively
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named yields precedence, equal in precedence, and takes precedence. They graphically
resemble the traditional arithmetic relations but do not share their typical ordering
and equivalence properties. We kept them for historical reasons (they date back to
the original introduction of OPLs by R. W. Floyd), but we advise the reader not to be
confused by the similarity.

Intuitively, given two input characters a, b belonging to a grammar’s terminal al-
phabet separated by at most one non-terminal, @ < b iff in some grammar derivation b
is the first terminal character of a grammar’s rhs following a whether the grammar’s
rule contains a non-terminal character before b or not; a = b iff @ and b occur con-
secutively in some rhs, possibly separated by one non-terminal; a > b iff a is the last
terminal in a rhs—whether followed or not by a non-terminal—, and b follows that rhs
in some derivation. Formally, PRs are defined as follows:

Definition 4.4 (Precedence Relations). Let G = (V, 3, P, S) be an operator grammar,
and A € V. Its left and right terminal sets are:

La(A):={aeX| A=} Baa} Rg(A):={a € X | A= aaB}

with Be VU{e}and o € (VUX)™
For any a,b € ¥, and for some «, 8 € (V U X)*, we have

« a<biff (A — aaDp) € P for some D € V such thatb € L5(D);
« a=0biff (A — aaBbB) € P for some B € V U {e};
« a>biff (A — aDbp) € P for some D € V such that a € Rg(D).

Notice that, in the definition, non-terminals are treated in the same way as the
empty string: for this reasons we also say that non-terminal characters are “transpar-
ent” in OPL parsing.

Now, we can give a grammar-based definition of OPL:

Definition 4.5 (Operator Precedence Language (OPL)). A grammar G is an operator
precedence—or Floyd—grammar (OPG) iff at most one PR holds between any pair of
terminals in 3. Formally, for any a,b € ¥ if a m; b and a w9 b then m; = 79 (with
71, m2 € {<,=,>}). An operator precedence language is any language generated by
an OPG.

PRs between all pairs of terminals can be gathered in a matrix which, as we shall
see, contains all the information needed to determine a string’s context-free structure.

Definition 4.6 (Operator Precedence Matrix (OPM)). An OPM M over ¥ is a partial
function (X U {#})? — {<,=, >}, that, for each ordered pair (a, b), defines the PR
M (a, b) holding between a and b. If the function is total we say that M is complete.
We call the pair (3, M) an operator precedence alphabet.

In the following, strings will be surrounded by a pair of # delimiters. By conven-
tion, the initial # can only yield precedence, and other symbols take precedence on
the ending #. If M (a,b) = 7, where m € {<,=, >}, we write a 7 b. For u,v € ¥T
we write u 7 v if u = xa and v = by with a 7 b.

Note that, in the literature, OPMs may be defined containing multiple PRs in each
cell; here we only consider those containing at most one, which are generated by
OPLs. Also, we always define # to yield precedence to all symbols, if not otherwise
specified (as opposed to it yielding precedence to some terminals only).
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‘call ret han exc

call | < = < >

ret > > > >
han | < > < =
exc > > > >

Figure 4.2: The OPM M aj1.

0 | # < call < han < call < call < call > exc > call =ret > call =ret > ret > #
1| # < call < han < call < call N > exc > call =ret > call =ret > ret > #

2 | # < call < han < call N > exc > call =ret > call =ret > ret > #

3 | # < call < han = N exc > call =ret > call =ret > ret > #

4| # < call < N call =ret > call =ret > ret > #

5| # < call < N call =ret > ret > #

6| # <call=Nret>#

T #=N#

Figure 4.3: The sequence of bottom-up reductions during the parsing of we.

Example 4.3 (continuing from p. 48). Let us list all left and right terminal sets for Gcan:
L(S) = L(E) = {call,han} R(S) = {ret, exc} R(E) = {call}

The OPM associated to Gea is reported in Figure 4.2. In the matrix, the element in
row ¢ and column j is the PR between the symbol labeling row ¢ and the one labeling
column j.

The OPM can be used to derive the structure given to a string by an OPG through
the operator precedence parsing algorithm. We show how it works by means of the
following example, which provides a first intuition of how a set of unique PRs drives
the parsing of a string of terminal characters in a deterministic way.

Example 4.3 (continuing from p. 50). Let us see how OPM M_ay1 drives the construc-
tion of the unique ST associated to a string on the alphabet ¥.a1) through a bottom-up
parsing algorithm. The shape of the obtained ST will depend only on the OPM and
not on the particular grammar exhibiting it. Consider the sample word w,,. First,
we add the delimiter # at its boundaries and write all precedence relations between
consecutive characters, according to Mcay1. The result is row 0 of Figure 4.3.

Then, select all innermost patterns of the forma <c¢; =---=c¢; > b. Inrow 0
of Figure 4.3 the only such pattern is the underscored call enclosed within the pair
(<, >). This means that the ST we are going to build, if it exists, must contain an
internal node with the terminal character call as its only child. We mark this fact by
replacing the pattern <call> with a dummy non-terminal character, say N—i.e., we
reduce call to N. The result is row 1 of Figure 4.3.

Next, we apply the same labeling to row 1 by simply ignoring the presence of
the dummy symbol N and we find a new candidate for reduction, namely the pattern
<call N>. Notice that there is no ambiguity on whether /N should be considered in a
rhs together with the underscored call, or the following exc: if we reduced just call
and replaced it by a new [N we would produce two adjacent non-terminals, which is
impossible because the ST must be generated by an operator grammar.

The reduction of row 2 is similar, so we come to row 3. This time the terminals to
be reduced, again underscored, are two, with an = and an N in between. This means
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Figure 4.4: The ST corresponding to word w.;. Dots represent non-terminals.

that they embrace a subtree of the ST whose root is the node represented by N. By
executing the reduction leading from row 3 to 4 we produce a new N immediately to
the left of a call which is matched by an equal in precedence ret. Then, the procedure
is repeated until the final row 7 is obtained, where by convention we state the =
relation between the two delimiters.

Given that each reduction applied in Figure 4.3 corresponds to a grammar deriva-
tion step and to the expansion of an internal node of the ST, it is immediate to realize
that the ST of w., is the one depicted in Figure 4.4, where internal node labels have
been omitted. As a side remark we mention that, in general, it may happen that in
the same string there are several patterns ready to be reduced; this could enable the
implementation of parallel parsing algorithms (see e.g., [21]) which however is not an
issue of interest in this thesis.

Remark 4.7. The ST of Figure 4.4 shows the main difference between various paren-
thesis-like language classes, such as VPLs, and OPLs: whereas in the former ones
every open parenthesis is consumed by the only corresponding closed one!, in our
example a call can be matched by the appropriate ret but also “aborted” by an exc
which in turn aborts all pending calls until its corresponding han—if any—is found.

In the example, we derived only a stencil of the ST of w,;. To show how this
process can be extended to the parsing of a grammar, we first introduce a normal
form for OPGs.

Definition 4.8 (Fischer Normal Form [79]). An OPG is in Fischer normal form iff
« it is invertible (no two rules share the same rhs),

« none of its rules has the form A — ¢ or A — B, where A is any non-terminal
except the axiom, and B is any non-terminal,

« none of its rules has a rhs containing the axiom.

Any OPG can be automatically transformed into one in Fischer normal form [79].
For an OPG G = (V, X, P, S), such that k is the maximum length of its rules’ right-
hand sides, an equivalent one in Fischer normal form can be built with P(V') as the

non-terminal set, and with O(|P| - 2V [5] ) production rules [93].

To be precise, VPLs allow for unmatched closed parentheses but only at the beginning of a string and
unmatched open ones at the end.
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The operator precedence parsing algorithm reconstructs the syntax tree of a string
according to the structure given by an OPG in Fischer normal form, given the corre-
sponding OPM.

Example 4.3 (continuing from p. 50). Notice how the structure of the ST of Figure 4.4 is
similar, but not identical to the one of Figure 4.1: it lacks e-production rules. Indeed,
grammar Gean is not in Fischer normal form, as it contains rules such as £ — «.
However, we can transform it to G._;, = ({S, 5, E}, Xcau, Play, S'), in Fischer
normal form, with the following production rules:

S’ = S S — Scall Sret S — Shan F exc E — ScallE

S — ¢ S — call Sret S — han E exc E —callE
S — Scallret S — Shanexc FE — Scall
S — callret S — hanexc FE — call

The ST associated to string w., by this grammar is isomorphic to the one of Figure 4.4
(excluding the axiom S’, which is needed to include ¢ in the language). Since the rules
in G, are invertible, it is easy to replace each dot in the figure with the appropriate
non-terminal, thus obtaining a complete ST of the string generated by the grammar.

In the parsing example, we performed reductions by recognizing patterns of the
forma < ¢y =--- = ¢y > b. We call them chains, and we formalize them as follows:

Definition 4.9. A simple chain “[cicy . .. cg]®+! is a string cociCs . . . ¢oCpt1, such
that: cg,co11 € XU {#}, ¢; € Sforeveryi = 1,2,...4( > 1),and ¢g < ¢; =
Co...Co—1=2Cg > Cpy1.

A composed chain is a string coSgc151Ca - . . CeSeCot1, Where ©[cica ... cp]“H! is
a simple chain, and s; € X* is either the empty string or is such that “[s;]°+! is a
chain (simple or composed), for every i = 0,1,...,¢ (¢ > 1). Such a composed chain
will be written as “[sgc1$1Ca . . . €p8p] %+,

In a chain, simple or composed, c¢ (resp. ¢y 1) is called its left (resp. right) context;
all terminals between them are called its body.

A finite word w over X is compatible with an OPM M iff for each pair of letters
¢, d, consecutive in w, M (¢, d) is defined and, for each substring x of #w# which is a
chain of the form ®[y]®, M (a, b) is defined. For a given operator precedence alphabet
(X, M) the set of all words compatible with M is called the universe of the operator
precedence alphabet and is denoted as L(X, M).

Example 4.3 (continuing from p. 50). The chain below is the chain defined by the OPM
Mean of Figure 4.2 for the word we,. It shows the natural isomorphism between STs
with unlabeled internal nodes (see Figure 4.4) and chains.

#[call[[[han][call[call[call]]|exc]call ret]call ret|ret]#

Note that, in composed chains, consecutive inner chains are always separated by an
input symbol: this happens because OPL strings are generated by grammars in oper-
ator normal form.

Thus, an OPM defines a universe, called the max-language, of strings on the given
alphabet that can be parsed according to it and assigns a unique ST—with unlabeled
internal nodes—to each one of them. The grammar generating the max-language of
an OPM is called its max-grammar. Such a universe is the whole X* iff the OPM is
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complete, i.e. it has no empty cells, including those of the implicit row and column re-
ferring to the delimiters. OPGs can be used to carve more interesting sub-languages
into this universe. For example, while the string ret call han is given the structure
#[[ret]call[han]]# by OPM M_ca, it is not part of the language generated by gram-
mars Gean and G._};. Such a string, in fact, would not be meaningful as a program
execution trace.

This fact results in OPLs having some interesting properties, typical of regular
languages:

Theorem 4.10 ([64, 66]). OPLs compatible with a given OPM M form a Boolean al-
gebra. Le., given two OPLs L1 and Lo compatible with M, their complements w.r.t. the
max-language of M, L1 U Lo, and Ly N Lo are also OPLs.

OPLs are closed under reversal, prefix, suffix, concatenation and Kleene * operations.

OPLs present interesting algebraic closure properties even when they do not share
the same OPM. It is possible to define a notion of inclusion between OPMs such that,
given OPMs M; and Ms both on ¥, we have M; C Mo iff for each a,b € X either
M;(a,b) = Ms(a,b) or M;(a,b) is undefined. Then, if we consider an OPM M, the
set M(M) = {M' C M | M'isan OPM} is a poset ordered by C, and it forms
a lattice whose top and bottom elements are respectively M and the empty OPM.
Moreover, even the max-languages and their max-grammars on such OPMs form a
lattice isomorphic to M (M), and if M is complete, its top and bottom elements are
respectively ¥* and ) [66].

In the early literature about OPLs, such as [66, 80], OPGs sharing a given OPM
were used to define restricted languages with respect to the universe defined by the
OPM and to investigate their algebraic properties, with applications to grammar in-
ference [65]. Later on, the same has been done by using different formalisms such as
pushdown automata, monadic second order logic, and suitable extensions of regular
expressions [119, 122]. In this thesis, we mostly use automata, which are typically
applied in logics and model checking.

OPLs are recognized by a class of pushdown automata called Operator Precedence
Automata (OPAs). The main feature that distinguished OPAs from classical pushdown
automata is that their moves are guided by PRs. Indeed, OPAs store terminals in their
stack symbols, and always compare the topmost symbol with the next one to be read.
If they are in the < relation, they push another symbol; if they are in the = relation
they update the topmost one; and if they are in the > relation, they pop the topmost
symbol. More formally:

Definition 4.11 (Operator Precedence Automaton (OPA)). An OPA is a tuple A =
(X, M,Q, I, F,J) where: (3, M) is an operator precedence alphabet, () is a finite set
of states (disjoint from X), I C () is the set of initial states, I C () is the set of final
states, § € Q x (X UQ) x Q is the transition relation, which is the union of the three
disjoint relations dgpip € Q@ X X X Q, dpysh, € Q X X X @, and dp0p € Q X Q X Q.

An OPA is deterministic iff I is a singleton, and all three components of § are—
possibly partial—functions.

To define the semantics of OPAs, we need some new notations. Letters p, q, p;,
@i, . .. denote states in Q. We use qo — ¢ for (qo,a,q1) € Opush» 9o BN q for

(0,0, 1) € Ssnifes 0 == q1 for (qo,q2,q1) € Spop, and go ~> qu, if the automaton
can read w € X* going from g to ¢1. Let T be ¥ x Q and IV = T'U { L} be the stack
alphabet; we denote symbols in T as [a, ¢]. We set smb([a, ¢]) = a, smb(L) = #,
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and st([a, q]) = q. For a stack content vy = ~,, ... 11 L, withy; € T', n > 0, we set
smb(y) = smb(y,) if n > 1, and smb(y) = #ifn = 0.

A configuration of an OPA is a triple ¢ = (w, ¢, 7), where w € ¥*#, ¢ € @, and
v € I'* L. A computation or run is a finite sequence ¢o - ¢1 F ... F ¢, of moves or
transitions ¢; b ¢; 1. There are three kinds of moves, depending on the PR between
the symbol on top of the stack and the next input symbol:

push move if smb(vy) < a then {az, p, v) F (z, ¢, [a, p]7), with (p, a,q) € dpush;
shift move if a = b then (bz, ¢, [a, p]vy) F (z, r, [b, p]Y), with (q,b,7) € dsnift;
pop move if a > bthen (bz, ¢, [a, p|y) F (bz, 7, ¥), with (¢, p,T) € dpop-

Shift and pop moves are not performed when the stack contains only L. Push
moves put a new element on top of the stack consisting of the input symbol together
with the current state of the OPA. Shift moves update the top element of the stack by
changing its input symbol only. Pop moves remove the element on top of the stack,
and update the state of the OPA according to d,,, on the basis of the current state
and the state in the removed stack symbol. They do not consume the input symbol,
which is used only as a look-ahead to establish the > relation. The OPA accepts the
language L(A) = {z € &* | (z#, qr, L) F* (#, qr, L),q1 € I,qr € F'}.

OPAs also rely on the OPM to parse words. The relationship between their runs
and parsing is highlighted by supports:

Definition 4.12. Let A be an OPA. We call a support for simple chain “[cicz . . . ¢g]%+?

any path in A of the form gy — q1 ~-* ... -=> qr—1 N q == @e+1- The label of
the last (and only) pop is exactly qo, i.e. the first state of the path; this pop is executed
because of relation ¢; > cpy1.

We call a support for the composed chain < [soc151¢a . . . cpsg|®+! any path in A of

the form ¢ 5 qf) —= @1 > ¢} N T q, = go41 where, for every
i=0,1,...,0:ifs; # ¢, then ¢; %> ¢ is a support for the chain % [s;]%+1, else ¢} = ¢;.

Chains fully determine the parsing structure of any OPA over (X, M). If the OPA
performs the computation (sb, g;, [a, g;]7) F* (b, qx,7), then [s]® is necessarily a
chain over (X, M), and there exists a support like the one above with s = sgcy . .. cose
and gg+1 = qi. This corresponds to the parsing of the string soc; .. . ¢gs¢ within the
context a, b, which contains all information needed to build the subtree whose frontier
is that string.

OPAs and OPGs can be used interchangeably to define OPLs:

Theorem 4.13 ([119]). Given an OPG G on an OP alphabet (3, M), it is possible to
build an OPA A such that L(G) = L(Ag). Given and OPA A on (X, M), it is possible
to build an OPG G 4 such that L(A) = L(G 4).

Proof (sketch). Intuitively, Ag performs a push move when it reads the first terminal
of one of G’s rhs’s, a shift move when reading a terminal from a continuing rhs, and a
pop move when reaching past its end. Then, it nondeterministically guesses the non-
terminal corresponding to such rhs according to G’s production rules (there might be
more than one). A¢ accepts a string if it recognizes G’s axiom after reading it.

The converse construction faces more difficulties and involves more technicali-
ties than the classical one for general CFLs. Essentially, it requires enumerating all
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possible chain supports of 4, and G 4 is built so that it has a non-terminal for each
quadruple made of the first and last states of each support and the left and right con-
texts of the underlying chain. Then, production rules are added that associate such
non-terminals to rhs’s structured as the underlying chains. O

Consider the OPA A(X, M) = (X, M, {q}, {q}, {q}, Omaz) Where dpnaz(q, q) = ¢,
and Opaz(g,¢) = ¢, Ve € . We call it the OP Max-Automaton over (X, M). For a
max-automaton, each chain has a support; thus, a max-automaton accepts exactly the
universe of the OP alphabet. Since there is a chain #[s]# for any string s compatible
with M, a string is accepted by A(X, M) iff it is compatible with M. If M is com-
plete, the language accepted by A(2, M) is £*. With reference to the OPM M_cay of
Figure 4.2, the string ret call han is accepted by the max-automaton with structure
defined by the chain #|[ret]call[han]|#.

Of course, the results of Theorem 4.10 hold for OPAs too:

Theorem 4.14. Given two OPAs Ay and Az on OP alphabet (¥, M), it is possible to
effectively build the following OPAs:

o Aq such that L(An) = L(A1) N L(Ag);
o Ay such that L(Ay) = L(A;) U L(Ag);
« Ay such that L(A;) = ¥* \ L(A;).

Proof. Since OPA moves are determined by PRs, two OPAs sharing the same OPM
are synchronized while reading the same word, and their stacks have the same size at
each step. Thus, constructions typical of finite-state automata can be exploited: A
can be obtained by taking the component-wise set union of A; and Ay, and A; by
determinizing A; and complementing its final set. The main difference is that OPA
determinization has a higher complexity—the determinized OPA has 20("*) states, as
opposed to only 2" for finite-state automata—which, however, happens for VPAs too.
We show the construction of An, which is based on the product automaton, because
it is required for model checking.

Let .Al = (Z, M, Ql, Il, Fl, (51) and AQ = (E, M, QQ, IQ, FQ, 62) We define
.Am = (E, ]\47 Q1 X Q27jl X 127F1 X FQ, 5ﬂ) where

o if (qla a7p1)7 (qQa aapZ) € 6PU$h then (((ha (p),CL, (plvp2)) € 52ush;
. if (qla a7p1)7 (q25 a7p2) S dshift then ((Qh (J2)7 a, (pl;pQ)) € 5§hift;

. if (qla rlvpl)’ (q27r27p2) € 511010 then ((QL qQ)a (7‘1,7‘2), (plap2)) € 5;01)' O

Automata-based proofs of the closure properties of OPLs are much simpler than
the analogous ones on grammars [66], especially in the case of concatenation and
Kleene * [64]. This further highlights the benefits of using automata instead of gram-
mars for logical characterizations.

Theorem 4.14 naturally suggests explicit-state model-checking procedures similar
to those used with regular languages and temporal logics such as LTL.

In conclusion, given an OP alphabet, the OPM assigns a unique structure to any
compatible string in 3*; unlike VPLs, such a structure is not visible in the string,
and must be built by means of a non-trivial parsing algorithm. An OPG or an OPA
defined on the OP alphabet selects an appropriate subset within its universe. OPAs
form a Boolean algebra whose universal element is the max-automaton. The language
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classes recognized by deterministic and non-deterministic OPAs coincide. For a more
complete description of the OPL family and of its relations with other CFLs we refer
the reader to [121].

4.2 OQOperator Precedence w-Languages

All definitions regarding OPLs are extended to infinite words in the usual way in-
troduced for w-regular languages [155] and extended to VPLs [4], but with a few
distinctions [119]. Recall that, given a set of characters I, by I' we mean the set of
all (countably) infinite words made of characters in I

Of course, OP w-words are not terminated by the delimiter #. Given an OP al-
phabet (X, M), an w-word w € 3¢ is compatible with M if every finite prefix of w
is compatible with M.

Definition 4.15 (Open Chain). An w-word may contain never-ending chains of the
form ¢y < ¢; =c9 = - -, where the < relation between c( and c; is never closed by a
corresponding >. Such chains are called open chains and may be simple or composed.
A composed open chain may contain both open and closed subchains. Of course, a
closed chain cannot contain an open one. A terminal symbol a € ¥ is pending if it is
part of the body of an open chain and of no closed chains.

OPA variants accepting Operator Precedence w-Languages (wOPLs) can be de-
fined by augmenting Definition 4.11 with Biichi or Muller acceptance conditions.
With Biichi acceptance conditions, as we saw in Section 2.2.2, a word is accepted if a
state from the final set is visited infinitely often. Automata using Muller acceptance
conditions are equipped with a set of sets of final states called its table, and the set
of states occurring infinitely often must be exactly one of them for an w-word to be
accepted. In this work, we only consider Biichi conditions, because they are the ones
most frequently used in the model-checking literature. Nevertheless, Muller condi-
tions could be used too, since they are equivalent in expressive power when applied
to wOPLs [119].

Definition 4.16 (Operator Precedence Biichi Automaton (WOPBA)). An wOPBA is
atuple A = (3, M,Q,I,F,¢), where ¥, M,Q,I, F,§ are the same as in Defini-
tion 4.11.

The semantics of configurations, moves and infinite runs are defined as for OPAs.
For the acceptance condition, let p be a run on an w-word w. We define

Inf(p) = {q € Q | there exist infinitely many positions i s.t. {3;, q, z;) € p}

as the set of states that occur infinitely often in p. p is successful iff there exists a state
¢y € F such that g5 € Inf(p). An WOPBA A accepts w € 3¢ iff there is a successful
run of A on w. The w-language recognized by A is

L(A) = {w € 3¥ | Aaccepts w}.

Unlike OPAs, wOPBAs do not require the stack to be empty for word acceptance:
when reading an open chain, the stack symbol pushed when the first character of the
body of its underlying simple chain is read remains into the stack forever; it is at most
updated by shift moves.

In our model-checking procedures, we will need a slight variation on wOPBAs:
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Definition 4.17 (Generalized wOPBA). A generalized wOPBA is a tuple A = (X, M,
Q,1I,F,6), where ¥, M, Q, I, 6 are the same as in Definition 4.11, and F C P(Q) is
the set of sets of Biichi-final states.

The semantics of configurations, moves and runs are defined as for wOPBAs. The
acceptance condition is, again, different: a run p on an w-word is successful iff for all
F; € F there exists a state ¢; € F; such that ¢; € Inf(p).

Generalized wOPBA can be translated to normal wOPBA polynomially:

Theorem 4.18. Let A = (X, M,Q,I,F,0) be a generalized wOPBA. It is possible to
build an wOPBA A’ with |Q)| - |F| states such that L(A") = L(A).

Proof. We use the construction based on counters we already saw in the proof of
Theorem 2.14. Let k = |F|; we assign a linear ordering to sets in |F|, and call F},
0 < i < k — 1, the i-th of such sets. We define A" = (X, M, Q’,I’, F’,§") as follows:

cQ =Qx{0,... k—1}
e I'=1x {0}

. F/:F1X{O};

« if (¢,a,p) € push, then for 0 < i <k — 1 we have ((q,7), a, (p,J)) € 6pa

- if (q,a,p) € dsnie, thenfor 0 < i <k — 1 we have ((¢,1),a, (p,J)) € s
« if (q,7,p) € Opop, thenfor0 < i, h < k—1wehave ((g,7), (r,h), (p,])) € Opops
where j =iif ¢ € F;,and j =i+ 1 mod k otherwise.

We recall that, according to this construction, A’ contains k different copies of A;
it starts by running the first one, and switches to the next one (modulo k) each time it
finds an accepting state for the current one. Since the accepting states must be from
the first copy, each infinite run must necessarily cycle through all of them, so that
each accepting condition is satisfied. O

The translation from simple to generalized wOPBAs is trivial, hence the two clas-
ses are equivalent, and enjoy the same closure properties. Indeed, the most important
closure properties of OPLs are preserved by wOPLs:

Theorem 4.19 ([119]). Given two wOPBAs A, and As on OP alphabet (X, M), it is
possible to effectively build the following wOPBAs:

o An such that L(An) = L(Ay) N L(Az);
« Ay such that L(Ay) = L(A1) U L(Ag);
« Aj such that L(A;) = 3* \ L(A;).

Proof. The construction of A, is similar to the finite-word case. Unfortunately, the
one for A; cannot rely on equivalence between deterministic and nondeterministic
automata (which does not hold for wOPBAs), and is much more involved, so we refer
the reader to [119]. Instead, we show the construction for An.

Let Ay = (X, M,Qq, 11, F1,6') and Ay = (3, M, Qa, I2, F»,6%). As in Theo-
rem 4.18, An alternates the execution of A; and .A,, making sure a final state of both
appears infinitely often. We define An = (X, M, Qn, In, Frh, 8") where

57



« Qn=0Q1 x Q2 x{0,1};
o Imzll X[Q X{O};
. Fﬁ:Fl XQQX{O};

o if (q1,a,p1) € 511m5h and (g2, a,p2) € (5§u5h then for all ¢ € {0,1} we have
((q17q27i)7 a, (p17p27j)) € 5;ush;

« if (q1,a,p1) € 5;,”]% and (g2, a,p2) € 5§hift then for all ¢ € {0,1} we have
((Q1»(]27i)7 a, (plva»j)) S 6Q}Liﬁ;

« if (q1,71,p1) € 5;0]0 and (g2, 72, p2) € SZOP then for all 4, h € {0,1} we have
((q17q27i)7 (7"177"27 h’)a (plaanj)) € 5;0p;

with j = iif ¢;41 € Fi41,and j =4+ 1 mod 2 otherwise. O

wOPBAs are also closed under concatenation of an OPL with an wOPL. The equiv-
alence between deterministic and nondeterministic automata is lost in the infinite
case, which is unsurprising, since it also happens for regular w-languages and wVPLs.
A more complete treatment of wOPLs can be found in [119].

4.3 Modeling Programs with OPA

In this section, we show how OPAs can naturally model programming languages such
as Java and C++. Given a set AP of atomic propositions describing events and states
of the program, we use (P(AP), M 4p) as the OP alphabet. Note that, when they are
used as terminal characters, we refer to elements of P(AP) with lowercase letters
even if they are sets. For convenience, we consider a partitioning of AP into a set of
normal propositional labels (in round font), and structural labels (in bold). Structural
labels define the OP structure of the word: M 4 p is only defined for subsets of AP con-
taining exactly one structural label, so that given two structural labels 11, 1o, for any
a,a’ bt € P(AP)s.t.1; € a,a’ and 1y € b, b’ we have Map(a,b) = Map(a', V).
In this way, it is possible to define an OPM on the entire P(AP) by only giving the
relations between structural labels, as we did for M¢an.

Figure 4.5 shows how to model a procedural program with an OPA. The OPA
simulates the program’s behavior with respect to the stack, by expressing its execution
traces with four event kinds: call (resp. ret) marks a procedure call (resp. return), han
the installation of an exception handler by a try statement, and exc an exception
being raised. OPM M an defines the context-free structure of the word, which is
strictly linked with the programming language semantics: the < PR causes nesting
(e.g., calls can be nested into other calls), and the = PR implies a one-to-one relation,
e.g. between a call and the ret of the same function, and a han and the exc it catches.

Each OPA state represents a line in the source code. First, procedure p 4 is called
by the program loader (M0), and [{call, p 4}, M0] is pushed onto the stack, to track
the program state before the call. Then, the try statement at line A0 of p 4 installs
a handler. All subsequent calls to pp and pc push new stack symbols on top of the
one pushed with han. pc may only call itself recursively, or throw an exception, but
never return normally. This is reflected by exc being the only transition leading from
state CO to the accepting state Mr, and pp and pc having no way to a normal ret.
The OPA has a look-ahead of one input symbol, so when it encounters exc, it must
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PAO { pBO { pCO {

AO:  try { BO: pCQ); Co: if () {
Al: pBO; Br: } Ci: throw;
A2: } catch { Cc2: } else {
A3: pPErr(); C3: pCQO);
Ad: pErr(); }
3 Cr: }
Ar: }
. call han call call Callpc
ba try %) A1, Bo, Co
~ret PEr exc ‘
ret‘ A4 call A0 ‘
pEr'r‘
call
pE'r”r

Figure 4.5: Example procedural program (top) and the derived OPA (bottom). Push,
shift, pop moves are shown by, resp., solid, dashed and double arrows.

pop all symbols in the stack, corresponding to active function frames, until it finds the
one with han in it, which cannot be popped because han = exc. Notice that such
behavior cannot be modeled by VPAs or NWAs (cf. Section 3.2.4), because they need to
read an input symbol for each pop move. Thus, han protects the parent function from
the exception. Since the state contained in han’s stack symbol is A0, the execution
resumes in the catch clause of p4. pa then calls twice the library error-handling
function p g,, which ends regularly both times, and returns. The string of Figure 4.2
is accepted by this OPA.

In this example, we only model the stack behavior for simplicity, but other state-
ments, such as assignments, and other behaviors, such as continuations, could be
modeled by a different choice of the OPM, and other aspects of the program’s state
by appropriate abstractions [104].
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Chapter 5

Model-Theoretic Background

In this chapter, we give an introduction to the model-theoretic techniques we used
for the expressive completeness proof of the logic we present in this thesis.

We start with the seminal work of A. Ehrenfeucht, who introduced a game-the-
oretic characterization [71] of the definition of elementary equivalence given by R.
Fraissé [82]. The resulting technique, called Ehrenfeucht-Fraissé (EF) games, has been
extensively used to study the expressiveness of first- and second-order logic. EF games
are in fact often used to prove that a given property is not first-order definable. They
were also used to assess the decidability of logical theories: in particular S. Shelah
used them to prove that the theory of monadic second-order logic over linear order-
ings is decidable [149], providing an alternative to the automata-based proof by J.R.
Biichi [42].

The contents of this chapter have been collected mainly from [145, 156]. For a
more comprehensive introduction to model theory, we refer the reader to [90, 101].

In the following, we assume some familiarity with the basics of FOL. We refer to
FOL as defined in Section 2.2.1, mostly considering the first-order theory of labeled
linear orderings in examples. Nevertheless, the techniques presented in this chapter
are general enough to be applied to any first-order signature, and we will in fact use
them on unranked ordered trees in Chapter 9.

Notation We call a signature a set of predicate symbols © = {R;, Ry,...,R,},
each one with an arity «(R;), 1 < i < n. An interpretation or structure on O is a
tuple A = (A, R{,..., RA), where A is a set called the universe or domain of A, and
forl1 <i<n, R;—A C A~(i) ig a relation on A.

If ¢ is a FO formula with no free variables on a signature © and A is an inter-
pretation of O, we write .4 = ¢ meaning that ¢ is true on structure .4, and also say

that A is a model of p. If p(z1,...,2,) is a FO formula with m free variables on
a signature ©, A is an interpretation of © with domain A, and a4,...,a,, € A, we
write (A, a1,...,am) E ¢(21,...,2,) meaning that ¢(x1, ..., 2, ) is true on A if

we assign a; to variable z; for 1 <i < m.

5.1 Elementary equivalence and its characterizations

We start by saying what we mean by elementary equivalence.
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Definition 5.1. Given two algebraic structures .4 and B on the same signature, we
say that they are elementarily or first-order equivalent, written A = B iff for any FO
formula ¢ on that signature we have A = ¢ iff B = .

The set {¢ € FOL | M |= ¢} is called the firsi-order theory of a structure M.

However, we are actually interested to a weaker form of elementary equivalence,
that depends on the nesting of quantifiers we allow in formulas.

Definition 5.2 (Quantifier Rank). The quantifier rank or depth of a FOL formula ¢,
denoted qr(y), is defined by syntactic induction as follows:

« if ¢ is atomic, then qr(¢) = 0;
. if o = ) for some ¥, then qr(¢) = qr(y);

« if  is of the form ¥1 V Yo, Y1 A g, )1 = 19 or Y1 <= )5 for some
and 19, then qr(p) = max(qr(¢n), qr(¢2));
« if @ is of the form 3¢ or Vi) for some 1, then qr(p) = qr(v) + 1.

Indeed, we consider equivalence between structures according to formulas of up
to a given quantifier rank.

Definition 5.3 (Rank-%k equivalence). Given an integer £ > 0 and two algebraic
structures A and 5 on the same signature, we write A =, 3 iff for any FOL formula
¢ such that qr(¢) = k we have A E o iff B = .

If A and B are respectively the domains of .4 and B, and we additionally have the
distinguished elements a1, ..., a, € Aand by,...,b, € B, we write

(.A,al,...,am) =k (B,bl,...,bm)

iff for any FOL formula with m free variables (1, ..., x,,) such that
qr(e(z1,...,2m)) = k we have

(Ayar,...;am) E (@1, ... xm) I (Bybi,...,bm) E (X1, .., Tm).

Of course, we have A = B iff A = B for all k > 0. Moreover, = is an equiva-
lence relation among structures on the same signature.
This also yields a similarly restricted concept of theory:

Definition 5.4 (Rank-k type). Given an integer k£ > 0 and a structure A, we define
the rank-k type of A as the set

or(A) = {p € FOL | A |= p AN ar(p) = k}.
We call 'y, the set of all rank-k types on a given signature.

If A is the domain of A and ay, . ..a,, € A are distinguished elements of A, we
define the rank-k type of (A, ay ..., ay,) as the set

or(Asar,...,am) =

(Aaala"'aam) ': (P(-T17~--,$m),
{ap(azl,...,xm)eFOL Wl o)) = k }
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Note that A =5, B iff 01,(A) = 0(B), so rank-k types can be seen as the equiv-
alence classes of the =, relation. As we shall see, the number of such classes for a
given k is actually finite.

Rank-k types can be characterized in a more practical way, actually devised by J.
Hintikka [95] before rank-k types were introduced.

Theorem 5.5 (Hintikka Formulas). Given an integer k > 0, for any structure A there
exists a formula HY such that qr(H%) = k and for any structure B, we have A =, B
iff B = HY.

Proof (sketch). We actually prove a more general statement by defining formulas

H(’“A’E)(xl, ce sy Tm)s

where @ = (ay,...,a,) € A™ such that (B,by,...,b,) E H(kAﬁ)(xl, ey ) I
(A a1,...,am) =k (B,b1,...,by). We define such formulas inductively on k.

If £ = 0, and ® is the set of all possible atomic formulas on A’s signature (i.e.,
all formulas of the form z; = x; and Rp(x;,, ..., i, ), where all variable indices
range between 1 and m and R, is a predicate symbol), we define

H?Aﬁ)($1,~~.7$m) = /\ v A /\ —p.
ped, p€eDd,
(Aa)=e (Aa) e

Then, we have
H(]ttla)(xh ey Tyn) ::/\{EIyH(kA@a)(xl7 ce T, Y) | a € A}
/\Vy\/{H(’“A7a7a)(x1, e T, Y) | a € A}

The fact that the two sets in the formula above are finite can be shown by proving
that there are finitely many H (k ‘4@ (®1, ..., @) formulas for any A, @ and m on a
given signature, by induction on k. O

Thus, given a rank-k type o, if we take a structure A such that o3 (A) = o, then
for any other structure B we have B |= H¥ iff 0;,(B) = 0. Hence, for any rank-k
type o there is a Hintikka formula H* that is true in all structures of rank-k type o.

Since there are only finitely many Hintikka formulas of quantifier rank k£ on a
given signature, we can state the following:

Corollary 5.6. There are only finitely many rank-k types on a given signature.
Actually, in general,

Corollary 5.7. There are only finitely many non-equivalent FO formulas of quantifier
rank at most k on a given signature.

Thanks to Corollary 5.6, for any formula ¢ on a given signature with qr(y) = k
we can collect all rank-k types containing ¢, and express ¢ as the disjunction of all
Hintikka formulas characterizing them:

Lemma 5.8 (Distributive normal form). Any FO formula ¢ such that qr(p) = k on a
given signature can be expressed as
7=\ H:

oel’y,
wherel', ={c €Ty | p € o}

Lemma 5.8 will be essential for the proofs in Chapter 9.
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a1 as as aq
by bo bs by bs
o @ @ o o
3,V 1,V 2,4

Figure 5.1: A play of game G3(.A, B) won by 3. A is on top, and B is below. Position
labeled with e.g. n, 3 has been played by 3 in round n.

5.2 Ehrenfeucht-Fraissé Games

We can now introduce EF games as an alternative—and practical—characterization of
=j-equivalence.

EF games are played between two players, V (the Spoiler or Player I) and 3 (the
Duplicator or Player II).! A round of an EF game between two structures A and B
with the same signature starts with V picking an element of the domain of either one
of A and B, followed by 3 answering by picking an element of the other structure. 3
wins the k-round game on two structures if the map between the elements picked by
V and those picked by 3 in each of the first k£ rounds is a partial isomorphism between

A and B.

Example 5.9. Let A and B be two words (cf. Definition 2.5) with no atomic proposi-
tions, respectively of length 4 and 5. Thus, A = (A, <,4) with A = {a1,a2,a3, a4}
and B = (B, <p) with B = {by, ba, b3, bs, b5}. We use a, and b; instead of natural
numbers to emphasize that A ad B are disjoint, and we have a; <4 a; iff i < j and
the same for B; we omit the subscript of < when obvious. We call a;, and b;, the
elements chosen by either player respectively from A and B at round r.

Suppose we have a game in which, in the first round, V chooses b3 and 3 chooses
a9; in the second round V chooses ag and 3 chooses bs; and finally in the third round
V chooses by and 3 a;. This game is depicted in Figure 5.1. We have (a;, , ai,, a;;) =
(CLQ, as, al) and (bjubjz?bjs) = (bg, b5, bg) and, thus, Qg S Agq S A, and big S
bi, < bi,. So, the element chosen by 3 in each round is in the same order as the one
chosen by V with respect to the positions previously chosen by either player in the
same word. Since the linear orders are the only relations in A and B, we can say that
partial isomorphism is kept throughout the game, and 3 wins.

Let us consider, instead, the play shown in Figure 5.2. Here V first chooses b3 and
3 ag; then V chooses by and 3 aq, and finally V chooses b;. Unfortunately, there are
no elements of A before a1, which was already chosen, so 3 is forced to pick a3 or
a4, which both break the isomorphism. If 3 chooses a4, we have (a;,,a;,,a;,) =
(CLQ, ai, CL3) and (bjlabjy bj3) = (bd, bg, bl), SO G, S (7% S Qg but bl% S bi2 S bi1~
Thus, V wins this game.

EF games are better formalized as follows:

Definition 5.10 (Ehrenfeucht-Fraissé Game). Let A = (A, Rq,...,R,) and B =
(B, 51, ...,5p) be two structures with the same signature, where R; and \S; are re-

'We use the notation due to W. Hodges [98], who names the two players V and 3 after Abelard and
(H)Eloise.
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a1 as as aq4
b1 bo b3 by bs
® o @ o .
3,V 2,V 1,V

Figure 5.2: A play of game G3(A, B) won by V. A is on top, and B is below. Position
labeled with e.g. n, 3 has been played by 3 in round n.

lations of arity (). Let@ = (a1,...,a,) € A™ and b = (by,...,b,,) € B™ be
sequences of distinguished elements in respectively .4 and B. Fix k > 0.

A play of the EF game G ((A, @), (B,b)) is an ordered sequence of k rounds. In
round r, V chooses one element, either a,, ., from A or b,,4, from B. 3 responds
with one element from the set not picked by V, called respectively b,, 1 O Gyt

Player 3 wins a play of the game if she keeps a isomorphism between (a1, ...,

amtk) and (b1, ..., bm4k), Le if for each 4, 1 < ¢ < p, and for each sequence of
indices j1,. .., ja(;) between 1 and m + k we have
(aj17 - 7ajam) € R, — (bj17 - 7bja(1i)) S Sl

If this is not the case, the play is won by player V. B
Player 3 has a winning strategy in game G ((A,a), (B, b)) iff there are functions
fi,---, fr suchthatforallr,1 <r <k,

- fr:(AUB)" — (AU B);

o ifcy, ..., ¢, € AU B are the choices of V in the first 7 rounds, then
- frler,...,¢) € Aifc, € B, and
- frler,...,c) € Bife, € A

o ifcy, ..., ¢ € AU B are the choices of V in the first r rounds, and

{cr ife, € A {fT(cl,...,cr) ife, € A
Am+r =

bm r =
frlcty. . yer) ifc. €B + cr ifc, € B

then for each 4, 1 < i < p, and for each sequence of indices ji, ..., ja(i) be-
tween 1 and m + k we have

(ajl,...,aja(i)) € R, — (bjl""7bja(i)) € S;.

If this is not the case, player V has a winning strategy.

If 3 has a winning strategy on game G ((A, @), (B, b)), we write (A, @) ~ (B,b).

Example 5.9 (continuing from p. 64). Consider, again, game G3(A, B). Note that in
this game we do not have @ and b, which would be pre-defined moves. Does either
player have a winning strategy in this game?

The answer is yes, and the player that has a winning strategy is V. In fact, V can
choose b3 in his first move. Then, suppose without loss of generality that 3 chooses
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ay or ay (the strategy if she chooses as or ay4 is symmetric). If 3 chooses a, in the
next move V chooses b; or by, and 3 cannot respond to this move without breaking
isomorphism. If 3 chooses as, in the next move V chooses b, and the play goes on as
in Figure 5.2, with the inevitable defeat of 3.

What about game G5 (A, B)? In this case, the player having a winning strategy
is 3. Whatever element V picks in the first round, 3 just needs to answer with an
element in the other word that is not an endpoint (i.e., not a1, a4, by or bs). Then,
whatever element V chooses in the second and last move, 3 can answer with one in
the same order.

Thus, A ~o B, but A +3 B.

EF games are linked to FOL by the following theorem:

Theorem 5.11 (Ehrenfeucht-Fraissé [71, 82]). Let A and B be two structures on the
same signature, with domains A and B respectively. Given k > 0 and m > 0, for any
ac A™ andb € B™, we have

(A,a) = (B,b) < (A,a) ~ (B,b).

This gives us a practical way of proving that two structures are indistinguishable
by FO formulas of quantifier rank at most k.

Example 5.9 (continuing from p. 65). According to our analysis of games G2 (A, B)
and G3(A, B), we can state that A =, B, but A #3 B. Hence, there exists a FO
formula of quantifier rank 3 that is true in .4 but not in B (or vice-versa), but no
formula of quantifier rank 2 has the same property.

In general,

Corollary 5.12. We have (A,a) = (B,b) iff (A,a) ~, (B,b) forallk > 0.

5.3 Composition Arguments

One of the most successful uses of EF games is to show that the first-order theory

on a class of structures can be determined (and decided) from the theories of parts in

which we divide such structures. In particular, S. Shelah used this kind of arguments in

[149] to show that the rank-k type of the concatenation (or sum) of labeled orderings

is determined by the rank-% types of such orderings, and can be computed effectively.
More formally, given structures

Al = (A17R1717~-~7R1,p);-~-a-’4n = (AnaRn,lv"' ;Rn,p)

on the same signature, with A4, ..., A, disjoint, these can be composed to create a
structure A = (A, U---UA,,S1,...,5,)suchthat R, ; C S forall1 <i <mnand
1<j<p

Then, a composition argument (or theorem) on such structures is a proof that,
given two structures .4 and B that can be divided as above, if for some k > 0 we have
A; =g B; forall 1 < i < n, then A =, B. Such proofs are usually carried out by
noting that, thanks to Theorem 5.11, if A; =, B; then A; ~, B;, and 3 has a winning
strategy on games G (A;, B;), for all i. Thus, if one shows that such strategies can
be combined to obtain a winning strategy for game Gy (A, B3), another application of
Theorem 5.11 leads to A =, B.
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If the final purpose of the composition argument is to prove decidability of a the-
ory as in [149], then one also has to show that the rank-k type of A can be effectively
computed from those of all A;’s that compose .A. However, the purpose of our proofs
will be to show that a FO formula on A can be expressed by combining formulas of
the same quantifier rank on A;’s. For this, we will just need the fact that A; =5 B;
for all ¢ implies A =, B. Thus, formula ¢; with qr(y;) holds in both 4; and B; for
some 17 iff a formula  that contains ; but restricts it to quantify on .A; only holds on
A. This is particularly interesting if (; is a Hintikka formula: if we gather Hintikka
formulas H f‘i forall 1 < ¢ < n and we combine them appropriately, we obtain a
formula that characterizes the rank-k type of A, and is equivalent to H¥.

Example 5.13. As an example, we give a composition argument for the concatenation
of two labeled words.

Let AP be a set of atomic propositions of size p, and A = (A = {a1,...,an}, <4,
PA...,PM)and B = (B = {by,...,by},<p, PP,..., P¥) be two words, where
PLA 1 <7 < p, is the monadic relation (i.e., set) containing positions of A where the
i-th label in AP holds (and the same for PP).

The concatenation of A and B, denoted A + B, is a word C = (C = AU
B, Sc,Pf,...7P§) where, for all 1 < ¢ < p, Pic = PiA U PF, and < is such
that, for all ¢1, co € C, we have ¢; <¢ o iff

e 1,00 € Aand ¢; <y co; 0r

e c1,c5 € Band ¢y <g co;0r

e ci€Aandcy € B.

Now, we can prove the following:

Theorem5.14. Let Ay, By, As, Bo be labeled words on the same set of atomic propositions
AP, andletk > 0.
If.Al =k ./42 and By =, Bs, then (.Al + Bl) =k (.AQ + 82)

Proof. In the following, we call C = A; + By, and D = Ay + Bs, and we write e.g.
¢ € Aj meaning that c is in A;’s domain.

We show that if A; =, A3 and By =, B, 3 has a winning strategy in G (C, D).

The strategy consists in 3 “simulating” games G, (A1, A2) and G (B1, Bz) with
the choices of made by V in the main game. Thus, in each round, if V picks an el-
ement from A; + B; coming from A;, for ¢ € {1,2}, 3 simulates the same move in
G (A1, Asz), and she uses her winning strategy on that game to pick an element form
A(g_i) in response. If, instead, V picks an element from A; + B; coming from B;, 3
uses her winning strategy on G, (B1, B2) to answer with an element from B(3_;).

We prove by induction on the round number 7 that this is a winning strategy for
3. We call ¢; the element of C picked at round ¢, and d; the one picked from D.

In the base case, r = 0, no elements have been picked, so partial isomorphism is
trivially satisfied.

For r > 0, suppose that at round r — 1 partial isomorphism is kept, that is:

« there is a permutation of indices ji, .. ., jr—1 ranging from 1 to  — 1 such that

¢j, <c¢ - <c¢¢j,_,anddj <p--- <pdj _,,and

e foralll<t<r—1landl <p<|AP

,WehavectEPgiffdtePpD.
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We now assume w.l.o.g. that at round 7 V picks an element ¢, from A4, as the proof in
the other cases is symmetric. Let I = {t < r—1 | ¢; € A;}. Then, 3 picks an element
d, € As from D according to her winning strategy in G (A1, Az), simulating a play
of the latter game in which in the first || moves, for each i € I, ¢; has been picked
from Ay, and d; from As.

Clearly, we have ¢, <¢ ¢; for each ¢; € By, and d,. <p d; for each d; € Bs.
Moreover, since d,- was picked according to 3’s winning strategy on G (A1, .As), for
all i € I we have ¢, <4, ¢; iff d, <4, d; and hence ¢, <¢ ¢; iff d, <p d,. For the
same reason, we have ¢, € P;‘l iff d, € P1;42 and hence ¢, € Ppc iff d, € Pz? for all
1<p<I[AP| O

68



Part 11

Temporal Logic
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In this part of the thesis, we present two temporal logics on OPLs.

OPTL is our first attempt at devising a temporal logic capable of expressing OPL
requirements. We present its syntax and semantics in Chapter 6, and study its expres-
siveness with respect to state-of-the-art logics on nested words and FOL in Chapter 7.

OPTL and its model checking were initially presented in [53] and [52], and later
revised in [54]. The contents of Section 7.2 have been introduced in [58].

Then, we present POTL, a temporal logic that captures the FO-definable fragment
of OPLs. We introduce its syntax and semantics in Chapter 8, and study its expres-
siveness in Chapter 9. The questions of model checking and satisfiability are settled
in Part III.

POTL and its model checking have been presented in [56], upon which Chapter 8
is partially based; the expressive completeness proof of Chapter 9 is presented in [58].
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Chapter 6

OPTL Syntax and Semantics

As we saw in Chapter 4, languages recognized by different OPAs on a given OP alpha-
bet form a Boolean algebra. These properties allow us to define OPTL as a sound pro-
positional temporal logic, with logical disjunction, conjunction and negation. Given
an OP alphabet, each well-formed OPTL formula characterizes a subset of the uni-
versal language based on that alphabet. Due to the closure properties above, for each
OPTL formula it is possible to identify an OPA that recognizes the same language
denoted by it, paving the way for model checking of OPTL.

Although in Chapter 7 we prove that OPTL is not as expressive as FOL on OP
words, we include it in this thesis as an important step in the process of defining
temporal logics and model checking for OPLs, as well as for the importance of the
negative result on expressiveness itself, because of the original technique used.

Next, in Section 6.1 we present OP words, the algebraic structure upon which
OPTL—and also POTL, which we present in Chapter 8—is based. Then, we introduce
the syntax of OPTL explaining its meaning by means of simple examples in Section 6.2;
we formally define its semantics in Section 6.3, and provide more complex, real-world
examples in Section 6.4.

6.1 Operator Precedence Words

Operator Precedence Temporal Logic (OPTL) is a linear-time temporal logic, which
extends the classical LTL. We recall that the semantics of LTL [138] is defined on
a Dedekind-complete set of word positions U equipped with a total ordering < and
monadic relations, called atomic propositions (cf. Section 2.2). In this work, we con-
sider a discrete timeline, hence U = {0, 1,...,n}, withn € N,or U = N,

The total order, however, is not sufficient to express properties of more complex
structures than the linear ones, such as tree-shaped ones, which are the natural do-
main of CFLs. Other logics on CFLs, such as the one from [115] and those on nested
words, use a matching relation between terminal characters that act as parentheses.
OPLs are structured but not “visibly structured” as they lack explicit parentheses (cf.
Chapter 4). Nevertheless, a more sophisticated notion of matching relation has been
introduced in [119] for OPLs by exploiting the fact that OPLs remain input-driven
thanks to the OPM. We name the new matching condition chain relation and define it
below. We fix a finite set of atomic propositions AP, and an OPM M 4p on P(AP).
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# < call < han < call < call < call > exc > call = ret > call = ret > ret > #
ba bPB bc bc PErr PErr PErm PErm pPaA
0 1 2 3 4 5 6 7 8 9 10 1 12

Figure 6.1: The example word w,; from Chapter 4 as an OP word. Chains are high-
lighted by arrows joining their contexts; structural labels are in bold, and other atomic
propositions are shown below them. p; means a call or a ret is related to procedure
pi. First, procedure p 4 is called (pos. 1), and it installs an exception handler in pos. 2.
Then, three nested procedures are called, and the innermost one (p¢) throws an ex-
ception, which is caught by the handler. Two more functions are called and, finally,
pa returns.

Definition 6.1 (OP word). A word structure—also called OP word for short—on AP is
the tuple (U, <, M ap, P), where U, <, and M 4 p are as above, and P: AP — P(U)
is a function associating each atomic proposition with the set of positions where it

holds, with 0, (n + 1) € P(#).

For the time being, we consider just finite string languages; the necessary exten-
sions needed to deal with w-languages will be introduced in Section 6.3.1.

Definition 6.2 (Chain relation). The chain relation x (i, j) holds between two posi-
tions 4,7 € U iffi < j — 1, and 7 and j are respectively the left and right contexts of
the same chain (cf. Definition 4.9), according to M 4 p and the labeling induced by P.

In the following, given two positions %, j and a PR 7, we write ¢ 7 j to say a 7 b,
wherea = {p | i € P(p)},and b = {p | j € P(p)}. For notational convenience,
we partition AP into structural labels, written in bold face, which define a word’s
structure, and normal labels, in round face, defining predicates holding in a position.
Thus, an OPM M can be defined on structural labels only, and M 4p is obtained by
inverse homomorphism of M on subsets of AP containing exactly one of them.

The chain relation augments the linear structure of a word with the tree-like struc-
ture of OPLs. Figure 6.1 shows word w, from Chapter 4 as an OP word and empha-
sizes the distinguishing feature of the relation, i.e. that, for composed chains, it may
not be one-to-one, but also one-to-many or many-to-one. Notice the correspondence
between internal nodes in the ST, which we show again in Figure 6.2, and pairs of po-
sitions in the y relation. To exemplify the partition into structural and normal labels,
in the word of Figure 6.1 position 1 is labeled with the set {call,p4}, and position
3 with {call, pp}: they both contain call, so they are in the < relation according to
matrix Mcan of Figure 4.2.

In the ST, we say that the right context j of a chain is at the same level as the left
one ¢ when i = j (e.g., in Figure 6.2, pos. 1 and 11), at a lower level when i < j (e.g.,
pos. 1 with 7, and 9), at a higher level if i > j (e.g., pos. 3 and 4 with 6).

Furthermore, given 7, j € U, relation x has the following properties:

1. It never crosses itself: if x(¢,j) and x(h, k), for any h,k € U, then we have
1<h<j = k<jandi<k<j = 1< h

2. If x(i,j), theni<<i+landj — 1> j.
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cally . reti1

cally retyo

BN

Figure 6.2: The ST of word we,, (the same as Figure 4.4, but with position numbers).
Dots represent non-terminals.

3. Consider all positions (if any) i1 < 4o < -+ < iy s.t. x(ip,j) foralll <p < n.
We have iy < joriy =jand,ifn > 1,4, > jforall2 < g <n.

4. Consider all positions (if any) j1 < jo < -+ < jn s.t. x(4, jp) forall 1 < p < n.
We have ¢ > j,, ori = j, and,if n > 1,7 < j, foralll < g <n—1.

Property 4 says that when the chain relation is one-to-many, the contexts of the out-
ermost chain are in the = or > relation, while the inner ones are in the < relation.
Property 3 says that contexts of outermost many-to-one chains are in the = or <
relation, and the inner ones are in the > relation. We prove such properties below.

Lemma 6.3. Given an OP word w and positions i, j in it, properties 1, 2, 3, and 4 hold.

Proof. In the following, we denote by ¢, the character labeling word position p, and
by writing “~[2oCoZ1 - . . TnCnTnt1]°" ' we imply ¢_; and ¢, 41 are the contexts of
a simple or composed chain, where either z, = ¢, or “»~*[z,,|° is a chain, for each p.

1. Suppose, by contradiction, that x(,7), x(h,k), and i < h < j, but k > j.

Consider the case in which x(%, j) is the innermost chain whose body contains
h, so it is of the form “[zgcy . .. chEpCp . . . CrTnt1]% O “[ToC) . . . CRTH41]F.
By the definition of chain, we have either c; = ¢, or ¢;, > c¢;, respectively.
Since x(h, k), this chain must be of the form “*[z,cp, .. .] or [z, 1¢; .. .]%,
implying ¢}, < ¢, or ¢j, < c;j, respectively. This means there is a conflict in the
OPM, contradicting the hypothesis that w is an OP word.
In case X (i, j) is not the innermost chain whose body contains h, we can reach
the same contradiction by inductively considering the chain between ¢ and j
containing h in its body. Moreover, it is possible to reach a symmetric contra-
diction with the hypothesis x (%, ), x(h, k), and i < k < j, buti > h.

2. Trivially follows from the definition of chain.

3. We prove that only i1 can be s.t. i1 < j or i3 = j. Suppose, by contradiction,
that for some r > 1 we have ¢, < j or i, = j.

If i, < j, by the definition of chain, j must be part of the body of another com-
posed chain whose left context is i,. So, w contains a structure of the form
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Crlzocy .. .)% where |zg| > 1, “r[z0]%, and k > j is s.t. x(ir, k). This con-
tradicts the hypothesis that x (i1, j), because such a chain would cross x (i, k),
contradicting property (1).

If i, = j, then w contains a structure “r—1[...¢; x; |%, with |z; | > 1 and
Cir[x; ]%. By the definition of chain, we have i, > j, which contradicts the
hypothesis.

Thus, the only remaining alternative for » > 1 is 4, > j.

Similarly, if we had i1 > j, the definition of chain would lead to the existence
of a position h < i3 s.t. x(h, 7), which contradicts the hypothesis that 7; is the
leftmost of such positions. i; < 7 and ¢; = j do not lead to such contradictions.

4. The proof is symmetric to the previous one. O

While LTL’s linear paths only follow the ordering relation <, paths in OPTL may
follow the x relation too. As a result, an OPTL path through a string can simulate
paths through the corresponding ST. In the next section, we introduce such kinds of
paths informally.

6.2 Syntax and Informal Semantics

The syntax of OPTL is given by the following grammar, where a denotes any symbol
in AP:

pu=al-p|(pAp)|Op|Oxp|Op|Oxyp
LU oUT eS| ST o] eU® | eS®

We informally show the meaning of OPTL operators by referring to the word of Fig-
ure 6.1, with respect to the OPM of Figure 4.2. The O and © symbols denote the next
and back operators from LTL, while the undecorated I/ and S operators are the LTL
until and since. These operators have the same semantics as in LTL, and thus they
may only express regular properties, although they do so on OP words, whose struc-
ture is tree-like, and not only regular. In order to fully exploit the expressive power
of OPLs, operators that interact with the peculiarities of their structure are needed.

The O, and ©,, operators, which we call matching next and matching back, ex-
press properties on string positions in the maximal chain relation (which will be for-
mally defined later on) with the current one. In Figure 6.1, the chain relation between
two positions is shown by an arc joining them. A chain is maximal if it is the outer-
most one starting or ending in a position: for example, the chain between positions
1 and 11 is maximal, while the ones between 1 and 7, and 1 and 9 are not, because
they are contained in the body of the former. For example, formula O, exc, when
evaluated in positions containing a call, is true if the corresponding procedure is ter-
minated by an exception thrown by an inner procedure, such as 3 and 4 of Figure 6.1,
because position 3 forms a maximal chain with 6, in which exc holds, and so on. For-
mula O, han, if evaluated in exc positions, is true if the corresponding exception is
caught by a han statement: it holds in 6, because position 2 forms a chain with it, and
han holds in 2.

The U and ST operators, called operator precedence summary until and since,
are inspired to the homonymous U° and S operators from NWTL, and are path
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operators that can “jump” over chain bodies; the symbol II is a placeholder for one or
more precedence relations allowed in the path (e.g. /<= or > < and so on).

The presence or absence of these relations influences the ability of the summary
paths associated with these operators to “cross” chains, entering them from the out-
side or exiting them from the inside. The > relation allows paths starting inside the
body of a chain to exit it, and proceed with its right context. Note that the position
before the right context of a chain is always in the > relation with it. For example,
formula (call V exc) U*> call is true in position 5 because there is a path that links
positions 5, 6 and 7, which are in the > relation: positions 5 and 6 satisfy call V exc,
while position 7 satisfies call. Since call positions yield precedence to other call po-
sitions, if this operator is evaluated in position 3 or 4, its paths cannot enter the body
of an inner procedure call, but they can only jump to the exc statement.

The < relation allows paths to enter call bodies: formula T U< p¢ is true in
position 2 because of paths 2-3-4 and 2-3-4-5, which enter all chains they encounter.
Such paths could, however, skip the maximal chain starting in 2 and continue with 6.
This can be prevented by adding (han V call), reducing the scope of the formula to
a single stack frame: han A ((han V call) < p¢) holds in han positions that are
present in the stack when procedure p¢ is called.

The = relation allows paths to connect consecutive positions that are part of the
same right-hand side. This is useful especially in the presence of OPMs with =-cir-
cularity, such as the one we will use in Section 7.1. The precedence relations can be
combined together to sum these three different behaviors for the summary until and
since operators, posing or lifting restrictions on the way these operators navigate the
tree-like structure of OP words. In a sense, U <= resembles the summary-down until
of NWTL, while /=> behaves similarly to the summary-up, with the difference that
OPTL operators can interact with multiple chains ending in the same position. Similar
considerations can be made for the since versions of these operators.

UQ and SO, where @ is a placeholder for 1 or |, are called hierarchical until and
since, and express properties about the multiple positions in the chain relation with
the current one: their associated paths can dive up and down between such positions.
For example, call U pgyr and call S* p g, hold in position 2, because there is path
7-9 made of ending positions of chains starting in 2, such that call holds until p g,
holds (or call has held since p g, held). Formulas call 4* pc and call ST pg hold
in position 6, because of path 3-4, made of positions where a chain ending in 6 starts,
and whose labels satisfy the appropriate until and since conditions.

6.3 Formal Semantics

The semantics of OPTL is based on the OP word structure presented in Definition 6.1,
and it deeply relies on the chain relation, from Definition 6.2. We additionally define
two one-to-one relations, helpful in identifying the largest chain starting or ending in
a word position.

Definition 6.4 (Maximal chains). The maximal forward chain relation is defined so
that, forany i, 5 € U,

X(i,§) <= x(@ )N GE=5Vi>j);
the maximal backward chain relation is defined as

N(i,§) <= x(@j)A({i<jVi=j).
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In finite OP words, this implies X (, j) iff j = max{k € U | x(i,k)} and % (4, 5)
iff i = min{k € U | x(k,7)}. In Section 6.3.1, we shall see that this does not always
hold in OP w-words. The maximal forward (resp. backward) chain relation is unde-
fined for a pair of positions either if they are the context of no chain, or if they are
the context of a chain which is not forward- (resp. backward-) maximal.

Let w be an OP word, and a € AP. Then, for any position ¢ € U of w, we have
(w,i) = aif a € P(i). Operators such as A and — have the usual semantics from
propositional logic, while O and © have the same semantics as in LTL (i.e. (w,4) =
O iff (w,i+ 1) E ¢, and similarly for ©).

The O, and O, operators express properties regarding the right (resp. left) context
of a maximal chain that starts (resp. ends) in the current position:

. (w,i) = O, ¢ iff there exists j € U such that ¥ (i,) and (w, j) = ¢;
. (w,i) = O, y iff there exists j € U such that § (4, 1) and (w, j) = ¢.

In Figure 6.1, (w, 3) = O, exc because X (3,6) and (w, 6) = exc; (w, 6) = O, han
holds because % (2, 6) and (w, 2) = han, but (w,6) ¥ O, pp because chain x(3, 6)
is not backward-maximal (although it is forward-maximal).

We define until and since operators based on the class of paths they consider.

Definition 6.5 (Paths, until and since). A path of length n € N between 7,5 € U is
a sequence of positions i; < 49 < -+ < 4y, with i < 4; and 7,, < J.

The until operator on a set of paths I is defined as follows: for any word w and
position ¢ € U, and for any two OPTL formulas ¢ and ¢, (w, i) = @ U(T') 9 iff there
exist a position j € U, j > i, and a path iy < i3 < --- < i, between i and j in I"
such that (w,ix) = ¢ forany 1 < k < n, and (w, i,) = .

The since operator is defined symmetrically.

Note that a path from ¢ to j does not necessarily start in ¢ and end in j, but it
may do in positions between them. However, this will only happen with hierarchical
paths. We define the different kinds of until/since operators by associating them with
suitable sets of paths.

The linear until (¢ U 1)) and since (¢ S 1)) operators, based on linear paths, have
the same semantics as in LTL. A linear path starting in position ¢ € U is such that
i1 =i and, for any 1 < k < n, we have i1 =i + 1.

The OP-summary until operator exploits the X relation to express properties on
paths that skip chain bodies, also keeping precedence relations between consecutive
word positions into account.

Definition 6.6. Given aset Il C {<, =, >}, the '! operator is based on the class of
forward OP-summary paths. A path of this class between ¢ and j € U is a sequence
of positions ¢ = i1 < i < --- < i, = 7 such that, forany 1 < k < n,

. h if X (i, h) and h < j;
1 =
e i +1 ifdg 7w (i + 1) with 7 € II, otherwise.

There exists at most one forward OP-summary path between any two positions.
For example, in Figure 6.1, if we take II = {>} as in (call V exc) U> call, the path
between 3 and 9 is made of positions 3-6-7, because 7(3, 6) and the body of this
chain is skipped, and 6 > 7. If we add =, and use (call V exc) U> ret, the path
starting from position 3 can extend to 11, going through 3-6-7-8-9-10-11. If we took
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e.g. Il = {=, <}, there would be no such path, because consecutive positions in the
> relation are not considered. With IT = {>, <}, the path between 1 and 7 does not
skip the body of chain x(2, 6), because it is not forward-maximal: it is the linear path
1-2-3-4-5-6-7.

The OP-summary since operator is based on backward OP-summary paths, which
are symmetric to their until counterparts, relying on the %X relation instead of Y.

Definition 6.7. A backward OP-summary path is a sequence of positions ¢ = i; <
ig < --- < i, = jsuch that, forany 1 < k < n,

, h if % (h,ix) and h > i;
1L =
bt ir —1 if (i — 1) 7 9 with 7 € II, otherwise.

For example, (exc V han) S< call holds in position 6 because of path 1-2-6, that
skips the body of chain % (2, 6) and satisfies exc V han in 2 and 6, and call in 1.
Again, bodies of chains that are not backward-maximal cannot be skipped.

While summary operators are only aware of the maximal chain relations, hierar-
chical operators can express properties discriminating between all other chains. The
hierarchical yield-precedence until and since operators, denoted as UT and S* respec-
tively, are based on paths made of the ending positions of non-maximal chains starting
in the current position ¢ € U.

Definition 6.8 (Hierarchical yield-precedence path). A hierarchical yield-precedence
path is a sequence of word positions i1 < 42 < -+ < iy, with¢ < i, such that for any
1 < k < n we have i < i), and x(4, ix), and, additionally, there is no 7}, that satisfies
these two properties and i5_1 < i}, < 9.

Moreover, for the until operator 7; must be the leftmost position enjoying the
above properties (i.e., there is no ¢} such that ¢ < i} < i; enjoying them), and for the
since operator i, must be the rightmost one.

S+ is called a since operator despite being a future modality. We chose this naming
because in formulas such as ¢ S* 1), the argument ¢) must hold at the beginning of
the path, while ¢ must hold in subsequent positions, which is the typical behavior of
since operators. Note that these paths only contain forward non-maximal chain ends,
which are in the < relation with . For example, in position 1 formula call U per
holds because of path 7-9, since call holds in 7 and p g, in 9; the path made only of
position 7 satisfies it too. Similarly, call S* pg,. is satisfied by path 7-9, and by the
one made of only position 9. Position 11 is not included in these paths, because it does
not satisfy the condition 2 < 11 (indeed, 2 > 11).

Conversely, hierarchical take-precedence until and since operators (4* and ST)
consider non-maximal chains ending in the current position j € U.

Definition 6.9 (Hierarchical take-precedence path). A hierarchical take-precedence
path is a sequence of word positions i; < 49 < -+ < ip, with ¢,, < 7, such that for
any 1 < k < n we have iy, > j and x(ix, j), and, additionally, there exists no position
1), that satisfies these two properties and is, < 7}, < ip41.

For the until operator, i; must be the leftmost position enjoying these properties,
and for the since operator i,, must be the rightmost (i.e., there is no i/, i, < i}, < 7,
that satisfies them).

Note that * is an until operator despite being a past modality: again, the reason
is that o U+ 1) enforces 1) at the end of the path, and ¢ in previous positions, making
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it more similar to an until operator. In position 6, call U+ p¢ is satisfied by path 3-4
and not by the one made only of position 3, because p¢ does not hold in 3, but it does
in 4, and call holds in 3. Formula call ST pp is satisfied by path 3-4, and not by the
one made only of 4, because pp holds in 3 and call in 4.

6.3.1 OPTL on w-Words

In order to extend the semantics of OPTL to the infinite case, it suffices to consider an
infinite set of positions U = N. The formal definitions of all OPTL operators remain
the same we defined above.

Concerning the intuitive meaning, the only change concerns forward-maximal
chains (). We formally defined 7(2, j) tohold if x(¢,7) and ¢ = j or i > j. In finite
OP words, one of such chains is also the outermost one starting in a position 7. In
w-words, the outermost chain may be open (cf. Section 4.2). In this case, according to
Definition 6.4, 7(2, J) does not hold for any j if i is the left context of an open chain.

Consequently, property 4 of the x relation does not hold if a position i is the left
context of an open chain. In this case, there may be positions j; < jo < --- < j,
such that x(7, j,) and i < j, for all 1 < p < n, but no position k such that x(¢, k) and
i>kori=k.

6.4 Examples

Many relevant properties can be expressed in OPTL. We use the standard shortcuts of
LTL, such as [J and <, extended naturally to OPTL operators. E.g., ot =T ur P,
and (7 P = ot —) are defined such that, if evaluated in position ¢, they mean that

1 holds in, respectively, at least one and all positions j with (i, j) and not Y (i, ).
Otap:= T ST4p and ¥ ¢ := —~ OV —1) are symmetric.

Total/partial correctness Formula O"®* ¢ := O, (retAy)VO(ret A1), evaluated
in a call, states that it is closed by a ret in which ¢ holds. Thus, formula

Ofcall = O™ T]

holds if all procedures terminate, while it is false if there is an uncaught exception.
We can also express Hoare-style pre- and post-conditions [97], which are used in
most classical verification techniques. Formula

Ol(call Apa A p) = O 4]

expresses total correctness, i.e. whenever pre-condition p holds when procedure p4 is
called, the latter terminates normally, with post-condition § holding. Instead,

Ol(call Apa Ap AO™* T) = O™t 0]

expresses partial correctness, i.e. the post-condition has to hold only when the proce-
dure terminates normally.

Exception Safety We can do the same with exc statements:

O := Oy (exc A1) V O(exc A1),
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evaluated in a call, states that it is terminated by a exc in which 1 holds. For-
mula Of(call A py) = —0O°*°T] is the requirement that procedure p4 never
throws an exception, also known as the no-throw guarantee. When partial correct-
ness is generalized to exceptions, we get exception safety [1], an important concept
for the correctness of, especially, C++ programs. Weak (or basic) exception safety
requires that, when a C++ class member function terminates exceptionally, all class
invariants are preserved (so the class instance is still in a functional state), and no
resources are leaked. Strong exception safety adds the requirement that, in case of
exceptional exit, the operation is aborted, and the state of the instance remains the
same as it was before the member function was called. If 0 is a class invariant, formula
Ol(call Apa A AO*CT) = O°*°0)| expresses weak exception safety for p4,
and strong exception safety if 6 represents the whole state of the class instance.

Function-Local Requirements With OPM M_ay, the call of a procedure is the
left context of non-maximal chains whose right contexts are the calls and hans it
issues (except the first one). Thus,

olecq) .= OT((call Avp) V (han A O (call = 1))

is true if ¢) holds in one of the calls issued by the procedure represented by the call in
which it is evaluated (even if they are guarded by a han). A “globally” version of this
operator can be defined symmetrically. If we mark with wrx the fact that a function
writes the program variable X, then [J[call = (O°wry == O°*¢ T)] requires
that any function whose sub-calls write to X is terminated by an exception.

We did not include “internal” positions in OPM My for conciseness of the ex-
amples, but they could be defined with an =-circularity as we will do in OPM MW
from Section 7.1, in order to represent program instructions that do not concern func-
tion invocation or termination. Then, function-local requirements on such positions
could be easily expressed with a L/~ operator.

Stack Inspection  Stack Inspection gathers a wide range of requirements concerning
the sequence of function frames that are present on the program’s stack at a certain
point of the execution. It is used to enforce security policies in, e.g., Java programs
[76, 102]. With the shortcut

@ Sy = (call = ¢) S (call A ¢)

we get a since operator that only considers calls of procedures whose instances are
active when the statement at the current word position is executed. This operator is
similar to the call since of CaRet [8], but it can also work in the presence of excep-
tions. We also add the related back operator 0!y := (—call) S<= (call A 1)),
which enforces 1) in the call of the function on top of the stack at the point in the ex-
ecution represented by a word position. Due to the separation property of LTL [86],
these operators can express all first-order properties on the stack trace, subsuming
the formalism of [102].

A typical requirement of this class is the following: function p 4 can only be called
by functions with privilege level 1;, an not by those with the lower privilege lo. We
can check this with formula [)[(callAp4) == (—l3)S@!;]. This is also expressible
in CaRet, but in OPTL we may additionally state that, if this requirement is violated,
an exception is thrown: O[(call Apa A (=1;) S@lly) = ©O°*° T]. With a similar
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operator, formula ([call A pg = call S<= han] states that all calls to procedure
pp must be guarded by a han statement catching the exceptions they may throw.

With hierarchical operators, we can formulate requirements limited to the proce-
dures in the stack trace that have been terminated by a single exc statement. Shortcut
Otap is true in a exc position if ¥ holds in at least one of the functions it termi-
nates. So, we may express restrictions on which procedures may raise exceptions.
E.g,Olexc => — <t pp] means that procedure pp cannot be terminated by an ex-
ception. Formula (J[exc = (—lz) ST 1;] means that only functions with privilege
level I; may throw, and those with level 15 may only do so through an invocation to
one of them.

Remark 6.10. Those of the requirements listed above that deal with exceptions are not
expressible in NWTL, because its nesting relation is one-to-one, and fails to model
situations in which a single entity is in relation with multiple other entities. As we
noted in Section 3.2.4, VPLs can be used to model function calls and returns, which
are in a one-to-one relation, but they cannot model the example of Figure 6.1, because
they have no way to express the many-to-one relation that holds between multiple
function calls terminated by an exception, and the exception itself.

6.5 Model Checking and Satisfiability

A model checking procedure for OPTL has been presented in [54]. It is based on the
automata-theoretic framework we presented for LTL in Section 2.2.2, except OPAs
(and wOPBAs) are used instead of NBAs. Because of the limitations in OPTL’s ex-
pressiveness shown in Section 7.2, we did not implement its model checking, and
here we only outline the main results.

Theorem 6.11 ([54]). For any OPTL formula , it is possible to effectively build an OPA
(or an wOPBA) that accepts models of @ with at most 20?1 states.

Thus, the complexity of model checking is not greater than that of competing
logics on nested words, such as NWTL.

Since in Section 7.1 we prove that OPTL can express all NWTL formulas, we can
use the same lower bounds for the complexity of decision problems [12]. Together
with Theorem 6.11 this allows us to state

Theorem 6.12. OPTL model checking and satisfiabilty are EXPTIME-complete.
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Chapter 7

OPTL Expressiveness

In this chapter, we compare OPTL to other logics in order to assess its expressive
power. In Section 7.1, we show that it is strictly more expressive than NWTL, which
is equivalent to FOL on nested words; in Section 7.2 we compare it to FOL on OP
words, and show that, unfortunately, OPTL is not as expressive.

7.1 Relationship with Nested Words

We now explore the relationship between OPTL and NWTL [12]. NWTL is based on
the VPL family, which is strictly contained in OPLs. In [64, 119, 121] the relations
between the two families are discussed in depth both from a mathematical and an
application point of view: building OPTL formulas describing OPLs that are not VPLs
is a trivial job. This proves that there exist languages not expressible in NWTL that can
be expressed in OPTL. To prove that OPTL is more expressive than NWTL, we first
show a way to translate a nested word into an “almost isomorphic” OPTL structure;
then, we give a translation schema for NWTL formulas into equivalent OPTL ones.

Throughout this section, we refer to Section 3.2.4 for the definitions of nested
words (Definition 3.3) and NWTL.

Given a set of atomic propositions A, and a nested word (w, p’, call, ret) over
P(A), we consider the equivalent algebraic structure

NW = <Ua (Pa)a€A7 <, i,call, ret>

where U is a set of word positions such that U = {1,...,|w|} if w is finite, and
U = N\ {0} if it is a nested w-word; < is the ordering of N; P, is the set of positions
labeled with a € A. Relations call and ret are the same, and p is the same as '
except pairs containing —oo and +o0c are removed. Thus, if call(é) (resp. ret(j))
but for no j € U (resp. i € U) we have (i, j), then i (resp. j) is a pending call (resp.
return).

Given any nested word NW as defined above, it is possible to build an equivalent
algebraic structure for OPTL as OW = (U, MN¥W P'). Given U = {1,...,n}, we
have U' = U U {0,n + 1} (remove n + 1 if NW is a nested w-word). The set of
propositional letters is AP = A U X with ¥ = {call,ret,int}. For any i € U
we define P'(i) = {a € A | i € P,} Uo(i), where o(i) = {call} iff call(i),
o(i) = {ret} iff ret(i), and o(i) = {int} otherwise. Finally, the OPM M™W is
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call ret int

call | < =
ret | =
int | =

AR
(IRAN

Figure 7.1: The OPM MNW,
.)%.@._,@.
1 2 3 4 5 6 7 8 9 10

~ >
# < int > ret = call < int = call = ret > ret = call < call =ret > #
a b
0 1 2 3 4 5 6 7 8 9 10 11

Figure 7.2: The top figure is the representation of a nested word example, and its
translation into an OP word is shown below, using OPM M NW

shown in Figure 7.1. Note that M V"W is different from the OPM used in [64] to prove
that VPL are contained in OPL.

An example nested word is shown in Figure 7.2, along with its translation into an
OP word. In the translation, all the call positions form the contexts of a chain with
the matched return, except for consecutive positions ¢,7 + 1 € U such that i is a call
and 7 + 1 a return. Therefore, we are able to use the chain relation to translate the
matching relation of nested words, except for consecutive call/return positions, which
have to be considered separately. Also, unmatched returns and calls form a chain with
the first and last # positions. This reasoning is formalized by the following lemmas.

Lemma 7.1. For any two distinct positions i, j € U, i < j, if x(4, ) holds then call €
P'(i) andret € P'(j).

Proof. x(i,j) means i and j are the context of a chain. According to Definition 4.9,
position 7 must yield precedence to the next position, ¢ 4+ 1: ¢ < ¢ + 1. According to
matrix MNW | only call positions can yield precedence to any other position (unless
# € P'(i), which is not the case), therefore call € P’(i). Similarly, any position can
take precedence from a return position only, and since j — 1 must take precedence
from j, we have ret € P’(j). O

In Lemma 7.2 we prove that relation y in OW is one-to-one if restricted to U.
Note that this is not true for positions 0 and n + 1: we have x(0, j) for all j € U that
are unmatched returns, and x (¢, n + 1) for all unmatched calls i € U.

Lemma 7.2. For anyi,j,5' € U if x(i,5) and x(i,5') then j = j', and for any
i,i',j € Uifx(i,j) and x (i, j) theni =17’

Proof. Suppose there exists a position ¢ € U such that multiple chains start in ¢ and
end in distinct positions in U, i.e. there exist positions j1, ..., jn—1,Jn € U such that
1< j1 < < Jno1 < jnand x(4,jg) for any 1 < k < n. Then, consider the
outermost chain, x (%, j,,): it must be a composed chain, because it contains the chain
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X (%, jn—1). It must be of the form * [w;a;, , ...]%", hence we have a; < a;, ,, and
wj is the body of chain % [w;]»~1. But since x (4, j,—1), and because of Lemma 7.1
call € P'(i)andret € P’(j,_1). Therefore, according to MW, we have a; =a;, .
which contradicts our previous claim. The fact that there exists no position j € U in
which multiple chains starting in U end can be proved similarly. O

Lemma 7.3 shows that, when translating a nested word into an OP word, the p
relation of the former is reflected into the y relation that holds in the latter. This is,
as we observed previously, not true for consecutive positions.

Lemma 7.3. Foranyi,j € U such that j > i+ 1, we have u(3, j) iff x(¢, 7).

Proof. The proof is carried out by induction on the nesting depth of the 1/ relation.
Suppose i,j € U and p(i, 7). If all positions between i and j are internal (i.e. the
nesting depth is 0), then call € P'(i), ret € P'(j)andint € P'(k)foranyi < k < j.
The resulting word structure willbe i <i+1=---=j — 1> j, and x(¢, 7). Now,
suppose X(i, j) is a simple chain. According to MY if i < i 4 1 then call € P'(i)
and int € P’(i + 1), and similarly int € P’'(k) withi < k < j and ret € P’(j): in
NW iis a call and j its matched return, so we have x(i,j) = p(i, 7).

Suppose (i, 7), and there are other call and return positions between i and j.
By the definition of p, such positions are balanced, i.e., each call between ¢ and
J has a matching ret before j. So, the nested word between ¢ and j has the form
€012 - .. Lp—10an_17y, Where co =i, 1, = j, call(cy), ret(ry), and for any p such
that 0 < p < n, a, = € oritis an internal position, and either z,, = € or z,, is a nested
word of the form z, = c¢,y,r,, with call(c,) and ret(r,). Once translated into
an OP word, this results in the composed chain “[a121 ... Zn—1a,-1]™, so x(i, 7).
Indeed, according to our translation, call € P’(i) and, if a; # ¢, thena; =i+ 1 and
int € P’(i+1), which implies co<€aq;if a; = e then i isfollowed by ¢; = i+1 (which
ispart of 1) and call € P’(i+1), so cg <c¢y. Similarly, either a,, 1 >ry, or rp—1 > 7.
Also, each z;, forms a chain °»[y,]" by itself, while ®[a1c171 . .. Ch—1Tn_1an—1]"" is
a simple chain.

The fact that if x (4, j) is a composed chain, then p(4, j) can be proved analogously,
keeping into account the results of Lemmas 7.1 and 7.2. O

The following lemma establishes a correspondence between summary paths in
NWTL and OP-summary paths in OPTL, enabling the translation of NWTL summary
until operators with their operator precedence counterparts.

Lemma 7.4. Given any two word positionsi,j € U, i < j, the summary path between
i and j in NW coincides with the OP-summary path between the same positions based
on precedence relations IT = {<, =, >} in OW.

Proof. Recall that a summary path between ¢,j € U, ¢ < j, is a sequence ¢ = i1 <
19 < +-- < ik = jsuchthatforallp < k

. r(ip) if i}, is a matched call and j > 7(i,); (7.1)
1 =
P 1p+1 otherwise; (7.2)
where (i) is the only position such that (i, 7(ip)), if it exists.
OP-summary paths are defined in Definitions 6.6 and 6.7. Note that, because of

Lemma 7.2, we have x(i,j) < ?(i,j) — Y(i,j) for any i,j € U, and
forward and backward OP-summary paths coincide. Moreover, due to Lemma 7.3,
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x(%,j) < p(i,j)if j > i + 1: case 7.1 of the definition above coincides with the
first case of Definition 6.6. If j = i + 1 and u(%, §), x(¢,j) does not hold, but this
case is subsumed by the second case of Definition 6.6. The latter also incorporates
case 7.2 of the definition of summary path in NWTL, because set II includes all pos-
sible precedence relations. Since we have proved that the two definitions coincide for
each single step of the path, it is possible to inductively prove that the two kinds of
paths actually coincide. O

After establishing a certain degree of isomorphism between nested words and
their OPTL translations, we can give a translation schema from NWTL to OPTL for-
mulas.

Theorem 7.5 (NWTL C OPTL). Given an NWTL formula o, it is possible to translate
it to an OPTL formula ' of length linear in || such that, for any nested word w and
position i, if w is translated into an OP structure w' as described at the beginning of

Section 7.1, then (w, i) = ¢ iff (w',4) = ¢, withi € U.

Proof. Let w’ be an OP word built from w as described above. For any NWTL formula
 we define ¢’ = a(¢p) inductively as follows, for non-trivial operators:

« a(Opp) = Oy afp) V (call A O(ret A a(yp))). The validity of this translation
trivially follows from Lemma 7.3. Unfortunately, the double repetition of ()
may cause an exponential blowup in the worst-case length of the translation.

The following more complex translation does not suffer from this issue:
a(O, ¢) = call A call U= (ret A a(p)).

To better explain it, let v := calll/~ (ret A a()). In NWTL we have (w, ) =
Oy, p iff there exists j € U such that p(4, j) and (w, j) = . When referring to
the OP structure, we must distinguish between a few mutually exclusive cases:

- A position j such that u(i, j) exists and j > i + 1. Then, by Lemma 7.3
also x(i, j) holds and, because of Lemma 7.2, we have ¥ (i, j). Consider
the path only made of 7 and j: it is an OP-summary path, because it falls
in the first case of the definition. Since by construction call € P’(i) and
ret € P'(j), if a(p) holds in j, then  is satisfied. Furthermore, this is
the only path in which + is true; in fact, paths terminating in a position
strictly between ¢ and j are forbidden by allowing only the = relation, and
all paths surpassing j must include it, but call ¢ P’(j) falsifies .

— A position j such that p(i,j) exists, but j = i + 1. In this case, we have
call € P'(i) and ret € P’'(j), so i = j, and the path made of i and j is
valid.

- 1 is a pending call. Then x(i,n + 1), but ret ¢ P’(n + 1), which falsifies
.

— i is an internal position. (w, i) = O, ¢ because position ¢ is not a matched
call, so int € P’(i) and ~ is false because call, ret ¢ P’(i).

- 1 is a return. If ret(7), then call in a(O,, ¢) is false in 4.

.« a(©, ¢) =retAretS~ (call Aa(p)). The argument that justifies this equiva-
lence is similar to the previous one. Again, the more straightforward translation
a(0, ) = Oy alp) V (ret A O(call A a(yp))) causes an exponential blowup
in formula length.
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e a(eU? ) = a(p) U>=< a(v)): from Lemma 7.4 we know that the set of sum-
mary paths starting from position i in w corresponds to the set of OP-summary
paths starting from ¢ in w’, which implies the OP-summary operators coincide
with their NWTL counterparts.

e a(p S 1) = a(p) S¥=< a(v): the justification is analogous to the until case.

By induction on the syntactic structure of ¢, we can conclude that (w,i) | ¢ iff
(w',1) | ¢', and consequently NWTL C OPTL. O

For example, consider formula ¢ = (—a) U7 b: the nested word of Figure 7.2
satisfies o because of summary path 1-2-3-7-8-9.  is translated into ¢’ = (—a)U>=<
b, which is satisfied by the OPTL structure of Figure 7.2, where the OP-summary path
covering the same positions above witnesses its truth.

The above translation can easily be extended to OP w-words.

It is easy to see that the OPTL semantics of Section 6.3 is expressible in FOL, so
OPTL C FOL. Thus, by the FO-completeness result for NWTL of [12], we conclude

Corollary 7.6. If OPTL is restricted to OPM MY, we have OPTL = NWTL = FOL.

This does not mean that OPTL has the same expressive power of NWTL. In fact,
the greater expressiveness of OPTL derives from that of OPLs with respect to VPLs,
and it consists in using more general OPMs, such as Mcan. In general, OPTL formulae
exploiting the fact that the y relation is not exclusively one-to-one, such as those
pointed out in Section 6.4, express properties not expressible in NWTL. Thus, also
considering that CaRet is expressible in FOL [12], we can state the following:

Corollary 7.7. CaRet C NWTL C OPTL.

7.2 Relationship with First-Order Logic

After proving that OPTL is more expressive than context-free logics in the state-of-
the-art, we point out its limitations by comparing it with FOL on OP words.

7.2.1 OPTL’s Limitations

We start by pointing out that in OP-summary until and since operators, the prece-
dence relations checked on chain contexts are fixed, so the user can control whether
such paths go up or down in a word’s syntax tree only partially. This makes it difficult
to express function-local properties limited to a single subtree in OPTL.

For example, suppose we want to express the requirement that if an exception
is thrown, it is always caught, and procedure p 4 is called at some point inside the
resulting han-exc block. This is easily expressible in FOL as

a:=Vr(exc(r) = Jyly <z A x(y,z) ANhan(y) AJz(y < z <z Apa(z)))).
One could try to translate it into OPTL with a formula such as
B:=0O(exc = O,(han A TU" py)).

Consider the OP word of Figure 7.3. When the until in 3 is evaluated in the han of
position 3, its paths can only consider positions 4 and 5, because paths touching such
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Figure 7.3: Example OP word on OPM M., represented as a syntax tree.

positions cannot pass the > relation between 5 and 6. Its paths cannot jump between
chain contexts in the < relation, and cannot reach positions 6, 8, and 12 in this way.
If p4 held in positions 6 and 10, a would be true in the word, but 8 would be false.
Replacing the until with T2/ <=> p 4 overcomes such issues, but it introduces another
one: its paths would go past position 14, going outside of the subtree. Thus, if p 4 held
only in position 15, & would be false, but this variant of 5 would hold.

The above intuition about OPTL’s weaknesses is made formal in the next section.

7.2.2 OPTL is not expressively complete

In this section, we prove that no OPTL formula is equivalent to FOL formula

o' (z) = Jy(x(z,y) A 3z(y < z < 2 Apa(2))).

The proof is quite elaborate, which is unsurprising, since the analogous problem of
the comparison between CaRet and NWTL is still open.
First, we prove the following

Lemma 7.8 (Pumping Lemma for OPTL). Let ¢ be an OPTL formula and L an OPL,
both defined on a set of atomic propositions AP and an OPM M sp. Then, for some
positive integer n, for each w € L, |w| > n, there exist strings u, v, z,y,z € P(AP)"
such thatw = wvzyz, [vy| > 1, lvry| < n and foranyk > 0 we havew' = uv*zy*z €
L; forany0 < j < kand0 < i < |[v| we have (w, |u|+1) E ¢ iff (W', |u|+jlv|+i) E
¢, and for any 0 < i < |y| we have (w, |uv*z|+1) = ¢ iff (W', |uv*z|+jly|+17) | @.

Proof. Given a word w € L, we define A\(w) as the word of length |w]| such that, if
position i of w is labeled with a, then the same position in A\(w) is labeled with (a, 1)
if (w,i) | ¢, and with (a,0) otherwise. Let A(L) = {\(w) | w € L}, and A~*
is such that A=} (\(w)) = w. If we prove that \(L) is context-free, from the classic
Pumping Lemma [93] follows that, for some n > 0, for all 0 € A(L) there exist strings

AAAAA oy > 1, |92g] < n and
for any k > 0 we have 0’ = 40*29%2 € A(L). The claim follows by applying A~*
to such strings, and the word positions in which ¢ holds in A=1 (1) are those labeled
with 1.
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Figure 7.4: Structure of a word in Lcay.

To prove that A\(L) is context-free, we use the OPTL model checking construction
given in [54], which yields an OPA A, = (P(AP), Map,Q, I, F, ) accepting mod-
els of ¢. The states of A, are elements of the set Cl(y), which contains ¢ and all its
subformulas. Given a word w compatible with M4 p, the accepting computations of
A, are such that, for each 0 < ¢ < |w|, the state of A, prior to reading position %
contains ¢ € Cl(yp) iff (w, i) |= 9.

Thus, we build OPA Ay (p(apy-) = (P(AP)x{0,1}, Map,Q,I', F,¢') that reads
words on (P(AP) x {0,1})* and accepts A(P(AP)") as follows:

« I’ is the set of all states in @) not containing past operators (and possibly ©);

. ((S;WSEL is s)uch)that if (®,a,0) € dpysh, then (P, (a,1),0) € dpysy if o € P, and
®, (a,0),0) € dpyusn otherwise;

o Olpipe is derived from dgpf similarly;

;op = 51)017'

Since L is an OPL, there exists an OPA A, accepting it. A}, can be easily modified
to obtain A, an OPA accepting all words @ € (P(AP) x {0,1})* such that the
underlying word w € P(AP)" isin L. Language \(L) is the intersection between the
language accepted by A, and A\(P(AP)"). Since OPLs are closed under intersection,
A(L) is also an OPL. O

Let Lcan be the max-language generated by OPM M,,)), with the addition that
p4 may appear in any word position. We prove the following:

Theorem 7.9. Given the FOL formula o/(x), for every OPTL formula o there exist a
word w € Lean and an integer 0 < i < |w| such that either (w,i) = o (x) and

(w,i) o, or (w,i) o (x) and (w, i) E ¢.
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Proof. Figure 7.4 shows the structure of the syntax trees of words in a subset of Lcair-
Dots between han—exc pairs can be replaced with repetitions of the whole tree struc-
ture, and other dots with the repetition of surrounding tree fragments (e.g., call-ret
or han-exc). hany is the position in which ¢ and o/(x) are evaluated, and excy is
its matched exc. call; is the call right after hang, and cally is the one at the highest
level of the subtree between hany and exc. calls between cally and excy do not
have a corresponding ret, and are terminated by excg. The word delimited by hang
and excy is itself part of a larger tree with the same structure. For ¢ to be equivalent
to o’ (), it must be able to

1. look for the symbol p 4 in all positions between hang and excy; and
2. not consider any positions before hang or after exc.
In the following, we show that any OPTL formula ¢ fails to satisfy both requirements:

1. one can hide p4 in one of the positions not covered, so that ¢ is false in hany,
but o/ () is true; or

2. put p4 in one of the positions outside hany-exc( reached by ¢, so that it is
true in hang, but o/(x) is not.

If ¢ is evaluated on position hany, it must contain some modal operator based
on paths that reach each position between hang and excy. The length of the word
between hany and excg has no limit, so ¢ must contain at least an until operator,
which may be a LTL until, an OPTL hierarchical until, or an OP-summary until / I
For U™, we must have > € II, or the path would not be able to reach past position
ret; (remember that an OP-summary path cannot skip chains with contexts in the
< relation). The presence of > allows the OP-summary until to reach positions past
excy: the formula could be true if p 4 appears after excg, but not between hang and
excy, unlike o/ (). To avoid this, the path must be stopped earlier, by embedding an
appropriate subformula as the left operand of the until.

Suppose there exists a formula 1) that is true in exc, and false in all positions
between hang and excy. By Lemma 7.8, there exists an integer n such that for any
w € Lcan longer than n there is w' = uvkwykz € Lecan, for some k£ > 0, such
that either (a) ¥ never holds in v*zy*, or (b) it holds at least k times in there. We
can take w such that hany and excg both appear after position 7, and they contain
nested han-exc pairs. In case (a), ¢ cannot distinguish excg from nested excs, so a
 based on v is not equivalent to o’ () in hang. The same can be said in case (b), by
evaluating ¢ in a han from v’ with i < k. In this case, also chaining multiple untils,
each one ending in a position in which v holds, does not work, as k can be increased
beyond the finite length of any OPTL formula.

The above argument holds verbatim for LTL until, and does not change if we
prepend LTL or abstract next operators to the until, because the length of the branch
between call; and cally is unlimited. The argument for using since operators starting
from excy is symmetric. If both until and since operators are used, it suffices to apply
the Pumping Lemma twice (one for until and one for since), and take a value of k large
enough that a part of the string cannot be reached by the number of until and since
operators in the formula. If hierarchical operators are used, the argument does not
change, as they still need nested until or since operators to cover the whole subtree.

This argument also holds when the formula contains (possibly nested) negated
until operators. This is trivial if their paths cannot reach part of the subtree between
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hang and excy. If, instead, they can reach positions past excg, we can build a word
with p 4 in one of such positions, but not between hangy and excy. To distinguish it
from a word with p4 between hany and excg, the formula would need a subformula
that can distinguish positions between han, and excy from those outside, which
would contradict Lemma 7.8.

Until now, we have proved that a formula equivalent to o/ (x) cannot contain until
or since operators that stop exactly at excy. However, they could be stopped earlier.
In the following, we show that any such OPTL formula can only work for words of a
limited length. Hence, no OPTL formula is equivalent to o/ (z) on all words in Le¢ay.

Letw € Lean, and z = han y exc a subword of w with the structure of Figure 7.4,
in which each han has a matched exc, and conversely. We define hexc(2z) = 0if y
contains no positions labeled with han or exc (hence, only calls and rets). Other-
wise, let 2/ = hany’ exc be the proper subword of y with the maximum value of
hexc(z'): we set hexe () = hexe(2') + 1.

We prove by induction on hexe () that any OPTL formula evaluated in the first
position of # must contain nested until or since operators with a nesting depth of at
least 2 - hexe(2) 4 1 to be equivalent to o ().

If hexe(x) = 0, at least one until or since operator is needed, as the length of z is
not fixed. E.g., OPTL formula —exc U<=> p 4 suffices.

If hexe(2) = n > 0, Figure 7.4 shows a possible structure of . Any OP-summary
until in the formula must be nested into another operator, or its paths would jump
to, and go past, the last position of x (excy). An OP-summary until could be, instead,
nested into any number of nested next operators, to be evaluated in one of the po-
sitions shown in Figure 7.4 between hang and cally. (The tree fragments between
call; and cally can be repeated enough times so that the next operators alone cannot
reach cally.) As noted earlier, any such summary until must allow for paths with con-
secutive positions in the > relation. It may also jump to excg by following the chain
relation, because call > exc. Hence, the until must be stopped earlier by choosing
appropriate operands (e.g., = O, exc as the left operand). However, this leaves the
subword between cally and excy unreached, so any of its positions containing (or
not) p4 would be ignored. This can only be solved with another until operator, so at
least two are needed. If it is a summary until, then it must not allow the > relation,
or it could, again, escape excy (e.g. by skipping chains between calls and excy). The
argument can be extended by considering an LTL until which stops anywhere before
excy, or since operators evaluated in exc (e.g., nested in a O,, operator). The same
can be said for hierarchical operators, which can cover only a part of the subtree if
used alone.

Let 2 = han y’ exc be a proper subword of y with hexe(z') = n — 1. Suppose it
appears before cally (the other case is symmetric). It needs at least an until or since
operator to be covered, which must not escape hang or excy. The Pumping Lemma
can be used to show that no OPTL formula can distinguish positions in z or 2’ from
those outside. Thus, a formula with until or since operators that do not exit 3’ is
needed. By the inductive hypothesis, it consists of at least 2(n — 1) + 1 until or since
operators, thus = needs 2n + 1 of them.

Note that the argument also holds if the until formulas are negated, because nega-
tion cannot change the type of paths considered by an operator, and cannot decrease
the number of nested untils needed to cover the whole subtree. O
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Chapter 8

POTL Syntax and Semantics

The negative results on OPTL’s expressiveness motivate us to define a more expressive
temporal logic on OPLs. The resulting logic is called Precedence Oriented Temporal
Logic (POTL), and is expressively complete.

In this chapter, we first give a high-level overview of POTL; then we formally
define its syntax and semantics on finite OP words in Section 8.1; and we extend such
definitions to OP w-words in Section 8.2; finally, we give a few examples of how to
use POTL in practice in Section 8.3.

POTL is based on OP words, the same algebraic structure on which OPTL is based,
and for which we refer the reader to Section 6.1. We report the word of Figure 6.1 in
Figure 8.1 and the ST of Figure 6.2 in Figure 8.2 for convenience in explaining our
examples.

To express properties on OP words, we envisage until and since operators defined
on two basic types of path. The first one is that of summary paths. By following
the chain relation, summary paths may skip chain bodies, which correspond to the
fringe of a subtree in the syntax tree. We distinguish between downward and upward
summary paths (respectively DSP and USP). Both kinds can follow both the < and
the x relations; DSPs can enter a chain body but cannot exit it so that they can move
only downward in a ST or remain at the same level; conversely, USPs cannot enter
one but can move upward by exiting the current one. In other words, if a position

# < call < han < call < call < call > exc > call = ret > call = ret > ret = #
ba PB Pc bc PErm PErm PErm PErm bpa
0 1 2 3 4 5 6 7 8 9 10 1 12

Figure 8.1: The example word w,, from Chapter 4 as an OP word. Chains are high-
lighted by arrows joining their contexts; structural labels are in bold, and other atomic
propositions are shown below them. p; means a call or a ret is related to procedure
p:. First, procedure p 4 is called (pos. 1), and it installs an exception handler in pos. 2.
Then, three nested procedures are called, and the innermost one (p¢) throws an ex-
ception, which is caught by the handler. Two more functions are called and, finally,
P A returns.
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#o /"\#12

call; . reti

cally retqo

BN

Figure 8.2: The ST of word w,, (the same as Figure 4.4, but with position numbers).
Dots represent non-terminals.

k is part of a DSP, and there are two positions ¢ and j, with i < k < j and x(i, j)
holds, the next position in the DSP cannot be > j. E.g., two of the DSPs starting from
position 1 in Figure 8.1 are 1-2-3, which enters chain x(2, 6), and 1-2-6, which skips
its body. USPs are symmetric, and some examples thereof are paths 3-6-7 and 4-6-7.

Since the x relation can be many-to-one or one-to-many, it makes sense to write
formulas that consider only left contexts of chains that share their right context, or
vice versa. Thus, the paths of our second type, named hierarchical paths, are made of
such positions, but excluding outermost chains. E.g., in Figure 8.1, positions 2, 3 and
4 are all in the x relation with 6, so 3-4 is a hierarchical path (x(2, 6) is the outermost
chain). Symmetrically, 7-9 is another hierarchical path. The reason for excluding the
outermost chain is that, with most OPMs, such positions have a different semantic
role than internal ones. E.g., positions 3 and 4 are both calls terminated by the same
exception, while 2 is the handler. Positions 7 and 9 are both calls issued by the same
function (the one called in position 1), while 11 is its return. This is a consequence of
properties 3 and 4 of the  relation.

In the next section, we describe in a complete and formal way OPTL for finite-
word OPLs, while in the subsequent section we briefly describe the necessary changes
to deal with w-languages.

8.1 Syntax and Formal Semantics

Given a finite set of atomic propositions AP, leta € AP, and t € {d, u}. The syntax
of POTL is the following:

pu=al-p|leVe| Ol e|xrelxbel ol oleSL e
| O vl Ol oUy ol oSk
The truth of POTL formulas is defined with respect to a single word position. Let
w be an OP word, and a € AP. Then, for any position i € U of w, we have (w,i) = a

iff i € P(a). Operators such as A and — have the usual semantics from propositional
logic. Next, while giving the formal semantics of POTL operators, we illustrate it by
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showing how it can be used to express properties on program execution traces, such
as the one of Figure 8.1.

Next/back operators The downward next and back operators O¢ and ©¢ are like
their LTL counterparts, except they are true only if the next (resp. current) position is
at a lower or equal ST level than the current (resp. preceding) one. The upward next
and back, O" and ©%, are symmetric. Formally,

o (w,i) EO%piff (w,i+ 1) Epandi< (i+1)ori=(i+1),and
o (w,i) E o piff (w,i—1) Ep,and (i — 1) <ior (i — 1) =1i.

Substitute < with > to obtain the semantics for O" and ©".

E.g., we can write O? call to say that the next position is an inner call (it holds
in positions 2, 3, 4 of Figure 8.1), ©% call to say that the previous position is a call,
and the current is the first of the body of a function (positions 2,4, 5), or the ret of an
empty one (positions 8, 10), and ©" call to say that the current position terminates
an empty function frame (holds in 6, 8, 10). In position 2 formula 0% pp holds, but
O" pp does not.

Chain Next/Back The chain next and back operators x% and x% evaluate their
argument respectively on future and past positions in the chain relation with the
current one. The downward (resp. upward) variant only considers chains whose right
context goes down (resp. up) or remains at the same level in the ST. Formally,

« (w,i) | X%  iff there exists a position j > i such that x(4,7), i < j ori = j,
and (w, j) = .

« (w,i) = x% ¢ iff there exists a position j < i such that x(j,1), j < i or j =1,
and (w, j) = .

Replace < with > for the upward versions.

E.g., in position 1 of Figure 8.1, x% p g, holds because x(1,7) and x(1,9), mean-
ing that p4 calls pg, at least once. Also, x% exc is true in call positions whose
procedure is terminated by an exception thrown by an inner procedure (e.g., posi-
tions 3 and 4). x% call is true in exc statements that terminate at least one procedure
other than the one raising it, such as the one in position 6. x%. ret and x% ret hold in
calls to non-empty procedures that terminate normally, and not due to an uncaught
exception (e.g., position 1).

(Summary) Until/Since operators POTL has two kinds of until and since opera-
tors. They express properties on paths, which are sequences of positions obtained by
iterating the different kinds of next or back operators.

Definition 8.1 (Paths, until and since). A path of length n € N between i,j € U is
a sequence of positions i = i1 < iy < -+ < i, = j.!

The until operator on a set of paths I' is defined as follows: for any word w and
position ¢ € U, and for any two POTL formulas ¢ and v, (w, i) = @ U(T") ¢ iff there
exist a position 5 € U, j > 4, and a path 43 < 79 < --+ < i, between i and j in I
such that (w, i) E ¢ forany 1 < k < n, and (w, i) = .

Since operators are defined symmetrically.

INote that this definition is slightly different from Definition 6.5, because in this case paths must start
in ¢ and end in j.
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Depending on I, a path from ¢ to j may not exist. We define until/since operators
by associating them with different sets of paths.

The summary until 1/)1/{; 0 (resp. since ¢ Sf( 0) operator is obtained by inductively
applying the O and x4 (resp. ©' and x%) operators. It holds in a position in which
either 6 holds, or ¢ holds together with O (¢ UL, 0) (resp. ©* () S%. 9)) or x%& (¢ UL 0)
(resp. X% (1 S; 0)). It is an until operator on paths that can move not only between
consecutive positions, but also between contexts of a chain, skipping its body. With
the OPM of Figure 4.2, this means skipping function bodies. The downward variants
can move between positions at the same level in the ST (i.e., in the same simple chain
body), or down in the nested chain structure. The upward ones remain at the same
level, or move to higher levels of the ST.

Formula T U exc is true in positions contained in the frame of a function that is
terminated by an exception. It is true in pos. 3 of Figure 8.1 because of path 3-6, and
false in pos. 1, because no upward path can enter the chain whose contexts are pos.
1 and 11. Formula T Z/l)‘f exc is true in call positions whose function frame contains
excs, but that are not directly terminated by one of them, such as the one in pos. 1
(with path 1-2-6).

We formally define Downward Summary Paths (DSPs) as follows. Given an OP
word w, and two positions ¢ < j in w, the DSP between ¢ and j, if it exists, is a
sequence of positions ¢ = i3 < 9 < -+ < 4,, = j such that, foreach 1 < p < n,

P k if k =max{h | h <jAx(ip,h) A(ip <hVi,=h)} exists;
P ip +1 otherwise, if i, < (i, + 1) or i, = (i, + 1).

The Downward Summary (DS) until and since operators Z/{z and Sff use as I the set
of DSPs starting in the position in which they are evaluated. The definition for the
upward counterparts is, again, obtained by substituting > for <. In Figure 8.1, callu)‘f
(ret A pgr) holds in pos. 1 because of path 1-7-8 and 1-9-10, (call V exc) S} pp in
pos. 7 because of path 3-6-7, and (call V exc) U}/ ret in 3 because of path 3-6-7-8.

Hierarchical operators A single position may be the left or right context of mul-
tiple chains. The operators seen so far cannot keep this fact into account, since they
“forget” about a left context when they jump to the right one. Thus, we introduce
the hierarchical next and back operators. The upward hierarchical next (resp. back),

% Y (resp. O 1), is true iff the current position j is the right context of a chain
whose left context is 4, and v holds in the next (resp. previous) position j that is a
right context of 4, with ¢ < j, j'. So, O% p gy holds in position 7 of Figure 8.1 because
PErr holds in 9, and ©Y, pgrr in 9 because pgy holds in 7. In the ST, O goes up
between calls to p gy, while O goes down. Their downward counterparts behave
symmetrically, and consider multiple inner chains sharing their right context. They
are formally defined as:

o (w,i) = OY giff there exist a position i < i s.t. x(h, 7) and h <i and a position
j=min{k |i <k Ax(h,k) ANh<k}and (w,j) E ¢

o (w,i) = O giff there exist a position i < i s.t. x(h, ¢) and h <i and a position
j=max{k |k <iAx(h,k)Nh<k}and (w,j) E ¢

o (w,i) | O% ¢ iff there exist a position h > i s.t. x (i, h) and i > h and a position
j=min{k |i <k Ax(k,h) ANk >h}and (w,j) E ¢
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. (w,i) = 0% ¢ iff there exist a position h > i s.t. x(4, h) and i > h and a position
j=max{k |k <iAx(k,h)ANk>h}and (w,j) E ¢.

In the ST of Figure 4.4, 0% and ©%, go down and up among calls terminated by the
same exc. For example, in pos. 3 0% pc holds, because both pos. 3 and 4 are in the
chain relation with 6. Similarly, in pos. 4 ©% pp holds. Note that these operators do
not consider leftmost/rightmost contexts, so OY, ret is false in pos. 9, as call = ret,
and pos. 11 is the rightmost context of pos. 1.

The hierarchical until and since operators are defined by iterating these next and
back operators.

Definition 8.2 (Upward Hierarchical Path (UHP)). The upward hierarchical path be-
tween ¢ and j is a sequence of positions ¢ = i1 < i2 < --- < i, = j such that there
exists a position & < 7 such that for each 1 < p < n we have x(h, i,) and h < i,, and
for each 1 < ¢ < n there exists no position k such that i, < k < 4441 and x(h, k).

The until and since operators based on the set of UHPs starting in the position in
which they are evaluated are denoted as U}, and S}, . E.g., call{}; pgy holds in
position 7 because of the singleton path 7 and path 7-9, and call S§; p g, in position 9
because of paths 9 and 7-9.

Definition 8.3 (Downward Hierarchical Path (DHP)). The downward hierarchical
path between i and j is a sequence of positions ¢ = i3 < i2 < -+ < @y = J
such that there exists a position & > j such that for each 1 < p < n we have x(ip, h)
and i, > h, and for each 1 < ¢ < n there exists no position k such that iq < & <'ig41
and x(k, h).

The until and since operators based on the set of DHPs starting in the position in
which they are evaluated are denoted as A% and S . In Figure 8.1, callid¢, pc holds
in position 3, and call Sj'f[ pp in position 4, both because of path 3-4.

8.1.1 Equivalences
8.1.1.1 Expansion Laws

The POTL until and since operators enjoy expansion laws similar to those of LTL:

ol =9V (A (UL )V X (o UL ) (5.1)
e SLv=wV (91 (OleSL¥) vV xXble L)) (52)
Ui o= (@ AXE T A=XE TV (9 A OH (0 U ) (8.3)
eSHY =W AXETA-XET)V (o N OH (e St ) (8.4)
UGV =W AXETA-XET)V (QOAOH(‘PUH?//)) (8.5)
PSEV=WAXETA-XET)V (@/\QH(QOSHW) (8.6)

Lemma 8.4. Given a word w on an OP alphabet (P(AP), M 4p), two POTL formulas
@ and 1), for any position ¢ in w the following equivalence holds:

el v =V (A (OUPUL ) Vb UL ).
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Proof. [Only if] Suppose cpbig 1 holds in ¢. If ¢ holds in 4, the equivalence is trivially
verified. Otherwise, ¢ L{)‘f 1 is verified by aDSP ¢ = ip < 41 < --- < i, = j with
n>1,st (w,ip) = @for0 < p < nand (w,i,) = 1. Note that, by the definition of
DSP, any suffix of that path is also a DSP ending in j. Consider position 7;: ¢ holds
in it, and it can be either

« i1 =i+ 1. Theneitheri<(i+1)ori=(i+1),and pathiy <is < -+ <i, =]
is the DSP between 41 and j, and ¢ holds in all ¢, with 1 < p < n, and % in j,.
So, ¢ U ¢ holds in 4y, and O%(p UL 1)) holds in i.

« i1 > i+ 1. Then, x(i,i1), and i < iy ori =1iy. Since i; < iy < -+ < ip = jis
the DSP from i; to 7, ¢ Z/I)‘f 1) holds in i1, and so does x4 (¢ U;f ) in i.

[If] Suppose the right-hand side of the equivalence holds in i. The case (w, ) = ¢
is trivial, so suppose ¥ does not hold in ¢. Then ¢ holds in 4, and either:

. O%p Z/lf(l 1) holds in i. Then, we have ¢ < (i + 1) or i = (i + 1), and there is a
DSPi+1 =14 <ig <--- < i, = j, with ¢ holding in all i, with 1 < p < n,
and v in 1,,.

- If i = (¢ + 1), it is not the left context of any chain, and i = iy < i1 <
iy < -+ < iy is a DSP satisfying ¢ U ¢ in i.

- Otherwise, let & = min{h | x(i,h)}: we have k > j, because a DSP
cannot cross right chain contexts. So, adding 7 to the DSP generates an-
other DSP, because there is no position % s.t. x (¢, k) with h < j, and the
successor of ¢ in the path can only be ¢; =7+ 1.

« X% (¢ UL 1)) holds in i. Then, there exists a position k s.t. (i, k) and i < k or

iik:andapl/{;fz/)holdsink:,becauseofaDSPk =i <ig <+ <y =74 1If
kE=max{h | h < jAx(i,h)A(i<hVi=h)},theni =iy < i3 <iz < -+ <ip
is a DSP by definition, and since ¢ holds in , @Ugd) is satisfied in it. Otherwise,
let ¥ = max{h | h < jAx(i,h) A (i <hVi=h)}. Sincei; > iand

chains cannot cross, there exists a value ¢, 1 < ¢ < n, sit. i = k'. Thus
g < tg41 < -+ < ip = jisaDSP, so ¢ Z/{;(i 1 holds in i, too. The path
i<iq<~~~<inisaDSP,andgpL{gwholdsini. O

The proofs for the summary since and upward summary until are symmetric.

Lemma 8.5. Given a word w on an OP alphabet (P(AP), Map), and two POTL for-
mulas @ and 1), for any position i in w the following equivalence holds:

UL Y= AXETA-XET)V (@ AOY(pUY V).

Proof. [Only if] Suppose ¢ U}, 1 holds in . Then, there exists a path i = iy < i1 <
.-+ < ip,n > 0,and a position h < i s.t. x(h,ip) and h < iy, foreach0 < p < n, ¢
holds in all 7, for 0 < ¢ < n, and ¢ holds in %,,. If n = 0, ¥ holds in ¢ = 4y, and so
does Xﬁlg T, but x%% T does not. Otherwise, the path i; < -+ < 4, is also a UHP, so
@ U} 1) is true in 1. Therefore, ¢ holds in ¢, and so does O% (¢ U} ).

[If] If x4 T holds in i but x% T does not, then there exists a position & < i s.t.
X(h,i) and h < 4. If ¢ also holds in 4, then o U} ¢ is trivially satisfied in i by the
path made of only ¢ itself. Otherwise, if OY% (¢ U}, 1) holds in i, then there exist a
position h < i s.t. x(h,4) and h < i, and a position 4y which is the minimum one s.t.
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i1 > 4, x(h,i1) and h < 4y. In i1, o U}, 1 holds, so it is the first position of a UHP
i1 < 19 < --- < iy. Since ¢ also holds in ¢, the path i =45 < i3 < --- < i, isalsoa
UHP, satisfying ¢ U} 9 in <. O

The proofs for the other hierarchical operators are analogous.

8.1.1.2 Shortcuts

As in LTL, it is worth defining some derived operators. For t € {d,u}, we define
the downward/upward summary eventually as Ot (= T L{f( ¢, and the down-
ward/upward summary globally as () p := — Ot (—gp). O% ¢ and J% ¢ respectively
say that ¢ holds in one or all positions in the path from the current position to the
root of the ST. Their downward counterparts are more interesting: they consider all
positions in the current right-hand-side and its subtrees, starting from the current po-
sition. O¢ ¢ says that ¢ holds in at least one of such positions, and (¢ ¢ in all of them.
E.g., if Dd(ﬁp 4) holds in a call, it means that p 4 never holds in its whole function
body, which is the subtree rooted next to the call.

We anticipate that preventing downward paths from crossing the boundaries of
the current subtrees, and conversely imposing upward ones to exit them without en-
tering any inner ones are the features of POTL that allow its overcoming OPTL.

8.2 POTL on w-Words

Since applications in model checking usually require temporal logics on infinite words,
we now extend POTL to w-words.

To define OP w-words, it suffices to replace the finite set of positions U with the
set of natural numbers N in the definition of OP words. Then, the formal semantics
of all POTL operators remains the same as in Section 8.1. The only difference in the
intuitive meaning of operators occurs in w-words with open chains. In fact, chain
next operators (X% and x%) do not hold on the left contexts of open chains, as the
x relation is undefined on them. The same can be said for downward hierarchical
operators, when evaluated on left contexts of open chains.

Also recall that property 4 of the x relation does not hold if a position i is the left
context of an open chain. In this case, there may be positions j; < jo < -+ < jn
such that x(%, jp) and i < j, for all 1 < p < n, but no position k such that x(¢, k) and
i1>kori=k.

8.3 Motivating Examples

POTL can express many useful requirements of procedural programs. To emphasize
the potential practical applications in automatic verification, we supply a few exam-
ples of typical program properties expressed as POTL formulas.

Let (v be the LTL globally operator, which can be expressed in POTL as in Sec-
tion 8.4.1. POTL can express Hoare-style pre/post-conditions with formulas such as
O(call A p = x%(ret A 0)), where p is the pre-condition, and 6 is the post-
condition.

Unlike NWTL, POTL can easily express properties related to exception handling
and interrupt management. E.g., the shortcut

CallThr(¢) := O%(exc A ) V x(exc A ),
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evaluated in a call, states that the procedure currently started is terminated by an
exc in which ¢ holds. So, OJ(call A p A CallThr(T) = CallThr(6)) means
that if precondition p holds when a procedure is called, then postcondition 6§ must
hold if that procedure is terminated by an exception. In object oriented programming
languages, if p = 6 is a class invariant asserting that a class instance’s state is valid,
this formula expresses weak (or basic) exception safety [1], and strong exception safety
if p and 0 express particular states of the class instance. The no-throw guarantee can
be stated with OJ(call Apy = —CallThr(T)), meaning procedure p4 is never
interrupted by an exception.

Stack inspection [76, 102], i.e. properties regarding the sequence of procedures
active in the program’s stack at a certain point of its execution, is an important class
of requirements that can be expressed with shortcut Scall(p, ) := (call = ¢)S¢
(call A ), which subsumes the call since of CaRet, and works with exceptions too.
E.g., O((call A pg A Scall(T,pa)) = CallThr(T)) means that whenever pp
is executed and at least one instance of p4 is on the stack, pp is terminated by an
exception. The OPA of Figure 4.5 satisfies this formula, because pp is always called
by pa, and p¢ always throws. If the OPA was an wOPBA, it would not satisfy such
formula because of computations where pc does not terminate.

8.4 Comparison with other logics

In this section, we briefly compare POTL with some relevant temporal logics in the
state-of-the-art, namely LTL, logics on nested words, and OPTL.

8.4.1 Linear Temporal Logic (LTL)

As we already saw with OPTL, the main limitation of LTL is that the algebraic struc-
ture it is defined on only contains a linear order on word positions. Thus, it fails to
model systems that require an additional binary relation, such as the x relation of
POTL. LTL is in fact expressively equivalent to the first-order fragment of regular
languages, and it cannot represent context-free languages, as POTL does.

On the other hand, POTL can express all LTL operators, so that POTL is strictly
more expressive than LTL. Any LTL next formula O ¢ is in fact equivalent to the
POTL formula O% ' vV O" ¢/, where ¢’ is the translation of ¢ into POTL, and the LTL
back can be translated symmetrically.

The globally operator can be translated as [J1) := — O%(O% —)). This formula
contains an upward summary eventually followed by a downward one, and it can be
explained by thinking to a word’s ST. The upward eventually evaluates its argument
on all positions from the current one to the root. Its argument considers paths from
each one of such positions to all the leaves of the subtrees rooted at their right, in
the same rhs. Together, the two eventually operators consider paths from the current
position to all subsequent positions in the word. Thus, with the initial negation this
formula means that —) never holds in such positions, which is the meaning of the
LTL globally operator.

The translation for LTL until and since is much more involved. We need to define
some shortcuts, that will be used again in Section 9.1.2.2. For any a C AP, 0, :=
/\p€a PANA q¢a 4 holds in a position ¢ iff a is the set of atomic propositions holding
in i. For any POTL formula 7, let x5 7 := V, yc ap, ap(Ta A x&(ap A 7)) be the
restriction of XC} 7 to chains with contexts in the < PR; x 7 7 is analogous.
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The translation for ¢ U v follows, that for LTL since being symmetric:
WV (@ Aale) Uy (V' V(¢ AB) U (W AB(E)
where ¢ and 1)’ are the translations of ¢ and v into POTL, and

(@) =xET = oUT Z/{g =" )V x5(T Z/l)‘(i —¢"))
Ble) =xpT = =(0“(T S8 ~¢)VxH(T S ~¢))

The main formula is the concatenation of a Upward Summary (US) until and a DS
until, and it can be explained similarly to the translation for LTL globally. Let i be the
word position in which the formula is evaluated, and j the last one of the linear path,
in which ¢’ holds. The outermost US until is witnessed by a path from ¢ to a position
" which, in the ST, is part of the rhs which is the closest common ancestor of i and j.
In all positions ¢ < k < ¢’ in this path, formula a(y) holds. It means ¢’ holds in all
positions contained in the subtree rooted at the non-terminal to the immediate right
of k (i.e., in the body of the chain whose left context is k).

Then, the DS until is witnessed by a downward path from ¢’ to j. Here 5(¢) has a
role symmetric to a(¢). It forces ¢’ to hold in all subtrees rooted at the non-terminal
to the left of positions in the DS path.

Thus, formulas a(p) and 5(¢) make sure ¢’ holds in all chain bodies skipped by
the summary paths, and ¢’ holds in j.

8.4.2 Logics on Nested Words

The first temporal logics with explicit context-free aware modalities were based on
nested words (cf. Section 3.2.4).

CaRet was the first temporal logic on nested words to be introduced, and it fo-
cuses on expressing properties on procedural programs, which explains its choice of
modalities. One of its main limitations is that no CaRet operator allows pure down-
ward movement in the ST, which is needed to express properties limited to a single
subtree. While the LTL until can go downward, it can also go beyond the rightmost
leaf of a subtree, thus effectively jumping upwards. This seems to be the main expres-
sive limitation of CaRet, which is shared with OPTL, but not by POTL.

Such limitations were overcame with NWTL, which is FO-complete. Later on, in
Corollary 9.11, we will show that CaRet [8] C NWTL [12] C POTL.

8.4.3 Logics on OPLs

The only other logic based on OPLs is OPTL, whose limitations were highlighted in
Section 7.2. Here we show that POTL does not share such limitations.

As we saw in Section 7.2, the user can control whether OP-summary paths go up
or down in the ST only partially. On one hand, OPTL’s » U~> 1) is equivalent to
POTL’s o Uy 4, and ¢ S=yYtop S)‘f 1): both operators only go upwards in the ST.
On the other hand, however, there is no OPTL operator equivalent to POTL’s L{g or
S;(‘ , which go downward.

The FOL formula « that we introduced in that section to show this limitation is
easily expressible in POTL as follows:

O(exc = xL(han A O%py)).
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Moreover, formula o/ () from the same section can be expressed as Y% T A% p4
on OPM Mean, and as X% T A (0?09 pa vV T U (O%pa)) in any other OPM.2

OPTL’s hierarchical operators have some limitations, too. The paths they are
based on do not start in the position where until and since operators are evaluated,
but always in a future position. Thus, it is not possible to concatenate them to express
complex properties on right (resp. left) contexts of chains sharing their left (resp. right)
context, such as several function calls issued by the same function, or multiple func-
tion calls terminated by the same exception. POTL has both hierarchical next/back
and until/since pairs which are composable, making it expressively complete on such
positions. For example, POTL formula

y:=0O(callApy = (T S% (call Apg)) S;f (@ # VXL #)

means that whenever procedure p 4 is called, all procedures in the stack have previ-
ously invoked pp (possibly excluding the one directly calling p4). While Sg can be
replaced with OPTL’s & <= POTL’s S} cannot be easily translated. In fact, OPTL’s
hierarchical operators would only allow us to state that pp is invoked by the proce-
dures in the stack, but not necessarily before the call to p4.

2The reason for this difference is that with Mgy all right-hand-sides have at most two terminals, and
none of them can go on with another terminal after the right context of a chain. On a different OPM, &<
could go past such a right context, and we have to use a more complex formula which is explicitly limited
to a single subtree.
In [58], the proof of Theorem 7.9 is made directly with formula ¢ p 4, which is however harder to
express in FOL. For this reason, here we proved that theorem with o/ (z).
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Chapter 9

POTL Expressive
Completeness

In this chapter, we prove that POTL is equivalent to FOL on OP words. The proof for
finite OP words, reported in Section 9.1, is essentially based on syntactic translations,
while its extension to OP w-words, in Section 9.2, employs more sophisticated model-
theoretic techniques.

9.1 First-Order Completeness on Finite Words

To show that POTL C FOL on finite OP words, we give a direct translation of POTL
into FOL. Proving that FOL C POTL is more involved: we translate X,,; [125], a
logic on trees, into POTL. &,,,;;; (defined in Section 9.1.2.2) is a logic on trees intro-
duced to prove the expressive completeness of Conditional XPath, and from its being
equivalent to FOL on trees [118, 126] we derive a FO-completeness result for POTL.

9.1.1 First-Order Semantics of POTL

We show that POTL can be expressed with FOL equipped with monadic relations for
atomic propositions, a total order on positions, and the chain relation between pairs
of positions. We define below the translation function v, such that for any POTL
formula ¢, word w and position 4, (w, ) |= v, () iff (w, ) = ¢. The translation for
propositional operators is trivial.

For temporal operators, we first need to define a few auxiliary formulas. We define
the successor relation as the FO formula

succ(z,y) :=x <y A-Jz(z < zAz<y).

The PRs between positions can be expressed by means of propositional combinations
of monadic atomic relations only. Given a set of atomic propositions a C AP, we
define formula o, (z), stating that all and only propositions in a hold in position x, as
follows:

oo():= Np@)A N\ -px) (9.1)

pea pEAP\a
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For any pair of FO variables x,y and 7 € {<, =, >}, we can build formula
pry=  \ (0u@) Aar)):
a,bCAP|amb

The following translations employ the three FO variables x, y, z, only. This, in
addition to the FO-completeness result for POTL, proves that FOL on OP words retains
the three-variable property, which holds in regular words.

Next and Back Operators
Vod () := Ely(succ(x, YA(@<yVe=y)AJz(z=yA V@(:c)))
Voa () is defined similarly, and vou () and vou o, () by replacing < with >.
Va o(®) = Fy(x(z,9) A (z <y Va =y) A3a(z =y Avy(2)))

Vit (@), Vyu () and vyu ,(x) are defined similarly.

Downward/Upward Summary Until/Since The translation for the DS until op-
erator can be obtained by noting that, given two positions x and ¥, the DSP between
them, if it exists, is the one that skips all chain bodies entirely contained between
them, among those with contexts in the < or = relations. A position z being part of
such a path can be expressed with formula —y(z, y, z) as follows:

7(3371/72) = ’)/L(J),Z) A ’VR(yaz)
vo(x, 2) = ﬂy(mgy/\y <zA3Jz(z< x/\x(y7x)/\(y<a:\/yix)))

Yr(y, 2) ::Elx(z<x/\mgy/\EIy(y<zAx(y,x)/\(y<x\/yix)))

~(z,y, z) is true iff 2z is not part of the DSP between x and y, while © < z < y. In
particular, v, (z, z) asserts that z is part of the body of a chain whose left context is
after x, and vr(y, z) states that z is part of the body of a chain whose right context
is before y. Since chain bodies cannot cross, either the two chain bodies are actually
the same one, or one of them is a sub-chain nested into the other. In both cases, z is
part of a chain body entirely contained between x and y, and is thus not part of the
path.

Moreover, for such a path to exist, each one of its positions must be in one of the
admitted PRs with the next one. Formula

6(y,z):=Tax(z <zAhz <yA(z<aVz=z)Ay(z,y,2) A(suce(z, x) V x(z,2)))

asserts this for position z, with the path ending in y. (Note that by exchanging x and
z in the definition of v(z,y, z) above, one can obtain ¥(z,y, z) without using any
additional variable.) Finally, ¢ U;(l 1) can be translated as follows:
Vaugp(@) = 3y(z < y A 3@ =y Avy(@))
AVz(z <zAhz<yA-y(z,y,2)
= Jaz(z =z Avy(z)) Aoy, z)))
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The translation for the DS since operator is similar:

Vosep(@) = 3y(y < 2 A 3e(e =y Avy())
AVz(y <zAz<zA(y,z,z)

= Jz(z =z Av,(z)) ANo(z, z)))
Veuny () and vpsuqy () are defined as above, substituting > for <.

Hierarchical Operators Finally, below are the translations for two hierarchical
operators, the others being symmetric.

vou o(z) 1= 3y<y <z Ax(y,z) Ny <zA
EIz(a: <zAX(,2) Ny <zAJx(x =z Avy(x))

AVy(z <yhy <z = Vz(x(z,2) Nz <z = ﬂx(z,y))))>

Vour g () := 3z (z <z ANz<zAx(z,x)A

3y<xSy/\x(z,y)/\z<y/\§|x(az=y/\l/,p(a:))/\
Vz(z <zAz<yATyly <z Ay <z Ax(y,z) Ax(y,z))

= Jz(z =2z A V¢($)))))>

9.1.2 Expressing X,,;; in POTL

To translate X4, to POTL, we give an isomorphism between OP words and (a subset
of) Unranked Ordered Tree (UOT), the structures on which X, is defined. First,
we show how to translate OP words into UOTs, and then the reverse.

9.1.2.1 OPM-compatible Unranked Ordered Trees

Definition 9.1 (Unranked Ordered Trees). A UOT is a tuple 7' = (S, Ry, R=., L).
Each node is a sequence of child numbers, representing the path from the root to it. S
is a finite set of finite sequences of natural numbers closed under the prefix operation,
and for any sequence s € S,if s-k € S,k € N, theneitherk = Oors-(k—1) € S (by -
we denote concatenation). 2y and R, are two binary relations called the descendant
and following sibling relation, respectively. For s,t € S, sRyt iff ¢ is any child of s
(t =s-k, k € N,ie.tisthe k-th child of s), and sR 1 iff ¢ is the immediate sibling to
therightof s(s=r-handt=r-(h+1),forr € Sandh € N). L: AP — P(S) is
a function that maps each atomic proposition to the set of nodes labeled with it. We
denote as 7 the set of all UOTs.

Given an OP word w = (U, <, Mp(ap), P), it is possible to build a UOT T3, =
(Sw, Ry, R=,Ly) € T with labels in P(AP) isomorphic to w. To do so, we define
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han call call ret
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call

Figure 9.1: The UOT corresponding to the word of Figure 8.1, and the ST of Figure 8.2.
PRs between adjacent nodes are highlighted: < is blue and = is green. A dashed red
arrow connects each node to its R, if any.

a function 7: U — S,,, which maps positions of w into nodes of T,. First, 7(0) = 0:
position 0 is the root node, and the last # is its rightmost child. Given any position
1eU:

« ifi=i+1,then (i + 1) = 7(4) - 0 is the only child of ;
« if 4 > 4 + 1, then 7 has no children;

« if i <i+ 1, then the leftmost child of i is i + 1 (7(¢ + 1) = 7(4) - 0). Moreover, if
Jj1 < ja < -+ < jy is the largest set of positions such that (4, jx) and either
i < jiori=jgforl <k <m,then7(ji)=7(i) k.

In general, 7 is in the < relation with all of its children, except possibly the rightmost
one, with which ¢ may be in the = relation (cf. property 4 of the x relation).

This way, every position ¢ in w appears in the UOT exactly once. Indeed, if either
(1 —1) <ior(i—1)=4,theniisachild of i — 1. Conversely, (i — 1) > i iff ¢ is the
right context of at least one chain. Thus, consider j s.t. x(J, ), and for no j' < j we
have x(j',): by property 3 of x, either j =i or j < 4. So, 7 is a child of j by the third
rule above, and of no other node, because if (i — 1) > 4, then no other rule applies.

Finally, 7(i) € Ly (a) iff i € P(a) for all a € AP, so each node in T, is labeled
with the set of atomic propositions that hold in the corresponding word position. We
denote as T, = 7(w) the UOT obtained by applying 7 to every position of an OP
word w. Figure 9.1 shows the translation of the word of Figure 8.1 into an UOT.

As for the other way of the isomorphism, notice that we are considering only a
subset of UOTs. In fact, we only consider UOTs whose node labels are compatible
with a given OPM Mp(4p). In order to define the notion of OPM compatibility for
UOTs, we need to introduce the right context (Rc) of a node. Given a UOT 7" and a
node s € T, the Re of s is denoted Re(s). If s has a child s’ such that s = s/, then
Rc(s) is undefined. Otherwise, if r is the leftmost right sibling of s, then Re(s) = r;if
s has no right siblings, then Re(s) = Re(p), where p is the parent of s. In Figure 9.1,
nodes are linked to their Rc by a dashed red arrow.

In the following, for any nodes s, s’ and m € {<, =, >}, we write s 7 s’ meaning
thata m b, wherea = {p | s € L(p)},and b= {p | s’ € L(p)}.
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Definition 9.2 (OPM-compatible UOTs). We denote the set of UOTs compatible with
an OPM M as Tys. AUOT T is in Ty iff the following properties hold. The root node
and its rightmost child are the only ones labeled with #. For any node s € T, its
rightmost child r, if any, is such that either s < r or s = r. For any other child s’ # r
of s, we have s < s'. If Re(s) exists, then s > Re(s).

Given a tree T' € Ty with labels on P(AP), it is possible to build an OP word wr
isomorphic to 7. Indeed,

Lemma 9.3. Given an OP word w and the UOTT,, = 7(w), function 7T is an isomor-
phism between positions of w and nodes of Ty,.

Proof. We define function 7,5 : S — P(AP)", which maps a UOT node to the
subword corresponding to the subtree rooted in it. For any node s € T, let its label
a={p|s € Lp)} and let co,c; . ..c, be its children, if any. 7, 5(s) is defined
as 7, p(s) = aif s has no children, and 7, 5(s) = a - 7 p(co) - Tapler) - Thp(cn)
otherwise. We prove 7 () is an OP word.

We need to prove by induction on the tree structure that for any tree node s,
TZ};(S) is of the form agxgai21 . .. anx,, with n > 0, and such that for 0 < k < n,
ay, = ay41 and either z; = € or *[xy]*+1. In the following, we denote as first(x)
the first position of a string x, and as last(x) the last one. Indeed, for each 0 < i < n
we have a < first(1 5 (c;)), and the rightmost leaf f; of the tree rooted in ¢; is such
that Re(f;) = ciq1. Since f; = T(last(7,p(c;))) and ¢i1 = T(first (7 p(civ1))), we
have last (7 p(c;)) > first(7 p(ciy1))- So, “[Tg}j(Ci)}ﬁ“t(i;(”“)). As for 7 p(cn),
ifa < ¢, then 7, p(s) = apzo (and ag < first(zy)), with ag = a and zg = 7, p(co) -
Tap(c1) - Typ(cn). If a = ¢, consider that, by hypothesis, 7 5 (cy) is of the form
a1x1as . . . ApTy. SO TX};(S) = QpToA1T1a2 . . . ApTy, Withag = aand x¢ = 7';113(00)'
Tap(en) - Tap(cn1)-

The root 0 of T" and its rightmost child ¢y are labeled with #. So, TE};(C#) = #,
and 7, 5(0) = #xo#, with # [2]#, which is a finite OP word.

771 .S — U can be derived from 7 5. By construction, we have 7= (7 (i)) = i
for any word w and position :. O

From Lemma 9.3 follows:

Proposition 9.4. Let M p be an OPM on P(AP). For any FO formula ¢(x) on OP
words compatible with M 4 p, there exists a FO formula ¢’ () on trees in Ty, . such that
for any OP word w and position i in it, w = ¢(i) iff Ty, E @' (7(2)), with T, = 7(w).

9.1.2.2 POTL Translation of X,,,:;;

We now give the full translation of the logic X from [125] into POTL.

The syntax of X4 formulasis :=a | T | ¢ | oA | p(p, ), witha € AP
and p € {{,f,=,<}. The semantics of propositional operators is the usual one,
while p(¢, ¢) is an until/since operator on the child and sibling relations. Let 7" € T
be a UOT with nodes in S. For any r,s € S, Ry and R are s.t. rRys iff sRyr, and
rR_siff sR_.r. We denote as R;)“ the transitive (but not reflexive) closure of relation
R,, and by R} its transitive and reflexive closure. For s € S, (T} s) = p(yp, ) iff
there exists anode ¢ € S'st. sRft and (T,t) |= ¢, and for any r € S's.t. sR 7 and
rRYt we have (T,7) |= . Notice that ¢ # s and 7 # s, so0 s is not included in the
paths: we call this semantics strict. Conversely, in POTL paths always start from the
position where an until/since operator is evaluated.
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[118] proved the equivalence of X, to the logic Conditional XPath, which was
proved equivalent to FOL on finite UOTs in [126]. This result is valid for any labeling
of tree nodes, and so is on OPM-compatible UOTs.

Theorem 9.5 ([118, 126]). Let M sp be an OPM on AP. For any FO formula ¢(x) on
trees in Ty, p» there exists a Xynti formula ¢’ such that, for any T € Ty, and node

teT, wehaveT = o(t) iff (T,t) E ¢

We define function ¢y, which translates any X’,,4;; formula ¢ into a POTL formula
s.t. ¢ holds on a UOT T iff tx(¢) holds on the isomorphic word wy. ¢y is defined
as the identity for the propositional operators, and with the equivalences below for
the other X, operators. Recall from Section 8.4.1 that for any a C AP, g, :=
/\pea PAA q¢a 4 holds in a position ¢ iff a is the set of atomic propositions holding
in i. For any POTL formula v, let X5 = V4 yc ap, at(9a A XF(05 A 7)) be the
restriction of Y%  to chains with contexts in the < PR; operators X7 7, X5 X3 >
O< v, ©< v are defined analogously.

For any Xy formulas o, 1, let ¢’ = tx () and ¢' = 1x(v)). We define ¢y as
follows:

(U (0,9)) := OU @ UL ') v X (¢ Uy ) (9.2)

L (fh (0,9)) i= 04 SY ') vV xp (¢’ Sy ) (9.3)
Lx(= (0, 0)) = Op (¢ U V') (94)
V (~OR(T U ~¢") AXF(XFY)) (9.5)

v o< (x5 (@ A0 (T Sk ~¢)) 96)

VO<(xp¥' A-XE ) ©.7)

(& (p,9)) =0F (¢ S ¢') (9.8)
Vxp (XE (O T AE Sk ) (9.9)

V (XB(O ) A O|(T Sk —¢") (9.10)

VXSO Y A= x5 ) (9.11)

We prove the correctness of this translation in the following lemmas.

Lemma 9.6. Given an OP alphabet (AP, M ap), for every Xynii formula |} (¢,v),
and for any OP word w and position i in w, we have

(Tw, 7(8)) F4 (0, 9) iff (w, 1) = e (U (0, 90))-

Tw € T,y is the UOT obtained by applying function T to every position in w, such
that for any position i’ inw (T, 7(¢)) E ¢ iff (w,") = tx(p), and likewise for 1.
Proof. Let ¢’ = 1x(p) and ¥’ = 1x ().

[Only if] Suppose (o, 7(i)) = (¢, %). Let r = 7(i), and s = 7(j) s.t. TRys
and s is the first tree node of the path witnessing |} (¢, ).

We inductively prove that ¢’ U;(l 1" holds in j. If s is the last node of the path, then

1" holds in j and so does, trivially, ¢’ Z/l)‘f ¢’. Otherwise, consider any node t = 7(k)
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in the path, except the last one, and suppose ¢’ L{;f ¥ holds in k' s.t. ' = (k') is the
next node in the path. If ¢’ is the leftmost child of ¢, then ¥’ = k + 1 and either k < &’
or k = k': in both cases O%(’' UY ') holds in k. If ¢’ is not the leftmost child, then
x(k, k') and k < k' or k = k': so x%.(¢' UZ ') holds in k. Thus, by expansion law
O ULY ="V (@ A (OUY UL Y)YV xE(" UL Y'))), ¢ UL ¢ holds in k and, by
induction, also in j.

Suppose s is the leftmost child of r: j = ¢ 4 1, and either ¢ < j or ¢ = j, so
O%(y’ Z/[;l ¢') holds in i. Otherwise, x(i,j) and either ¢ < j or ¢ = j. In both cases,
X5 (¢" UL ¥') holds in i.

[If] Suppose (9.2) holds in 4. If O%(¢’ L{)‘f ¥") holds in 4, then ¢’ Z/l;l 1" holds in
j =1+ 1, and either i < j or ¢ = j: then s = 7(j) is the leftmost child of 7(i). If
X%(@’u;jw) holds in i, then go’Z/{f(lW holdsin j s.t. x(¢,7) andi<jori=j: s = 7(j)
is a child of 7(4) in this case as well.

We prove that if o’ U ¢}’ holds in a position j s.t. (i) Ry 7(j), then |} (¢, 1)) holds
in 7(2). If ¢ Z/{g 1’ holds in 4, then there exists a DSP of minimal length from 5 to
h > jst (w,h) £ ¢ and ¢’ holds in all positions j < k < h of the path, and
(T (1)) = . Tnany such k. o U ! = 0/ (¢ A (O U0 Vb (UL 01)
holds. Since this DSP is the minimal one, 9’ does not hold in k. Either O% (¢’ L{;f P’
or xh(¢' U;f ¥') hold in it. Therefore, the next position in the path is k" s.t. either
k' = k+1or x(k, k'), and either k <k’ or k= k', and (w, k") |= ' U ¢, Therefore,

7(k") is a child of 7(k). So, there is a sequence of nodes sg, s1, ..., 8, in T, s.t.
7(i)Ryso, and s; Ry ;11 and (T, s;) = ¢ for 0 < i < m, and (T4, sp) = . This is
a path making |} (¢, 9) true in 7(%). O

The proof for x (1} (¢, 1)) (9.3) is analogous to Lemma 9.6, and is therefore omit-
ted.

Lemma 9.7. Given an OP alphabet (AP, M ap), for every Xyntii formula = (p,v),
and for any OP word w and position i in w, we have

(T, 7(1)) F= (0, ) iff (w,0) = e (= (9,9))-

Tw € Tar,p is the UOT obtained by applying function T to every position in w, such
that for any position i’ inw (T, 7(¢')) & ¢ iff (w,d') = tx(v), and likewise for ).

Proof. Let ¢’ = 1x(¢) and ¢ = 1x(¥).

[Only if] Suppose = (¢, ) holds in s = 7(i). Then, node r = 7(h) s.t. rRys
has at least two children, and = (¢, ¢) is witnessed by a path starting int = 7(j) s.t.
sR_t, and ending in v = 7(k). We have the following cases:

1. s is not the leftmost child of r.

(a) h < k. By the construction of T, for any node ¢’ in the path, there exists a
position j' € ws.t.t' = 7(j), x(h, j’) and h < j'. The path made by such
positions is a UHP, and ¢’ U}, ¢’ is true in j. Since s is not the leftmost
child of r, we have x(h, ), and h < 7, so (9.4) holds in 1.

(b) h =k, sowv is the rightmost child of r. ¢ holds in all siblings between s
and v (excluded), and ¢’ holds in the corresponding positions of w. All
such positions j, if any, are s.t. x(h, j) and h < j, and they form a UHP, so
O%(TUE —¢") never holds in i. Moreover, since 1 holds in v, ¢’ holds in

k. Note that x5 in ¢ uniquely identifies position h, and X? evaluated in h
identifies k. So, (9.5) holds in 7.
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2. s is the leftmost child of r. In this case, we have i = h+ 1 and h < i (if h =4,
then r would have only one child).

(a) h<k.©< evaluated in i identifies position h. ¢’ holds in k, and ©% (T S}
—¢'") does not, because in all positions between ¢ and k (excluded) corre-
sponding to children of r, ¢’ holds. Note that all such positions form a
UHP, but ¢ is not part of it (i = h + 1, so —x(h, 7)), and is not considered
by T 8% —¢’. So, (9.6) holds in i.

(b) h =k, sowv is the rightmost child of r. 1) holds in v, and ¢ holds in all
children of r, except possibly the first (s) and the last one (v). These are
exactly all positions s.t. x(h,j) and h < j. Since ¢’ holds in all of them
by hypothesis, = x5 —¢’ holds in h. Since ) holds in v, ¥ holds in k, and
X7 ¢’ in h. So, (9.7) holds in i.

[If] We separately consider cases (9.4)—(9.7).

(9.4): O% (¢'U% ") holds in a position 7 in w. Then, there exists a position h s.t. x (h, )
and h < i, and a position j s.t. x(h, j) and h < j that is the hierarchical successor of 7,
and ¢’ U} ¢ holds in j. So, i and j are consecutive children of r = 7(h). Moreover,
there exists a UHP between j and a position k£ > j. The tree nodes corresponding to
all positions in the path are consecutive children of 7, so we fall in case 1a of the only
if part of the proof. In T,,, a path between ¢t = 7(j) and v = 7(k) witnesses the truth
of = (¢,7) in s.

(9.5): = O (T UYL =¢’ Ax5 (X7 1)) holds in position i € w (this corresponds to case
1b). If x5 (X7 ') holds in 4, then there exists a position A s.t. x(h, i) and h < i, and a
position k s.t. x(h, k) and h =k, and ¢’ holds in k. v = 7(k) is the rightmost child of
r = 7(h), parent of s = 7(7). Moreover, if = O% (T U}y —¢’) holds in i, then either:

« = OY% T holds, i.e. there is no position j > i s.t. x(h, j) and h < j, so v is the
immediate right sibling of s. In this case = (i, 1) holds in s because % holds
inwv.

« 2(TU} —¢") holds in j > i, the first position after i s.t. x(h, j) and h < j. This
means ¢’ holds in all positions j' > j s.t. x(h,j’) and h < j'. Consequently,
the tree nodes corresponding to these positions plus v = 7(k) form a path
witnessing = (¢, 1), which holds in s = 7(%).

(9.6): O< (xfé (W' A =0Y(T S w’))) holds in i. Let h = i — 1, with h < i (it
exists because O is true). There exists a position k, x(h, k) and h < k, in which ¢’
holds, so ¢ does in v = 7(k), and ©% (T S¥ —¢’) is false in it. If it is false because
— 0% T holds, there is no position j < k s.t. x(h, j) and h < j, so v is the second child
of r = 7(h), s = 7(i) being the first one. So, = (¢, 1)) trivially holds in s because
1) holds in the next sibling. Otherwise, let j < k be the rightmost position lower
than k s.t. x(h,j) and h < j. =(T S} —¢’) holds in it, so ¢’ holds in all positions j’
between ¢ and k that are part of the hierarchical path, i.e. s.t. x(h, j') and h < j'. The
corresponding tree nodes form a path ending in v = 7(k) that witnesses the truth of
= (o, %) in s (case 2a).

(9.7): ©<(xF ¥ A= X5 —¢') holds in i. Thenlet h =i — 1, h < i, and s = 7(i) is the
leftmost child of 7 = 7(h). Since x 7 % holds in h, there exists a position k, s.t. x (h, k)
and h =k, in which ¢’ holds. So, v holds in v = 7(k), which is the rightmost child of
r, by construction. Moreover, ¢’ holds in all positions s.t. x(h,j) and h < j. Hence,
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 holds in all corresponding nodes ¢ = 7(j), which are all nodes between s and v,
excluded. This, together with 1) holding in v, makes a path that verifies = (, ) in
s (case 2b). O

Lemma 9.8. Given an OP alphabet (AP, M ap), for every Xyntii formula < (p,v),
and for any OP word w and position i in w, we have

(Tw, 7(0) = (0, 9) iff (w, 1) = v (= (0, 9))-

Tw € Ta,p is the UOT obtained by applying function T to every position in w, such
that for any position i’ inw (T, 7(i")) | ¢ iff (w,i") | tx(p), and likewise for 1.

Proof. Let ¢’ = 1x(¢) and ¢’ = 1x(¢).

[Only if] Suppose <= (¢,9) holds in s = 7(i). Then node r = 7(h) s.t. rRys
has at least two children, and < (¢, v) is true because of a path starting in v = 7(k),
st.rRyvand (T, v) = ¢ and ending in t = 7(j) s.t. t R— s. We distinguish between
the following cases:

1. v is not the leftmost child of r.

(a) h<i.By construction, all nodes in the path correspond to positions j' € w
s.t. x(h,j") and h < j', so they form a UHP. Hence, ¢’ S} ¢’ holds in j,
and (9.8) holds in 3.

(b) h =i. In this case, s is the rightmost child of r, and x(h,¢). The path
made of positions between k£ and j corresponding to nodes between v
and ¢ (included) is a UHP. So ¢’ 8% v holds in j, which is the rightmost
position of any possible such UHP: so ~ O T also holds in j. Hence, (9.9)
holds in .

2. v is the leftmost child of r.

(a) h < i.In this case, k = h + 1 and v’ holds in k. So, O< ¢’ holds in h, and
X5 (O<¢’) holds in i. Moreover, in all word positions j' with k < j' < j
corresponding to children of 7, ¢’ holds. Such positions form a UHP. So
= 0% (T S} —¢") holds in 7. Note that this is true even if s is the first right
sibling of v. Thus, (9.10) holds in 4.

(b) h=4.1v holdsin k = h+ 1, so O< %’ holds in h. Since x(h, ) and h =1,
xp(O< %) holds in i. Moreover, ¢ holds in all children of 7 except the

first and last one, so ¢’ holds in all positions j’ s.t. x(h, j') and h < j'. So
= X5 —¢’ holds in h, and (9.11) in i.

[If] We separately consider cases (9.8)—-(9.11).

(9.8): ©% (¢’ S¥ 1’) holds in i. Then, there exists a position h s.t. x(h,7) and h < 4,
and a position j < i s.t. x(h,7) and h < j. Since j # h + 1, the corresponding tree
node is not the leftmost one. So, this corresponds to case la, and < (¢, ) holds in
s =7(1).

(9.9): x5 (X3(=0% T A¢' 8% ') holds in i. Then, there exists a position A s.t.
x(h,i) and h = i. Moreover, at least a position j’ s.t. x(h,j’) and h < j' exists. Let
J be the rightmost one, i.e. the only one in which = O% T holds. The corresponding
tree node t = 7(j) is s.t. t R s, with s = 7(). Since ¢’ S} ¢’ holds in j, a UHP starts
from it, and 1 and ¢ hold in the tree nodes corresponding to, respectively, the first
and all other positions in the path. This is case 1b, and < (¢, %) holds in s.

111



(9.10): x5 (O<Y") A = O% (T Sfy —¢') holds in i. Then, there exists a position A s.t.
x(h,i) and h < i. ¢’ holds in k = h + 1, so ¢ holds in the leftmost child of » = 7(h).
Moreover, ¢’ holds in all positions j' < i s.t. x(h,j’) and h < 5/, so ¢ holds in all
children of r between v = 7(k) and s = 7(%), excluded. This is case 2a, and < (¢, ¥)
holds in s.

(9.11): Xp(OF ¥ A = x5 —¢’) holds in i. Then, there exists a position & s.t. x(h, 1)
and h =14. O< ¢’ holds in h, so 1 holds in node v = 7(h + 1), which is the leftmost
child of 7 = 7(h). Since = x5 —¢’ holds in h, ¢’ holds in all positions j’ s.t. x(h, j’)
and h < j. So, 1 holds in all children of r except (possibly) the leftmost (v) and the
rightmost (s = 7(4)) ones. This is case 2b, and <= (¢, ¢) holds in s. O

It is possible to express all POTL operators in FOL, as per Section 9.1.1. From this,
and Lemmas 9.6, 9.7, and 9.8 together with Theorem 9.5, we derive

Theorem 9.9. POTL = FOL with one free variable on finite OP words.

Corollary 9.10. The propositional operators plus O¢, ©%, x4, X%, Z/{fcl , S;l ,O%, 0%,
Uy, Sy are expressively complete on OP words.

Corollary 9.11. NWTL C OPTL C POTL over finite OP words.

Corollary 9.12. Every FO formula with at most one free variable is equivalent to one
using at most three distinct variables on finite OP words.

Corollary 9.10 follows from the definition of ¢ and Theorem 9.9 (note that all
other operators are shortcuts for formulas expressible with those listed). In Corol-
lary 9.11, NWTL C OPTL was proved in [54], and OPTL C POTL comes from Theo-
rem 9.9 and the semantics of OPTL being expressible in FOL similarly to POTL, while
OPTL C POTL comes from Theorem 7.9. Corollary 9.12, stating that OP words have
the three-variable property, follows from the FOL semantics of POTL being express-
ible with just three variables.

9.2 First-Order Completeness on w-Words

To prove the FO-completeness of the translation of &,,,;; into POTL also on OP w-
words, we must prove that X,,,;;; is FO-complete on the OPM-compatible UOTs re-
sulting from w-words. In Section 9.2.1 we show that infinite OPM-compatible UOTs
can be divided in two classes, depending on their shape. Then, after recalling some
notation in Section 9.2.2, we show how to translate a given FO formula into X4
separately for each UOT class in Sections 9.2.3 and 9.2.4, and how such translations
can be combined to work on any infinite OPM-compatible UOT in Section 9.2.5. Our
proofs exploit composition arguments on trees from [91, 117, 132] but introduce new
techniques to deal with the peculiarities of UOTs derived from wOPLs.

9.2.1 OPM-compatible w-UOTs

The application of function 7 from Section 9.1 to OP w-words results in two classes of
infinite UOTs, depending on the shape of the underlying ST. In both cases, in the UOT
the rightmost child of the root is not labeled with #, and nodes in the rightmost branch
do not have a right context. 7~1, which can be defined in the same way, converts such
UOTs into words with open chains.
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call ret call han ret call ret ... on OPM Mcay (Figure 4.2).

If a word w reaches infinity through right recursion, then it contains an infinite
number of chains that have a left context, which we call a pending position, but no
right context. An wOPBA reading such a word does an infinite number of push moves,
and its stack grows to infinity. The corresponding UOT T, = 7(w) presents a single
infinite branch, made of the rightmost nodes of each level. Such nodes, which we call
pending, are in the < PR when they correspond to a right recursion step, and in the
= PR when they are siblings in the ST. Pending nodes may have left non-terminal
(dot) siblings, which correspond to bodies of inner chains between two consecutive
right-recursion steps. So, w-words in which left and right recursion are alternated
also fall into this class, which we call Right-Recursive (RR) UOTs (Figure 9.2).

If w reaches infinity by left recursion, then it contains an infinite number of chains
sharing the same left context. An wOPBA reading w performs an infinite sequence of
pop moves, each one followed by a push, and its stack size is “ultimately bounded”,
i.e,, the stack symbol related to such a left context remains in the stack indefinitely,
and other symbols are repeatedly pushed on top of it, and popped. Thus, the stack
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reaches the same size infinitely many times. The rightmost branch of T, = 7(w)
ends with a node 7, with an infinite number of children (cf. Figure 9.3). Node r is
in the < relation with all of its children, otherwise it would violate property 3 of the
x relation. This is the Left-Recursive (LR) class of UOTs.

An exception to the above classification may occur if the OPM is such that the
transitive closure of the = relation is reflexive —in other words the OPM contains =-
circularities—. In this case the ST may contain just one node with an infinite number
of children, all in the = PR. As a result, such nodes form a unique infinite branch in
the corresponding UOT whose nodes are in the = relation unlilke the case of Figure
9.2. This is the distinguishing feature of RR UOTs, despite the fact that in this case the
stack of the wOPBA remains “ultimately bounded” as in the case of LR UOTs. Thus,
this exceptional case is attributed to the RR class.

In the following, by RR (resp. LR) word or ST we mean an OP w-word or ST that
translates to a RR (resp. LR) UOT. Next, we separately give a translation of FOL into
Xynti for RR and LR UOTs, and then show how to combine them to obtain complete-
ness.

Remark 9.13. There cannot be RR UOTs containing a node with infinitely many chil-
dren, or LR UOTs where more than one node has infinite children. If this was the case,
then the infinite children would appear as consecutive infinite subsets of positions in
the OP w-word isomorphic to the UOT. But this is impossible, because the set of word
positions is N, which is not dense and does not contain dense subsets.

Remark 9.14. The FO-completeness proof of the logic NWTL [12] is also based on a
translation of Nested Words to UOTs. However, Nested Words result in only one kind
of UOT, because VPL grammars can be transformed so that words grow in only one
direction. Thus, that proof does not deal with the issue of combining two separate
translations.

9.2.2 Notation

Throughout the rest of this section, we use the model theoretic notions and notation
that we introduced in Chapter 5.

We refer to the syntax and semantics of X,,,+;; presented in Section 9.1.2.2. The
semantics of the until and since operators is strict, i.e. the position where they are
evaluated is not part of their paths, which start with the next one. Thus, next and back
operators are not needed, but we define them as shortcuts, for any X;;,4; formula ¢:

Opp:=4(=T,p) Opp =1 (T,9)
O= == (-T,9) Ocp:=<(-T,9)

We also use LTL, but with strict semantics, which is slightly different from what
we presented in Chapter 2. Hence, we re-define it formally below. We call the struc-
ture (U, <, P) a finite LTL word if U C N is finite, and an LTL w-word if U = N. < is
alinear order on U, and P: AP — P(U) is a labeling function. The syntax of an LTL
formula @ is,fora € AP,p:=a|—p| Ve |oUp| ¢S e, where propositional
operators have the usual meaning. Given an LTL word w, and a position ¢ in it,

o (w,i) Eaiffi € P(a);
o (w,i) EvYUOiff thereis j > is.t (w,j) E 0 and forany i < j' < j we have
(w,5") = s
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e (w,1 S 0 iff thereis j < is.t. (w, J 0 and for any j < j' < ¢ we have
(w,i) F 9 J 2J yj<j

(w, ') = ¢

A future LTL formula only contains the &/ modality, and a past one only contains S.

9.2.3 RRUOTs
We prove the following:

Lemma 9.15. Given a FO formula on UOTs ¢(x) of quantifier rank k > 1, there exists
a Xuntil formula pg s.t. for any OP w-word w s.t. To,, = 7(w) is a RR UOT, and for any
noden € T,, we have (T, n) E ¢(x) iff (Tw,n) E ¢r.

To prove Lemma 9.15, we show that ¢ i can be built by combining formulas de-
scribing only parts of a UOT, as hinted in Figure 9.4. First, we prove that the rank-k
type of such parts determines the rank-k type of the whole tree (Lemma 9.16); then,
since such subdivision includes finite subtrees, we show how to express their rank-k
types in X1 (Lemma 9.17); finally we use such results to translate @(x).

This part of the proof partially resembles the one for the FO-completeness of
NWTL in [12], because of the similarity between the shape of RR UOTs and those
resulting from nested w-words. However, the two proofs diverge significantly, be-
cause Nested Words are isomorphic to binary trees, while RR UOTs are unranked.

Consider the RR UOT T, of the statement. We denote with s, s¥, ... the infi-
nite sequence of pending nodes obtained by starting from the root of T',,, and always
descending through the rightmost child. We call tf)(sf) the finite subtree obtained
by removing the rightmost child of 35 and its descendants from the subtree rooted in
85. If sf has one single child, tﬁ(sf) is made of sf only. Let n be any node in T,
and let qu be s.t. n is part of tff(sf;”), and sf = n if n is a pending node. Let I';, be
the (finite) set of all rank-k types of finite UOTs, and o} (w,n) € I'j, be the rank-k
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type of t[f(sf). We define % E(w,n) as a finite LTL word of length ¢ on alphabet T'y,,
s.t. each position p, 0 < p < q — 1, is labeled with afj(w, sf;). Also, let 7,?(11}, n) be
a LTL w-word on T';, having each position labeled with of(w, s¥, ;) for all j > 0.
We give the following composition argument:

Lemma 9.16. Let w; and wo be two OP w-words, such that T,,, = 7(wy) and Ty,, =
7(ws) are two RR UOTs. Let i1 and is be two positions in, resp., wy and wo, and let
s1 = 7(i1) and so = 7(i2). Forany k > 1, if

1. TkR(wl, s1) =g <F,CR(wQ,sQ),
2. UE(wy, s1) = VE(wy,s9) and
3. of (w1, 81) = ot (w2, s2),

then (T, ,51) =k (T, , 52)-

Proof. By Theorem 5.11, equivalences 1-2-3 imply that the respective games have a
winning strategy; we refer to them by game 1, 2 and 3. We prove that (T, , s1) ~&
(Tw,, $2), 1. that 3 has a winning strategy in the EF game on (T, , s1) and (T, S2)
so that the thesis follows. In round 0 of the game, partial isomorphism is ensured
by s1 and s3 having the same labels, due to hypothesis 3. In any subsequent round,
suppose w.l.o.g. that V picks a node s” from T, (the converse is symmetric). Let sfl
be the pending node s.t. s; is part of tﬁ(sg), and sffz be the pending node s.t. so is
part of tff(si). We have the following cases:

v 2 is one of the pending nodes that are ancestors of sfl , and ¢" is the

.57 = sk,
q
. s . 4R 3. $R :
corresponding position in v ;' (w1, s1). Then, 3 selects ¢° in v ;' (wa, s2) in

response to qv according to her winning strategy for game 1. Her answer to s

is 7 = sfa (i.e. the pending node with the same index).
« 57 is part of a subtree tfu"'l(sfv) such that sf\, is an ancestor of s(ﬁ. Then 3

chooses position ¢ in <UkR(wg, s2) as before. According to game 1, ¢” and ¢

must be labeled with the same rank-k type of a subtree (ie. off (w1, qu\,) =

U,f(wg,sf;)). Hence, game ¢ (sf‘v) ~ tR (55'3) has a winning strategy,
=)

which 3 can use to pick s7 in tﬁz (sq3 .

If the node picked by V is the rightmost child of Sfi or one of its descendants,
then 3 proceeds symmetrically, but using her winning strategy on game 2.

Finally, if V picks a node in ¢[f (sZ'), then by 3 we have & (sf) ~j t& (si),
and 3 answers according to her winning strategy in this game.

This strategy preserves the partial isomorphism w.r.t. the child and sibling rela-
tions and monadic predicates, as a direct consequence of rank-k type equivalences in
the hypotheses. O

Lemma 9.16 shows that the rank-k type of an RR OPM-compatible UOT is deter-
mined by the rank-k types of the parts in which we divide it. Given FO formula @(x),
consider the set of all tuples made of 1. the rank-% type of ?kR(w, s), 2. the rank-k
type of ¥ (w, 5), and 3. the type of (w, 5), such that (T}, s) }= @(z) for any RRUOT
T, and s € T,,. This set is finite, because there are only finitely many rank-k types
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of each component. So we can translate the Hintikka formulas expressing the types
in each tuple into X4 separately, and combine them to obtain one for the whole
tree. Then, X,,,1;; formula ¢ is a disjunction of the resulting translated formulas, one
for each tuple, similarly to Lemma 5.8.

Before proceeding with our translation, we need to show how to express in X
the rank-% type of a finite UOT such as tﬁ(sg), for some w and p, in the context of
T, Since the rank-k type of tf};(sf) only contains information about that subtree, we
need to restrict the formula expressing it to such nodes. In the following lemma we
show how to do this, thanks to a formula a* which holds in the root of the subtree
(but may hold in other parts of T},), and allows us to restrict X,,; operators so that
they do not exit the subtree.

Lemma 9.17. Let oy (t), with k > 1, be the rank-k type of a finite OPM-compatible
UOTt. Let r be a node of a RR or LR OPM-compatible UOT T, with a finite number of
children. Let o be a Xy formula that holds in r, and does not hold in subtrees rooted
at children of r, except possibly the rightmost one. Then, there exists a X formula
B(t) that, if evaluated in r, is true iff r is the root of a subtree of T,, with rank-k type
o (t), from which the subtree rooted in r’s rightmost child has been erased in case o*
holds in that child.

Proof. Let t,, be the subtree rooted at 7, excluding r’s rightmost child and its descen-
dants, if @* holds in it. We provide a formula 3(t) that holds in r iff t,, = t. If ¢
has only one node s with no children, which can be determined with a FO formula
with one quantifier, then 5(¢) := Bap(s) A 7 Oy(—a™), where B4p(s) is a Boolean
combination of the atomic propositions holding in s.

Otherwise, the rank-k type of ¢ is fully determined by

1. the propositional symbols holding in its root s;

2. the rank-k type of the finite LTL word v, whose positions 0 < p < m are
labeled with the rank-k types of the subtrees ¢,,, rooted at the children u,, of s
(including the rightmost one).

This can be proved with a simple composition argument.
Thus, we define

B(t) := Oy(= 0= T AB(E) A Bar(s),

where 84 p(s) is a Boolean combination of the atomic propositions holding in s, and
B'(t) characterizes ty,, ..., t,,,. By this we mean that 5’(¢) is such that when §(t)
holds on r, its children (except the rightmost one if o holds in it) must be roots
of subtrees isomorphic to ¢y, ..., t,, . Note that formula /3'(t) is enforced in the
leftmost child (where O T is false) of the node where 5(¢) is evaluated.

We now show how to obtain 5’(¢). Due to Kamp’s Theorem [106] and the separa-
tion property of LTL [86], there exists a future LTL formula 3 (t) that, evaluated in
the first position of v;, completely determines its rank-k type (it can be obtained by
translating into LTL the Hintikka formula equivalent to the rank-% type of v;).

We now show how to express the rank-£ types of the subtrees Z,,,. Since they
are finite, by Marx’s Theorem [126], there exists a Xy, formula vy, that, evaluated
in up, fully determines the rank-k type of ¢,,, (7, can be obtained by translating the
Hintikka formula for the rank-k type of Ly, into X, until)- Unfortunately, the separation
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property does not hold for X, [24], and vy, may contain {} operators that, in the
context of T}, consider nodes that are not part of ¢,,,.

There is, however, a way of syntactically transforming -, so that, if evaluated on
a child r" of r, its paths remain constrained to ¢,, the subtree rooted in /. Given a
Xyntir formula 1, it can be written as a Boolean combination of atomic propositions
and until/since operators (possibly nested). We denote by /¥ the formula obtained by
replacing all subformulas of the form 1} (¢, ¢’), = (v, ¢’) and < (¢, ¢') at the top-
most level with = T. If -y, is evaluated in the root of tu, outside of ¢, all such operators
evaluate to false. So, fy}} in 7’ agrees with -, in the root of Z,,, on such subformulas.
Now, take 'y#, and recursively replace all subformulas of the form 1} (¢, ¢') with the
following:

ﬂ((p/\—\Qﬂa*7(ﬁQﬂa*/\¢/)\/(Oﬂa*/\gp/l})).

We call ,, the obtained formula. Note that, since a* holds in r and at most in its
rightmost child, O4 o* only holds in nodes u,,, 0 < p < m. This way, we can prove
that 9} paths in 'yj’g cannot continue past u,, and those ending in u,, depend on a for-
mula that does not consider nodes outside the subtree rooted at u,,. Thus, when 71/) is
evaluated in u, in the context of T, all its until/since operators consider exactly the
same positions as the corresponding ones in v, evaluated outside of T;,. Hence, the
two formulas are equivalent in their respective contexts, and +,, is true in positions
that are the root of a subtree equivalent to .

We now show that such transformations do not change the formula’s meaning in
unwanted ways. Let t; be a UOT, and let 5 be a subtree of a larger UOT T, such that
t; and t, are identical, and o* holds in the parent of 79, the root of to. We prove that
7, holds on 7 iff 7, holds on 7y, the root of ¢;. For any subformula 9 of v, not at
the topmost nesting level, let ¢ be the corresponding subformula in ;. Then, we
prove by structural induction on %) that, for any node s # r; in ¢; and t, we have
(t1,8) Eviff (T,s) E .

The base case, where v is an atomic proposition, is trivial. The composition by
Boolean operators is also straightforward.

Paths considered by formulas of the form = (¢1, p2), <= (1, 2), and | (¢1, p2)
cannot get out of ¢y, when evaluated in one of its nodes that is not r2. Thus, we
have e.g. (t1,s) E = (v1,92) iff (T,s) E = (¢, ¢5) directly from the fact that
(t1,8") E o1 iff (T, ') = ¢} for any s’ € t; (and the same for ¢2).

Finally, let ) = 1 (1, ¢2). Suppose v is witnessed by a path in ¢; that does not
include its root r;. Then, = O¢ a* holds in all positions in such path inside ¢, and
1)’ is satisfied by the same path, thanks to the inductive hypothesis. Otherwise, ¢
may be witnessed by a path ending in 7. In this case, = Oy ™ holds in all positions
in the corresponding path in 5 except the last one. There, (O4 a* A ¢’) holds. In
fact, ¢ holds in the root of £; where any 1}, = and <= operator are false, so they can
correctly be replaced with =T in ¢’¥. Moreover, | operators are strict, so they must
be witnessed by paths completely contained in ¢, excluding its root. Hence, by the
inductive hypothesis they witness the corresponding operators in '¥. Conversely,
any path that witnesses 1)’ in s € t5 must be, by construction, entirely inside 2, so
it witnesses 1 in ¢, as well. Finally, 7, holding on 5 can be justified by an argument
similar to the one for ¢’V

Now, we can go on with the definition of 8(t): we set 5'(t) := —a* A (1),
where 8" (t) is obtained from 3 (t) by

« recursively replacing all subformulas ¢ U ¢’ with = (—a* A @, —a* A ¢');
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« replacing all labels, which are rank-k types of UOTs t,,,, with their correspond-

ing 7,
Thus, 8/(t) is @ Xynti formula that characterizes children of r, without considering
the one where a* holds (if any). O

Lemma 9.17 allows us to express in Xy, the rank-k type of any subtree { =
th(s R) for any pending node sR in Ty,. The root of ¢ is a pending node, and so is its
rightmost child s, ;, which is not part of t. So, we use aft, := = (T, O~ T), which
is true in pending nodes, where the path from the current node to the root is made of
rightmost nodes only. Thus, formula 3(¢) from Lemma 9.17 is true in a pending node
iff it is the root of a subtree equivalent to ¢, excluding its rightmost child.

Let n be the node where the translated formula is evaluated (i.e. the one corre-
sponding to the free variable in the FO formula @(z) to be translated). Let sfn be its
closest pending ancestor. Accordlng to Lemma 9.16, we need to express the rank-k
types of t%(s pn) V E(w,n), and o F(w, n)

For t}(sl ), simply take formula S(t(sk )).

By Kamp s Theorem and the separation property of LTL, the rank-k type of word
ﬁf(w, n) can be expressed by a future LTL formula 1) to be evaluated in its first
position. First, we recursively take the conjunction of all subformulas of z with o} .
Then, we recurswely substitute each LTL operator ¢ U " with |} (, ¢’), obtaining

a X, formula w’ that evaluates its paths only on pending positions in 7;,. We
can prove that equivalence is kept despite such transformations by induction on the
formula’s structure, as we did in Lemma 9.17. Since ¥ F(w, n) is labeled with rank-
k types of UOTs, we substitute any such atomic proposition o(¢) in ¢’ with 8(¢t),
obtalnlng formula 1/1 " that captures the part of the tree rooted at the rightmost child
of st Sp

A formula ¢ " for U F(w,n) can be obtained similarly, but using a past LTL for-
mula. The Since modality can be replaced with 1}, while other transformations remain
the same.

All formulas we built so far are meant to be evaluated in a pending node. If we have
n = sR then we are done. Otherwise, we evaluate in n an appropriate f} formula,
that can only be witnessed by a path ending in s . Thus, the final translation is

or = (@ NPR) VA (mall, all Agh)

where
P = AR ) A Oy (w00 T AT A Oy B

This concludes the proof of Lemma 9.15. O

9.24 LR UOTs

Let w be an OP w-word, and T, = 7(w) aLR UOT. We name 7, the node with infinite
children, and denote as ¢y (w) the finite UOT obtained by removing all children of r,
from T,,. We prove the following:

Lemma 9.18. Given a FO formula on UOTs ¢(x) of quantifier rank k > 1, there are
two Xyntir formulas o1 and oo s.t. for any OP w-word s.t. T, = 7(w) is a LR UOT,
and for any node n € T, we have
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sL(w,v(n) +1

sL(w, v(n) — 1)

tL(w,0) tL(w, v(n) — 1) tL(w, v(n)) tL(w, v(n) + 1)

Figure 9.5: Parts in which we divide a LR UOT for Lemma 9.19.

* (Tw,n) & @(2) iff (Tw,n) = r1 whenn & tf(w), and
* (Tw,n) = @() iff (Tw,n) = ¢r2 whenn € tf(w).

The proof is structured in a way similar to that of Lemma 9.15, but differs in the
parts in which we divide the tree. In fact, we divide a LR UOT into its finite part, and
two LTL words which make up the infinite children of 7, (see Figure 9.5).

We name s”(w,0), s”(w, 1),... the children of .., and we denote as t~(w,0),
tL(w, 1), ... the finite subtrees rooted at, resp., s“(w, 0), s*(w, 1),...,and o (w, 0),
oL (w,1),... their rank-k types. For all p > 0, for any node m in t£ (w, p), we define
the map v so that v/(m) = p. Now, let n be any node in T},. We define ¥ (w, n) as
the LTL w-word on the alphabet of rank-k types of finite OPM-compatible UOTs, such
that each of its positions i,, ¢ > 0, is labeled with o (w, v(n) + ¢+ 1) if n & t;(w).
If n is in ¢ ¢(w), then each position i, is labeled with of (w, q). We further define
0 E(w, n) as the finite LTL word of length v/(n) on the same alphabet, such that each
of its positions iy, 0 < g < v(n) — 1, is labeled with 0% (w, q). If v(n) = 0, or n is part
of t¢(w), then T,’;‘ (w, n) is the empty word. We now prove the following composition
argument:

Lemma 9.19. Let w; and wo be two OP w-words, such that T,,, = 7(wy) and Ty,, =
7(ws) are two LR UOTs, and ' and 2, are their nodes with infinitely many children.
Let i1 and ia be two positions in w1 and we, such that, by letting ny = 7(i1) and
No = T(ig), n; € tf(wl) iffng € tf('lUQ). If

1 (t];l(un),m) = (ty(ws),n9) ifny € tp(wr); (tp(wr),rl) =k (tr(w2),73)
otherwise;

2. U E(wi,n1) =

3. 7£(w17n1) =k 7ﬁ(wb%);

4. ny & tp(wy) implies tX (w1, v(n1)) = tL(we, v(n2))
then (T, ,n1) =k (Tw,, n2).

Proof. The proofis carried out by means of a standard composition argument. We give
a winning strategy for 3 in the k-round EF game between (T,,,n1) and (T, , na).
Suppose w.l.o.g. that V picks a node n” from T,,,. n” may be part of, either, ¢ (w; )
or a subtree t“(wy,v(n")). In the former case, 3 answers with a node in ¢ (ws),
according to her winning strategy in game 1. For the latter case, let us first suppose
ny and ng are not in, resp., t (w1 ) and t¢(ws). Then, 3 proceeds as follows:
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(@) v(n") < v(n1). In this case, 3 plays her game 2 as if ¥ had picked position
v(n¥) in U E(wy,n1). Let ¢7 be the position in 0% (ws, ny) chosen accord-
ing to such strategy. Since Té(wl,nl) = <Fﬁ(wg,ng) and k > 1, v(n")
and g7 must have the same label, so we have o (w1, v(n")) = of (w2, ¢”).
So, tX'(wy,v(n")) = t* (w2, ¢”), and 3 may pick a node n- in ¥ (ws, ¢7) ac-
cording to her winning strategy for the k-round game on t”(w;,v(n")) and
I (w2, ¢7), considering n" as V’s move.

(b) v(n") = v(ny). In this case, 3 picks n” in T, according to her winning strat-
egy on the EF game for equivalence 4.

(©) v(nY) > v(n1). 3 may proceed as in case (a), but picking ¢ from T £ (wg, ns)
according to her winning strategy on game 3.

If, instead, n; and no are in ty(w;) and t(ws), then word 7£(w1, ny) (resp.
7£ (w2, ngy)) represents all of the infinite siblings in T, (resp. T.,,), and ?f (wy,n1)
and 0L (wo, ny) are the empty word. So, 3 may proceed as in case (a), but picking ¢~
from §£ (w2, ng) according to her winning strategy on game 3. O

We now show how to express a FO formula with one free variable with a X1
formula equivalent to it on a LR UOT. As in the RR case, we show how to represent in
Xuntii the rank-k types of all parts in which we divide the tree in Lemma 9.19. Let n
be the node in which the X,,,+;; formula is evaluated. We need to distinguish whether
n € ty(w) or not. This is more conveniently done while also discerning such cases
from the RR one. Thus, we now treat the two LR cases separately, and show how to
combine them with the RR case in Section 9.2.5.

Suppose n & ty(w). Let s, = s(w,v(n)) be the root of the subtree t, =
tF(w,v(n)) containing n. Children of 7., can be identified by the X,,; formula
ak = O T A== (T,-~0O T), saying that no right sibling without right sib-
lings is reachable from the current node (i.e. there exists no rightmost sibling). By
Lemma 9.17 with o* = oL, there exists a Xy formula 3(t,,) that fully identifies
the rank-k type of t,, if evaluated in s,,.

Moreover, <Ff(w, n) and U & (w, n) can be expressed similarly to v *(w,n) and
W B(w,n) for RR UOTs. By Kamp’s Theorem, there exists a future LTL formula
4 & (w, n) that, evaluated in the first position of o (w, n), fully identifies its rank-k
type. Recursively substitute ¢ U ¢’ subformulas with = (¢, ') in ¥ ;(w, n), obtain-
ing ¢} (w,n). Then, replace all rank-k types of UOTs in ¢ . (w, n) with the respective
formulas obtained from Lemma 9.17, with o* = o, thus obtaining 1)}/ (w, n). Now,

O= ﬁ%(w, n), evaluated in s,,, fully describes the rank-k type of all right siblings of
Sn, and of the subtrees rooted in them.

Formula O~ %Z (w,n), which describes left siblings of s,, if evaluated in it, can
be obtained symmetrically, but replacing S with < in the LTL formula.

Finally, we need to describe the rank-k type of ¢ty (w). By Marx’s Theorem, there
exists a formula 1)1 that, evaluated in r, describes the rank-k type of ¢ ;(w). Take
the conjunction of each subformula of ¥ with —uﬁo, and call the obtained formula
¢, Thus, the rank-k type of ¢ (w) is described by O¢ ¢}, evaluated in sy,. Finally,
the rank-k£ type of the whole tree is described by the following formula, evaluated in
n:

pr1 = (af A py) VA (maks, el A ek,
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where the 1} operator is needed to reach s,, from n if s,, # n, and

— —
P11 = Op ¥ A Oc Yi(w,n) A O P (w,n) A B(tn).

Suppose, instead, n € t¢(w). Then, we express the rank-k type of ¢ (w) by means
of a Xyney formula )9, evaluated in n, which exists by Marx’s Theorem. In it, we
recursively take the conjunction of subformulas with ~a , thus obtaining UJ}Q-

Next, we need to describe the rank-k type of word ¥/ (w, s (w, 0)) (recall that

0 E(w, s (w,0)) is the empty word). This can be done as in case n & t(w), thus

obtaining formula v} (w, s* (w, 0)) which, evaluated in s (w, 0), fully identifies the
children of ro,. The latter can be identified by formula Oy ozgo. Thus, to describe its
children from n, we use formula

%
Oy i= 1 (T,ﬂoﬂTAu (ﬁo;5 T,08 (@5 A=OTA wg(w,sL(w,o))))),

where the outermost {} reaches the root of T, (identified by = O4 T), the inner |}
reaches 7, (identified by Oy ol ) by descending through rightmost children (r, is
the left context of an open chain, hence a pending position), and = O T identifies
sL(w,0). The final formula is

YLz ‘= <P/L2 A 1/1}2
This concludes the proof of Lemma 9.18. O

9.2.5 Synthesis

To finish the proof, we must combine the previous cases to obtain a single X
formula. First, note that it is possible to discern the type of UOT by means of FO
formulas of quantifier rank at most 5. The following formula identifies RR UOTs:

YR = Va[(0Rjx AVy(ORjy AyRjx) = pu(y)) = Jy(xRyy A u(y))],

where p(y) := —3z2(yR= z). yg means that any node = which is on the rightmost
branch from the root must have a rightmost child, i.e. the rightmost branch has no
end. LR UOTs are identified by the following formulas:

vr1(n) == Elx[mRﬂ'n A Jy(zRyy) AVy(zRyy = J2(yR=2))]

vr2(n) == x[~(zRn) A 3y(aRyy) AVy(zRyy = 32(yR=2))]

Both v71(n) and y2(n) say there exists a node = 4, that has infinite children,
but yr2(n) is true iff the free variable n is in ¢y (w), while 7,1 (n) is true otherwise.

Given a FO formula of quantifier rank m with one free variable ¢(x), let & =
max(m, 5). We use Lemma 5.8 to express ¢(z). Consider the finite set

Ly ={ok(Tw,n) [ (Tw,n) F @(x), n € Tw}

of the rank-k types of OPM-compatible UOTs satisfying @(z), with n as a distin-
guished node. For each one of them, we take the corresponding Hintikka formula
H*(w,n). Since k > 5, and the UOT type is distinguishable by formulas of quantifier
rank at most 5, for each o (T, n) it is possible to tell whether it describes RR or LR
UOTs. For each type, by Lemmas 9.15 and 9.18, it is possible to express H*(w,n)
through formulas describing the rank-k types of the substructures given by the com-
position arguments, and translate them into X, accordingly. Then, the translated
formula ¢ is the XOR of one of the following formulas, for each type o1 (T3, n) € T'k.
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« If T, isRR, then £g A wr(ok(Tw,n)).

« If Ty isLR,and n & tp(w): & A (aly VA (T, k) Agri(ok(Tw, n)), where
we assert one of the infinite siblings is reachable going upwards form 7, and so
nis not in ¢ y(w).

« If Ty isLR, and n € t5(w): £ A (o VI (T, ak)) A r2(ok(Tw, n)).

In the above formulas, g (0 (Tw,n)), ©r1(0k(Tw,n)), and ¢r2(ok(Tw,n)) are the
formulas expressing o (T, n), obtained as described in the previous paragraphs.
Moreover, we have

Eri=T1(T,7Op TAU (=05 T,70=5 TA=OYT)),
&= (T, 704 TAY (=05 T,m0s TAOaL)).
&R identifies RR UOTs. In it, the outermost 1} reaches the root of the tree, and the
inner |} imposes that the rightmost branch has no end. ¢, identifies LR UOTs. The
outermost 1} also reaches the root of the tree, and the inner |} is verified by a path in
which all nodes are on the rightmost branch, except the last one, which is one of the
infinite siblings.
Boolean queries can be expressed as Boolean combinations of formulas of the form
@ := Jdx(@'(x)). Then, it is possible to translate ¢'(x) as above, to obtain Xy,
formula ¢’, and | (T, ¢’) is such that (T3,,0) = (T, ¢') iff Ty = @, for any OPM-
compatible UOT T,,.
Thus, we can state

Theorem 9.20. X,,,;;; = FOL with one free variable on OPM-compatible w-UOTs.

Thanks to Theorem 9.20, we can extend the results entailed by the translation of
Section 9.1.2.2 to w-words.

Theorem 9.21. POTL = FOL with one free variable on OP w-words.

Corollary 9.22. The propositional operators plus O, O, XdF, Xdp, L{g , S;Ci ,O%, 0%,
Uy, , S are expressively complete on OP w-words.

The containment relations in Corollary 9.11 are easily extended to w-words:
Corollary 9.23. NWTL C OPIL C POTL over OP w-words.
Moreover,

Corollary 9.24. Every FO formula with at most one free variable is equivalent to one
using at most three distinct variables on OP w-words.
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Part 111

Model Checking
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In this part, we study model checking for OPLs. In Chapter 10, we describe the
model checking procedure for POTL, which we choose instead of that for OPTL be-
cause of the greater expressiveness of the former. In Chapter 11, we report on its
implementation and on the experimental results of its evaluation.

The model checking construction for POTL and its implementation were pre-
sented in [56], and partially in [140].
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Chapter 10

Model Checking Construction

The model checking procedure we give for POTL follows the automata-theoretic ap-
proach we presented for LTL in Chapter 2, adapting it to work with OPA for the finite-
word case, and wOPBA for the infinite-word case. Thus, we define a construction for
automata that accept models of an arbitrary POTL formula, and prove its correctness.
This construction is significantly more involved than the one for LTL, although the
final size of the automaton is still singly exponential in formula length.

We first treat the finite-word construction in Section 10.1, and then we adapt it to
w-words in Section 10.2.

10.1 Finite-Word Model Checking

We present an automata-theoretic model checking procedure for POTL based on OPA.
Given an OP alphabet (P(AP), Map), where AP is a finite set of atomic proposi-
tions, and a formula ¢, let A, = (P(AP), Map,Q, I, F, ) be an OPA. The construc-
tion of A, resembles the classical one for LTL and the ones for NWTL and OPTL,
diverging from them significantly when dealing with temporal obligations involving
positions in the yx relation.

We first introduce Cl(y), the closure of ¢, containing all subformulas of ¢, plus a
few auxiliary operators. Initially, Cl(¢) is the smallest set such that

1. ¢ € Cl(yp),

2. AP C Cl(yp),

3. if ¢ € Cl(p) and ¢ # =6, then =) € Cl(yp) (we identify =) with 1);
4. if mp € Cl(y), then ¥ € Cl(p);

5. ifany of 1) A 6 or ¢ V @ is in Cl(y), then ¢ € Cl(p) and 6 € Cl(¢p);

6. if any of the unary temporal operators (such as O%, x4, ...) is in Cl(¢), and ¥
is its argument, then ¢ € Cl(y);

7. if any of the until- and since-like operators is in Cl(y), and 1 and 0 are its
operands, then v, 6 € Cl(yp).

The set Atoms(y) contains all consistent subsets of Cl(¢), i.e. all ® C Cl(¢p) s.t.
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1. for every ¢ € Cl(p), v € @ iff ~¢p ¢ O;
2. N0 € D,iffp € Pand 0 € P;
3.y VvVeediffip € ®orf € P, or both.

The consistency constraints on Atoms(p) will be augmented incrementally in the
following, for each operator.

The set of states of A, is Q) = Atoms()?, and its elements, which we denote with
Greek capital letters, are of the form ® = (P, ®,,), where @, called the current part
of @, is the set of formulas that hold in the current position, and ®,, or the pending
part of @, is the set of temporal obligations. The latter keep track of arguments of
temporal operators that must be satisfied after a chain body, skipping it. The way
they do so depends on the transition relation §, which we also define incrementally.
Each automaton state is associated to word positions. So, for (®,a, V) € 8,y /shift»
with ® € Atoms(y)? and @ € P(AP), we have ®. N AP = a (by . N AP we
mean the set of atomic propositions in ®.). Pop moves do not read input symbols,
and the automaton remains stuck at the same position when performing them: for
any (®,0,¥) € 0,0p we impose &, = U,.. The initial set I contains states of the
form (O, ®,), with ¢ € P., and the final set F' states of the form (¥., ¥,), s.t.
U.N AP = {#} and ¥, contains no future operators. ®, and ¥, may contain only
operators according to rules explicitly stated in the following.

10.1.1 Next/Back Operators

Let 09 € Cl(p): then ¢ € Cl(p). Let (®,a,¥) € Jnifi U dpush, with @, ¥ €
Atoms(¢)2, a € P(AP), and let b = ¥, N AP: we have 0% € @ iff ) € U, and
either a < b or a = b. The constraints introduced for the ©¢ operator are symmetric,
and for their upward counterparts it suffices to replace < with >.

10.1.2 Chain Next Operators

Operators X7, X%, with m € {<, =}, restrict their downward counterparts to a single
PR. Their semantics can be defined as follows: given an OP word w and a position 4,
we have (w, 1) = xT ¢ iff there exists a position j > ¢ such that x(¢, j) and ¢ 7 j, and
(w, 7) = 1. Since they are needed for model-checking hierarchical operators, we in-
clude them in the construction. We also use them to model check downward/upward
chain next and back operators.

If x4 ¢ € Cl(y), we add x5, Xz ¥ € Cl(p), and for each ® € Atoms(p)? we
impose that X% 1 € ®,, iff Y51 € ®. or Xy € ®.. To model check x% 1, we
add the consistency constraint that, for any ® € Atoms(p), x% ¢ € ®. iff either
X? P e P, X? 1 € O, or both.

Moreover, we add into Cl(¢) the auxiliary symbol x 1, which forces the current
position to be the first one of a chain body. Let the current state of the OPA be ® €
Atoms(p)?: x1, € @, iff the next transition (i.e. the one reading the current position)
is a push. Formally, if (®,a, ¥) € Jgpip or (2,0, V) € §ppp, for any ,0, ¥ and a,
then xr, & ®,. If (P, a, ¥) € Opysh, then x 1, € ®,. For any initial state (., ®,) € I,
we have x € ©, iff # & ..

If x5 1 € Cl(y), its satisfaction is ensured by the following constraints on 4.

1. Let (®,a,¥) € Spyusn/snifs: then X7 ¢ € @ iff x5 1, x1 € Uy
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input | state stack PR move
0 d =
1 | callhanexcret # ®c = {call,xpret, xret}, 1| #<call | push
) = {xz}

2 hanexcret# | ®' = ({han}, {x:ret,xz}) call, #°] L | call < han | push
3 excret# | ®2 = ({exc}, () [han, ®!][call, ®°] L | han =exc | shift
4 ret# | ®° = ({ret},0) [exc, ®'][call, @] L | exc >ret | pop
5 ret# | ®* = ({ret}, {xzret}) [call, °]L | call=ret | shift
6 # | ®° = ({#,0) [ret,®°]L | ret># pop
7 # 1 2°={#}0) L - -

Figure 10.1: Example accepting run of the automaton for x% ret.

2. let (2,0, W) € 6,0p: then x5 1 € @, and x5 ¢ € O, iff x5z € V3
3. let (®,a, V) € dgpip: then X3 0 € @, iff ¥ € ®..

If x5 9 € Cl(y), X 1 is allowed in the pending part of initial states, and we add the
following constraints.

4. Let (D,a,W) € 8push/shise: then x5 ¢ € O iff x50, x1 € ¥y

5. let (9,0, %) € p0p: then x5 9 € O, iff x1, € V), and either (a) x5 ¢ € U,
or (b) ¥ € P..

The rules for x7 ¢ only differ in ¢ being enforced by a pop transition, triggered by
the > relation between the left and right contexts of the chain on which x 7 ¢ holds.
Thus, if x7 ¢ € Cl(¢) we have:

6. Let (D, a, W) € Opusn/snie: then X7 1) € Do iff X710, x1 € Uy
7. let (2,0, 0) € §pop: X7t € Opiff X710 € Uy, and x5 ¢ € D, iff ) € D;
8. let (P, a, V) € dypipe: then x7 1) & P,

We illustrate how the construction works for x7 with the example of Figure 10.1.
The OPA starts in state ®9, with Xfrlr ret € @2, and guesses that X% will be fulfilled
by X7, s0 X ret € ®2. call is read by a push move, resulting in state ®*. The OPA
guesses the next move will be a push, so x1 € <I>11). By rule 1, we have x5 ret € (I>117.
The last guess is immediately verified by the next push (step 2-3). Thus, the pending
obligation for X; ret is stored onto the stack in ®*. The OPA, then, reads exc with
a shift, and pops the stack symbol containing ®! (step 4-5). By rule 2, the temporal
obligation is resumed in the next state %, so xz ret € <I>f;. Finally, ret is read by
a shift which, by rule 3, may occur only if ret € ®*. Rule 3 verifies the guess that
X7 ret holds in ®, and fulfills the temporal obligation contained in <I>f,, by preventing
computations in which ret ¢ ®* from continuing. Had the next transition been a pop
(e.g. because there was no ret and call > #), the run would have been blocked by
rule 2, preventing the OPA from reaching an accepting state, and from emptying the
stack.

We now prove the correctness of this construction. For each operator, we show
that in all accepting computations it appears in an OPA state iff it holds in the corre-
sponding word position. While doing so, we assume that the construction is correct
for the operands of each operator. This allows us to prove the correctness of the whole
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#<rmpa<ug> by mur >... > by T Up_1> by Ty U, >dAdT, 2> H#
0 ) ib, ib, . ib, j

Figure 10.2: The two possible STs of a generic OP word w = xyz (top), and its flat rep-
resentation with chains (bottom). Wavy lines are placeholders for subtree frontiers.
We have either a = d (top left), or a > d (top right). In both trees, a < by, for 1 < k < n,
and the corresponding word positions are in the chain relation. For 1 < k < n, uy,
is the word generated by the right part of the rhs whose first terminal is by. So, ei-

b b : k ko ok koo k k- ok
ther *#[uy]**+1, or uy, is of the form vgcgvycy ... ey, vy, 11, where ¢j = ¢, for
0<p<myg b= clg, and resp. clfnk > biy1 and ¢}, > d (cf. Figure 10.3). Moreover,

My

. k k . k
for each 0 < p < my, either v}, | = ¢ or “»[vk, |]P+1; either vf = & or **[vf], and

k n
either vf, | = e or vk 4]%+1 (resp. “mn[v7 . 1]%). ug has this latter form,
except v = ¢ and a < ¢J. In the bottom representation, the s are placeholders for
precedence relations, that depend on the surrounding characters.
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TR R Rk k k
> by <vg >oeg <vy >cf oo, <vn P bei1 Ol Ukl

by, Yopta

Figure 10.3: The structure of uj in the word of Figure 10.2.

construction inductively on the formula’s structure, in Section 10.1.6. In the follow-
ing, we we denote as first(w) the first position of a word w. We also use Figure 10.3,
which represents the generic structure of any composed chain.

Lemma 10.1. Given a finite set of atomic propositions AP, an OP alphabet (P(AP),
Map), a word w = #axyz# on it, and a position i = |x| + 1 in w, we have

(w, 1) = Xp

if and only if all accepting computations of an OPA satisfying rules 1-3 bring it from
a configuration {yz, ®, ary) with x5z € ®. to a configuration (z,®', a'v) such that
XFY & @), la] = 1 and |o'| = 1 iffirst(y) is read by a shift move, |a'| = 2 ifit is
read by a push move. If 71 & ®, and it is not in the pending part of the state in c,
then it is not in the pending parts of states in o’. If no other rules constrain the transition
relation, at least one computation is accepting.

Proof. In the following, we denote by ®¢ the state of the automaton before reading
symbol a, so ®* N AP = q, forany a C AP.

[=] Suppose x7 ¢ holds in position i, corresponding to terminal symbol a. In all
accepting computations, the OPA reaches configuration (a . .. z, ®¢, [f, ®/]y), where
a = [f, ®f], and guesses that x7 ¢ holds in i, so x5 € ®% We show later in
the proof that all accepting computations must make this guess. a is read by either
a push or a shift transition, leading the OPA to configuration (cJ .. @CO ,0), with

either § = [a, ®][f, ®f]y or 6 = [a, ]y, respectively. Moreover, XFl/J € <I>p and

XL € ‘D;S due to rule (1). Since X? 1) holds in 4, a is the left context of a chain, so the
next transition is a push, satisfying the requirement for x 1. This also means w has the
form of Figure 10.2, possibly with n = 0 (cf. the caption for notation). Any accepting
computation must go through the support for this chain. The next configuration is
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W9 ... 2, &, [cS, $<0)6), with X7V € <I>IC,8. Then, the computation goes on normally.
Note that, when reading an inner chain body such as U?, the automaton does not touch
the stack symbol containing ®<, and other symbols in the body of the same simple
chain, i.e. ¢}, ). .., are read with shift moves that update the topmost stack symbol
with the new terminal, leaving state < untouched.

If a is the left context of more than one chain (i.e. n > 0 in the figure), the OPA then
reaches configuration (b; ...z, ®%*, [0, $<0]4). Since 9., > by, the next transition
is a pop. Xz € d°, so by rule (2), the automaton reaches configuration (b; ... z,
b1 ) with 7 v € @;’“. Then, since a is contained in the topmost stack symbol
and a < by, the next move is a push, leading to (v} . .. z, ®%0, [by, ®"*1]6). Notice how
x? 1) is again stored as a pending obligation in the topmost stack symbol. The OPA
run goes on in the same way for each terminal b,, 1 < p < n, until the automaton
reaches configuration (d. ..z, ®%,[cp,  ®"]6) with XFY € ®br. If a was the left
context of one chain only, this is the configuration reached after reading the body of
such chain, with n = 0. Since c}}, > d, a pop transition leads to (d. .. z, &’ d.5), with
X? (IS <I>;d, by rule (2). Note that there exists a computation in which X? ) & d,
so rule (2) applies. The fact that a computation with x5 ¢ ¢ @g is blocked by rule (2)
is correct, because this implies x7 v holds in the position preceding d. This would be
wrong, because such a position is in the > relation with d, and it cannot be the left
context of a chain, so x5 % must be false in it. Then, if 7 ¢ holds in i, since a is the
terminal in the topmost stack symbol, we must have a=d. So d is read by a shift move,
leading to (z, ®*, a/v) with o/ = [d, ®?][f, ®/] or o/ = [d, 7], depending on which
kind of move previously read a. Note that if y7 1 & o7, @g, the claim about states
in o/ is satisfied. Since X? 1) holds in %, ¥ holds in j (the position corresponding to
d), and ¢ € <I>’cd, because we assume the correctness of the construction for all other
operators. This satisfies rule (3), and verifies the initial guess that X? 1 holds in . By
rule (3), any computation in which v holds in j must have X? P € <I>;d, which is only
the case if the OPA makes such initial guess. Finally, there exists a computation in
which yz ¢ ¢ ®, satisfying the thesis statement. Note that all computations of this
form may then proceed normally until acceptance, if they are not blocked by rules
other than 1-3.

[<] Suppose that an accepting computation starts from configuration (a . .. z, %,
[f, ®7]7), with X7 1 € ®%, a = [f, ®/], and f < a (the case f = a is analogous). a is
read by a push move in this case, which leads the OPA to configuration (c§ . . . 2, @Cg,
[a, ®°][f, ®/]7), with X7 1, X1 € <I>,C,8. Since x € <I>ZC,8, the next transition must be a
push, so a < 08, a is the left context of a chain and w is of the form of Figure 10.2. The
push move brings the OPA to configuration (v3. ..z, ®%, [, ®][a, ®7][f, B/]7).
Notice that the stack size is now || + 3. By the thesis, the automaton eventually
reaches a configuration in which the stack size is |7y| + 2. This can be achieved if
[0, ®<0] is popped, so o’ = [a,®%][f,®/]. In a generic word such as the one of
Figure 10.2, this happens only before reading b,, 1 < i < n, ord.

In both cases, let [cfjlk , ®*] be the popped stack symbol. We have 7 1 € @gk.
By rule (2), if @’ is the destination state of the pop move, Xzir ¥ € @, which does not
satisfy the thesis statement. If the next move is a push (such as when reading any b,,
1 < p < n), the stack length increases again, which also does not satisfy the thesis.
If the next move is a pop, rule (2) blocks the computation. So, the next move must be
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a shift, updating symbol [a, ] to [d, ], where d is the just-read terminal symbol.
This means the OPA reached the right context of the chain whose left context is i (i.e.
a), and the two positions are in the = relation. By rule (3), v is part of the starting
state of this move, so ¢ holds in this position, satisfying x7 1 in 4. The state resulting
from the shift move may not contain Y7 ¢ as a pending obligation, thus satisfying

the thesis. O
The proof for x7 is very similar to Lemma 10.1, and is therefore omitted.

Lemma 10.2. Given a finite set of atomic propositions AP, an OP alphabet (P(AP),
Map), a wordw = #axyz# on it, and a position i = |x| + 1 in w, we have

(w,7) = Xz

if and only if all accepting computations of an OPA satisfying rules 4-5 bring it from
configuration (yz, ®, ary) with 51 € ®. to a configuration (z,®’,a’y) such that
XpY € @, lal =1 and |o/| = 1 iffirst(y) is read by a shift move, |o/| = 2 if it is
read by a push move. If x5 & ®, and it is not in the pending part of the state in c,
then it is not in the pending parts of states in o' If no other rules constrain the transition
relation, at least one computation is accepting.

Proof. [=] Suppose x5 % holds in position i, corresponding to terminal a. Then, a
must be the left context of more than one chain (by property 4 of the x relation),
and the word being read is of the form of Figure 10.2, with n > 1. Let us call by,
1 < p < n, the right contexts of those of these chains that are s.t. a <b,, (i.e., all except
the rightmost context of 7). There exists anindex ¢, 1 < ¢ < n, such that holds in ibgs
the word position labeled with b,. All accepting computations reach a configuration
(a...z,®% [f, ®]y), where a = [f, ®/], and x5 1) € ®2, because the OPA guesses
that X ¢ holds in i. a is read by a shift or a push transition, which leads the OPA
to configuration (cJ ...z, $°,6), with § = a7, and either o/ = [a, ®][f, ®/] or
o' = [a, ®f], respectively. The claim on the pending part of states in o/ is trivially
satisfied. Due to rule (4), we have x5 ¢ € @;8 and 1 € @;8. As a result, the next
move must be a push, consistently with the hypothesis implying a is the left context of
a chain. Then, starting with 08, the OPA reads the body of the innermost chain whose
left context is a, until it reaches its right context b;. In this process, the topmost
stack symbol [c], @CS] may be updated by shift transitions reading other terminals c?,
1 < p < my, that are part of the same simple chain as ). However, it is never popped
until b; is reached, since subchains cause the OPA to only push, pop and update new
stack symbols, but not existing ones. So, the OPA reaches configuration (b; ... z, b1

(0]
[0, D9]3), with x5 ¢ € .
Suppose g # 1, so 1) does not hold in b1 . Since cgm >b1, the next transition is a pop.

Due to rule (5), it leads the OPA to configuration (b; ...z, ®*1,§) with x5 ¢ € <I>;b1
and xr, € @Z’l. The presence of xr implies the next move is a push, a requirement

that is satisfied because a < b;. So, the OPA transitions to configuration (v} ... z, P,
[b1, ®"*1]8). The computation, then, goes on in the same way for each b,, 1 < p < q.

Before b, is read, (and possibly ¢ = 1), the OPA is in configuration (b, ...z, Pba,
[cfnle,l, ®ba-1]5), with y 54 € pi'. Since 6;17;171 > by, a pop transition brings

the OPA to (b, ...z, ®"¢,§). Since by hypothesis 1 € DL, by rule (5) we just have
XL € @;b“, and the initial guess is verified. Since the topmost stack symbol contains
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a, and a < by, the next transition is a push, which satisfies the requirement of x .. Note

that x5 ¢ & <I>;,bq, and the current stack is §, which satisfies the thesis statement, also
ensuring that a computation of this form may be finally accepting.

[«] Suppose that during an accepting computation the OPA reaches configuration
(a...z,®% [f, ®]y), with x5 ¢ € ®2. Again, a must be read by either a push or a
shift move. Since X, is inserted as a pending requirement into the state resulting from
this move, the next transition must be a push, so a is the left context of at least a chain.
This chain has the form of Figure 10.2. By rule (4), the OPA reaches configuration
(... 2,®%, 8), with xS, x1 € q);g, and § as in the [=] part after reading a. Let
D, @Cg] be the stack symbol pushed with c{. The stack size at this time is greater by
one w.r.t. what is required by the thesis statement, so [c), ‘1)68] must be popped.

This happens when the OPA reaches a symbol e s.t. the terminal symbol in the
topmost stack symbol takes precedence from e. e must be s.t. ¢ < e (and e = b; in
Figure 10.2). Otherwise, suppose by contradiction that a > e or a =¢e (so ¢ = d in
Figure 10.2, in whichn = 0 and c%o precedes d). In this case, after popping [c?no, @Cg],

the automaton reaches configuration (dz, ®'¢,§’). Since x5 € (I>f,8, by rule (5)
we have x5 € @4, so this configuration does not satisfy the thesis statement.
Moreover, x1, € <I>;d, which requires the next transition to be a push. But a = d or
a > d, and a is the topmost stack symbol, so such a computation is blocked by x,
never reaching a configuration complying with the thesis statement.

So, ¢ = by, and the OPA reaches configuration (b; ...z, ®",[c) <I>03]5>. The
subsequent pop move leads to (b ...z, ®"*1 ). Suppose 1) € ®4. Then, by rule (5)
we only have y; € @;bl, and x5 & (I);bl. This configuration satisfies the thesis
statement, and since a < b1, a and b; are the context of a chain, and v holds in by, we
can conclude that x5 ¢ holds in a.

Otherwise, if 1) ¢ ®%, by rule (5) we have Xr ¥, XL € <I>;b1. The next transition
will therefore push the symbol [b1, ®'*1] onto the stack, again with X ¢ as a pending
obligation in it. Then, the same reasoning done with [c§, @Cg] (and its subsequent
updates) can be repeated. The only way the thesis statement can be satisfied is by
reading a position by, s.t. a < by, the terminal in the topmost stack symbol takes

precedence from b, (so a and b, are the context of a chain), and ¢ € @27, so 1) holds
in b,. This implies x5 ¢ holds in a. O

10.1.3 Chain Back Operators

We now give the construction for the chain back operators, and their proofs.

To model check the X% 1) and X% 1/ operators, we employ the auxiliary operator
X% 9, with m € {<,=,>}. Given an OP word w and a position ¢ in it, we have
(w,i) E X% iff there exists a position j < ¢ such that x(j,¢) and j 7 ¢, and
(w,j) | 1. For any ® € Atoms(yp), we have X% € ®, iff either x5 ¢ € @,
X5 € @, or both; X% ¥ € . iff either x5 1 € O, X3 ¥ € P, or both.

We add symbol x r, which lets the computation go on only if the previous transi-
tion was a pop, and the position associated with the current state is the right con-
text of a chain. So, for any (®,a,¥) € Opysn/shist. We have xr & ¥p; for any
(2,0,T) € 0pop, we have xg € U,. xg is allowed in the pending part of final
states.

If x5 9 € Cl(¢), we add the following constraints on the transition relation.
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9. Let (®,a, V) € dgpip: then x50 € D, iff x50, XR € Pps
10. let (®,a, V) € §puen: then x5 € O
11. let (®,0, W) € §,p: then xp 1 € U, iff X5 1 € Op;
12. let (®,a, W) € Spysn/snise: then xp ) € ¥, iff ) € Po..
The constraints added if x5 ¢ € Cl(y) now follow.
13. Let (®,a, V) € dpysp: then x5 ¢ € @ iff X5, Xr € Pps
14. let (®,a, V) € dypip: then x5 ¢ &€ s
15. let (®,0, V) € §,0p: then x5 9 € U, iff X5 € O
16. let (®,a, V) € Opysp/shife: then x5 € U, iff ¢p € @...

Finally, when x% ¢ € Cl(¢), we add symbol x -, which appears in a state iff the next
transition will be a shift: for any (®,a, U) € Jpus, and (2,0, ¥) € Spop. X2 & Pp,
and for any (®,a, V) € dspift, X= € Pp. x5 and x_- are allowed in the pending
part of final states. We also add the constraints below.
Let ((I)a a, \II) € 6push/shift:

17. xp ¥ & Uy,

18. xp 1 € Do iff X7 ), xR € Pps
let (2,0, ) € dpop:

19. if (x, € ¥y or x- € U,), then x3 ¢ € U, iff x7 ¢ € D,

20. if xz,X= & Uy, then x5 ¢ € U, iff either Y51 VOl 9 € O, or x5 ¢ € .

We proceed by proving the correctness of the construction for each operator, as
we did for their future counterparts.

Lemma 10.3. Given a finite set of atomic propositions AP, an OP alphabet (P(AP),
Map), a word w = #axyz# on it, and a position j = |xy| in w, we have

(w, ) EXp ¥

if and only if all accepting computations of an OPA satisfying rules 9-12 bring it from
configuration {yz, ®, ay) to a configuration (z, @', o’v) such that |a| = 1, |o/| = 1 if
first(y) is read by a shift move, |o/| = 2 if it is read by a push move, and x5 € ®J,
where ®7 is the state of the OPA before reading j, the last position of y. If no other rules
constrain the transition relation, at least one computation is accepting.

Proof. [=] Suppose X7 ¢ holds in position 4, corresponding to terminal symbol a.
Then, there exists a position j, labeled with terminal d, s.t. x (4, j), @ = d, and 1 holds
in ¢. Since a and d are the context of a chain, the input word must have the form
of Figure 10.2. All accepting computations of the OPA reach configuration (a... z,
@4, [f, ®/]v) before reading a. By the inductive assumption, we have ¢ € ®%. a is
read by a shift or a push move, bringing the OPA to (c] ... z, P, ), with § = o',
and either o/ = [a, ®?][f, ®/] or o/ = [a, ®/], respectively. Due to rule (12), we
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have x5 ¢ € @;8. After reading ), the OPA reaches configuration (v ... z, <I>”8,
[0, ®<0]5). Then, the automaton proceeds to read the rest of the body of chain x (4, §).
If i is the left context of multiple chains, the stack symbol [cJ, <I>03], containing x5 v
as a pending obligation, is popped before reaching d. Let b,, 1 < p < n, be all
labels of positions iy, s.t. x(i,7,) and a < by. It can be proved inductively that,
before reading any of such positions, the OPA is in a configuration (b, ...z, ®%,
[cfn;l_l,cbbpfl]é), with x5 ¢ € ®b-1. Since cﬁ;pl_l > by, the next move is a pop,
leading to a configuration (b, ... z, ®"%», §), with x5 ¢ € (ID;,bp, due to rule (11). Then,
by is read by a push move because a < b, so XTJ 1) is again stored in the topmost
stack symbol as a pending obligation, in a configuration (v} ...z, ®1, [b,, ®'*#]5).
The stack symbol containing x7 1 is only popped in positions b,, or when reaching
d, since subchains only cause the OPA to push and pop new symbols.

So, configuration (dz, ®%, [c?, , ®'*»]5) is reached, with 7 1) € ®*" (note that d
labels the last position of 7). Due to rule (11), a pop move leads the OPA to (dz, ®'%, ),
with ng P E <I>;,d. Then, since by hypothesis a = d, and a is contained in the topmost
stack symbol, d is read by a shift move. Since this transition is preceded by a pop, we
have a computation in which xr € q);d. So, by rule (9), since X? Vv, XR € @;d, we have
Xp ¥ € ®/4, with the stack equal to §, satisfying the thesis statement. Computations
of this form can proceed until acceptance, if not blocked by rules other than 1-3.

[«<] Suppose that, while reading w, an accepting computation of the OPA arrives
at a configuration (dz, ®'¢, §), where d is the last character of y, and x5 ¢ € ®/4. By
rule (9), we have X}ia Y, XR € ‘b;‘i. XR € ‘I)Z requires the previous transition to be a
pop, so d is the right context of a chain. Let a be its left context. By hypothesis, the
computation proceeds reading d, and by rule (10) it must be read by a shift transition.
So, we have a = d, and w must be of the form of Figure 10.2. Going back to (dz, ®'¢,
J), consider the pop move leading to this configuration. It starts from configuration
(dz,®,[cl, , ®"]5), and by rule (11) we have x5 ¢ € @b

Consider the move that pushed ®*~ onto the stack. Suppose it was preceded by a
pop move. Since ®%" is the target state of this transition, and x5 1> € ®%~, by rule (11)
X7 ¥ must be contained as a pending obligation in the popped state as well. So, this
obligation is propagated backwards every time the automaton encounters a position
that is the left context of a chain, i.e. positions b,, 1 < p < n, in Figure 10.2. In order to
stop the propagation, a push of a state with x5 % as a pending obligation, preceded by
another push or shift move must be encountered. Such a transition pushes or updates
the stack symbol under the one containing xfp 1, which means the left context a
s.t. a = d of a chain whose right context is d has been reached. In both cases, the
target state of the push/shift transitions contains x5 1 as a pending obligation, so by
rule (12) we have ¢ € ®¢. Hence, by the inductive assumption, ) holds in position 4
(corresponding to a), we have ¢ = j and x (4, j), which implies X? Y holdsinj. [

The proof of the model checking rules of x 3 1/ is similar to the one of Lemma 10.3,
and is therefore omitted.

Lemma 10.4. Given a finite set of atomic propositions AP, an OP alphabet (P(AP),
Map), a word w = #xyz# on it, and a position j = |zy| in w, we have

(w,§) E x5
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H<ET, A< Uy Ty by < UK 1 Ty 1 b1 < ... <upm by <ug>dm, 2> #
0 i ip,, b, 4 by j

Figure 10.4: The two possible STs of a generic OP word w = zyz (top) expanded on
the rightmost non-terminal, and its flat representation with chains (bottom). Wavy
lines are placeholders for subtree frontiers. We have either a = d (top left) or a < d
(top right), and by, >d for 1 < k < n. For 1 < k < n, we either have ?+1 [u;,]%, or
is of the form vEcfv¥ck ... c’fnkv,’;k“, where c’; = §+1 for 0 < p < my, cfnk = by,

and resp. a < ¢ and by < c’é. Moreover, for each 0 < p < my, either U];_H =¢

k k . k . k

or “»[vk, |]+1; either vf}, ) = & or “mx[vf, ,]%, and either vf = & or P+ [pf]%
n

(resp. %[vB]). ug has the same form, except v, , = €and comO > d. The ;s are

placeholders for precedence relations, and they vary depending on the surrounding
terminal characters.
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if and only if all accepting computations of an OPA satisfying rules 17-20 bring it from
configuration (yz, ®, ay) to a configuration (z, ®’, a’7) such that |o| = 1, |&/| = 1 if
first(y) is read by a shift move, |o/| = 2 if it is read by a push move, and x7 ¢ € ®J,
where ®7 is the state of the OPA before reading j, the last position ofy. If no other rules
constrain the transition relation, at least one computation is accepting.

Proof. [=] Suppose X7 v holds in position j. Then, j is the right context of at least
two chains, and the word w has the form of Figure 10.4, with ¢ being the left context
of the outermost chain whose right context is j. Let positions ib,, labeled with b,
1 < p < n, be all other left contexts of chains sharing j as their right context. There
exists a value ¢, < ¢ < n, s.t. 7 holds in ib,-

During an accepting run, the OPA reads w normally, until it reaches b, with con-

figuration
q+1

(by ...z, @ [c, ,@][bgyr, @O ]...0),
with 1) € ®, § = o/, and either o/ = [a, ®][f, ®7], if a (the label of i) was read
by a push move, or o/ = [a, ®/] if it was read by a shift. Note that if b, is the only
character in its simple chain body (u, = € in Figure 10.4) [c], , @] is not present
on the stack. In this case, b, is read by a push move instead of a shift. Suppose b, is
the left context of one or more chains, besides the one whose right context is j. In
Figure 10.4, this means v{ ~! £ . Consider the right context of the outermost of such
chains: w.l.o.g. we call it cg_l (it may as well be b, _1). Since ¢ holds in i, Xp
holds in 0871. If, instead, 0871 = ¢, then 0871 is the successor of b,, and ©< ¢ holds
in it. In both cases, x5 ¥ V ©< ¢ holds in cg_l. Since b, < ¢~ ", the latter is read by

a push transition, pushing stack symbol [¢]™", @Cgil], with xg ¢ VOS¢ € @28 B
This symbol remains on stack until d is reached, although its terminal symbol may be
updated. The computation then proceeds normally, until configuration (dz, (4=2)4,
[bg—1, @Cgfl] ... 0) is reached.

-1

Since x5 V O< € @Eg , by rule (20), the OPA transitions to configuration
(dz, ®D4 [b,, ®] ... 8) with x5 1 € <I>](7Q)d and xr, x- & q)l(,q)d. (Note that the next
transition must be a pop, since the topmost stack symbol is by, and b, > d.) Then, by
rule (20), all subsequent pop transitions propagate x7 v as a pending obligation in
the OPA state, until configuration (dz, ®("~1? §), with y3 ¢ € @;"_ml. Now, the
automaton guesses that this is the last pop move, and the next one will be a push or
a shift. So, it transitions to (dz, ®(™?,§), with and y, € CI)I(,n)d or y. € @,(,n)d
Xp € @én)d, according to rule (19). Also, xr € @é")d, because the previous move
was a pop. At this point, d is read with either a shift or a push transition. According
to rule (18), x7 ¢ € @&n)d, which satisfies the thesis statement.

[<=] Suppose the automaton reaches a state &/ = &9 s t. X7 ¥ € ®J during an
accepting computation. j has to be read by either a push or a shift move, so either
XL € @; ory-. € <I>{7. By rule (18), for the computation to continue, we have x g € <I>g,.
So, the transition leading to state ), must be a pop, and the related word position d
is the right context of a chain. Let ®"/ be the starting state of this transition. Since
X7 € ®, by rule (19) we have x5 € @g. By rule (17), this transition must be
preceded by another pop, so d is the right context of at least two chains, and the word
being read is of the form of Figure 10.4, with n > 1.

So, before reading d, the OPA performs a pop transition for each inner chain hav-
ing d as a right context, i.e. those having b,,, 1 < p < n, as left contexts in Figure 10.4,

,and
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plus one for the outermost chain (whose left context is a). By rule (20), x3 1 is prop-
agated backwards through such transitions from the one before d is read, to one in
which x5 1 V ©< 1 is contained into the popped state.

By rule (17), for the computation to reach such pop transitions, the propagation of
X7 ¥ as a pending obligation must stop. So, the OPA must reach a configuration (dz,

@4 [b,, &) ... 5) with x5 pVO<e € fbig. Note that the following reasoning also
applies to the case in which, in Figure 10.4, u, = €, by substituting b, to ¢{. The top-
most stack symbol was pushed after configuration (c{ ...z, &%, [b,_1, @Cgil] .. 0).
We have b,_1 <cd. If v§ = ¢, and ¢ is in the position next to b,_1, ©< ¢ holds, while
if vl # ¢, since b1 [vd] is a chain, x5 % holds. Therefore, 1) holds in b,_;. Since
bg—1 > dand x(iy,_,,7), x3 ¥ holds in j. O

10.1.4 Summary Until and Since

The construction for these operators is based on their expansion laws. The rules for
until follow, those of since being symmetric. For any ® € Atoms()?, we have 1) U*
0 € ®., witht € {d, u} being a direction, iff either: 1. 0 € ®., 2. O (U 0), € .,
or3. XL (v U ), € P.

10.1.5 Hierarchical Operators

For the hierarchical operators, we do not give an explicit OPA construction, but we
rely on a translation into other POTL operands. For each hierarchical operator 7 in
¢, we add a propositional symbol q,). The upward hierarchical operators consider
the right contexts of chains sharing the same left context. To distinguish such po-
sitions, we define formula v7,,, = X5 (a) A O(d-qw)) A O(B-qe))), where
Oy = ~(TUy (T Z/l;f —1))), and B is symmetric. O and © are the LTL next and back
operators, for which model checking can be done as for O and ©¢, but removing the
restrictions on PR. They could be replaced with O v := O% ) vV O™ 4, but this would
cause an exponential blowup in the following equivalences, which can be used for
model checking upwards hierarchical operators. v, ,, evaluated in one of the right
contexts, asserts that q(,) holds in the unique left context of the same chain, only.

Ol ¥ = vL.05w A O (G XF doy ) Uy (X5 oy, v A ) (10.1)
O ¥ =05 ¢ AN O ((FXF ey v) Sy (XF ey, v) AY)) (10.2)
YU O =YL yuge N (XD Auzey = V) Uy (X5 duzey A0) (10.3)
VSt 0= vLpsuo A (XD dwsye) = ¥) Sy (XB dwszoy N 0) (10.4)

We only prove equivalence (10.3), as the others are essentially analogous.

Lemma 10.5 (Equivalence (10.3)). Letw be an OP word based on an alphabet of atomic
propositions P(AP), and i a position in w, and let A(ypupe) ¢ AP, and 6 being two
POTL formulas on AP. Let w’ be a word on alphabet P(AP U {qyyz0)}) identical to
w, except d(yyqx 0y holds in position h < i s.t. x(h,i) and h <.

Then, (w,3) =¥ U} 0 iff (w',1) = T (¢, 0), with

T(¥,0) = vLyuze N (XD Qwuzey = ) Uy (X5 Awuzo) N 0),
Ve = X5 (A A OO ) A OE ~q))-
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Proof. [=] Suppose ¢ U 6 holds in position ¢ in word w. Then, by its semantics,
there exists a UHP i = ig < i1 < -+ < iy, withn > 0, and a position i < i s.t. for
each i, 0 < p < n, we have x(h,i,) and h < iy, and for 0 < ¢ < n, 9 holds in i,,
and 6 holds in 4,,. We show that in T (¢, #) holds in 7 in w’. By construction, in w’,
d(yuz ey holds in h only. So, qyee 0y A O(O "y e)) A ©(E ~d gz e)) holds in A,
and v yuy o holds in i.

For (X5 dwyuzey = ¥) Uy (X5 deyuze) A 0) to hold in 4, there must exist a
USP between ¢ = ¢ and i,,. Suppose, by contradiction, that no such path exists. This
implies there exist two positions r, s, with i < r < 5 < 4y, r < s, either s =7 + 1
or x(r, s), s.t. no USP can skip them. So, there exist no positions ', s' s.t. i < 1’ <
s < 8 <ipst x(r',s) and either ' = ¢’ or v’ > §'. Since r < s, r is the left context
of a chain. Let k be the maximal (i.e. rightmost) position s.t. x(r, k). There are three
cases:

« k > i,. In this case, i, is part of the body of the chain x(r, k). However, by
hypothesis, x(h,in), and h < i < r < i, < k. These two chains cross each
other, which is impossible by the definition of chain.

o k =1iy,. Ifr=i, orr>i,, then i, is reachable by the USP. Otherwise, we would
have x(h, i,) and x(r,i,), h < iy, and r < i,, with h # 7, which is impossible
because of property (3) of Lemma 6.3.

o« k < iy Ifr=~Fkorr >k, then r and k can be part of an USP reaching i,,. If
r < k, then k is the first position of the body of another chain having r as its
left context, which contradicts the assumption that £ is maximal.

By hypothesis, gy 6) holds in A, so X5 q(yuze) holds in all positions 4, 0 <
p < n, in the UHP. Since # holds in i, X; A(yuze) N 0 holds in it. Moreover, since
¢ holdsinall iy, 0 < ¢ < n, x5 d(yupe) = Y holds in all positions in the USP
between iy and i,,.

[«<=] Suppose (w',i) = Y(1,0). Then, v gy e holds in i. This implies there
exists a position h s.t. x(h,4) and h < i, which is unique by Lemma 6.3. By 1, yu/z 6,
d(yuy ey holds in h and in no other position. Moreover, (x5 duzey = ) Uy
(X5 d(yuze) A 0) holds in i, so there exists an USP i = jo < j1 < -+ < jim. We
show that there exists a sequence of indices 0 = py < p; < --- < p, = m s.t
JposJpis---»Jpn is @ UHP satisfying 1) UF; 0 in 7 in w.

First, note that 6 holds in jp,,, and since h is the only position in which gy )
holds, we have x(h, jp, ) and h < jp,.. So, jp, is the last position of a UHP starting
in 4. For each position j s.t. ¢ < j < jp., x(h,j) and h < j, there exists an index
1 < g <n-—1st jp = j. Since all such positions j are between jo and j,,, the
USP could skip them only if they were part of the body of a chain, i.e. if there exist
two positions jo < r < s < j, s.t. X(Jo, Jm ) and either r = s or r > s. Such a chain
would, however, cross with x(h, 7), which contradicts the definition of chain.

Because q(yu/y0) only holds in h, the fact that X5 d(yupe) = ¢ holds in all
positions jo, j1,. .., jm—1 implies ¢ holds in all of j,,, jp,s-- -+ Jp,_.- S0, by con-
struction of w’, jp,, Jpys - - - 5 Jp, is @ UHP satisfying ¢ U}, 6 in position ¢ in w. O

We now give the equivalences for downward hierarchical operators. The follow-

ing formula, when evaluated in the left context of a chain, forces symbol p,, in the
right context. Note that if the left context is in the > relation with the right one, the
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latter is uniquely identified.

YR = X7 (A A OO =a()) A OB —q)))

O = Yrot 4 N O (2 XF Ao, v) Us (XF Ao ) A ) (10.5)
O = Trod » ANO ((HXF Ao, v) Sy (XF g ¢ A ) (10.6)
DU 0= VR yugo N (XF dwug ey = ) Uy (X7 diyug o) A 0) (10.7)
b Sty 0= Vrysto N (X7 dpst o) = V) Sy (x7 Aysi ) NO) (10.8)

10.1.6 Concluding Proof

Theorem 10.6 (Correctness of Finite Model Checking.). Given a finite set of atomic
propositions AP, an OP alphabet (P(AP), M ap), a wordw on it, and an POTL formula
, the automaton built according to the procedure in this section is such that we have

(w,1) o

if and only if it performs at least one accepting computation on a word w' equal to w,
except for the presence of one more propositional symbol for each hierarchical operator

in .

Proof. We proved that all chain next/back operators hold in a position in w iff in all
accepting computations, after reading a subword of w, the OPA is left in a state not
containing any pending obligation related to that instance of the operator (cf. Lem-
mas 10.1, 10.2, 10.3, 10.4). While the correctness of the upward/downward next/back
operators is trivial, that of summary until/since operators is due to the correctness of
the respective expansion laws, proved in Lemma 8.4. Moreover, in Lemma 10.5 we
proved the correctness of the equivalences for the hierarchical operators.

The results above allow us to prove that, by structural induction on the syntax
of ¢, if ¢ holds in position 1 of w, there exists a word w’ identical to w, except for
the propositional symbols needed for the hierarchical operators, such that the OPA
performs at least a computation reaching the end of w in a state containing no future
operators and no temporal obligations. By the definition of the set of final states F,
such a computation is accepting,.

Conversely, suppose there exists a word w’ with the described features on which
the OPA performs at least one accepting computation starting from a state containing
. Then ¢ holds in the first position of a word w built by removing the propositio-
nal symbols introduced by equivalence formulas for hierarchical operators. Indeed,
such a computation ends with an empty stack, and a state containing no future oper-
ators or temporal obligations which, by the lemmas listed above, implies all temporal
obligations have been satisfied, and w is a model for . O

Complexity The set Cl(y) is linear in ||, the length of . Atoms(y) has size at
most 2/ 1)l = 90(19l) and the size of the set of states is the square of that. Moreover,
the use of the equivalences for the hierarchical operators causes only a linear increase
in the length of ¢. Therefore,

Theorem 10.7. Given a POTL formula ¢, it is possible to build an OPA A, accepting
the language denoted by @ with at most 20(¢D) states.
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A, can then be intersected with an OPA modeling a program (e.g. Figure 4.5), and
emptiness can be decided with polynomial-time reachability algorithms that we will
present in Section 11.1.

Since it is possible to linearly translate NWTL into POTL in a way similar to what
we did with OPTL in Section 7.1, we can exploit the same lower bounds for decision
problems:

Theorem 10.8. POTL model checking and satisfiability on finite OP words are EXP-
TIME-complete.

Therefore, POTL does not have a worse computational complexity than NWTL
and OPTL, despite its greater expressiveness.

10.2 w-Word Model Checking

To perform model checking of an OPTL formula ¢ on OP w-words, we use the same
approach as in [54]. We build a generalized wOPBA (cf. Definition 4.17)

Ay = (P(AP),Map,Qu, I, F,d),

where Q,, = Atoms(p) x Atoms(p) X P(Clsiack(¥))-

In finite words, the stack is empty at the end of every accepting computation,
which implies the satisfaction of all temporal constraints tracked by the pending part
of stack symbols. In wOPBAs, the stack may never be empty, and symbols with a non-
empty pending part may remain in it indefinitely, never enforcing the satisfaction of
the respective formulas. To overcome this issue, we use Atoms(p) x Atoms(p) x
P(Clstack (¢)), with Clgzacr () C Cl(), as the state set of the wOPBA. Such states
have the form ® = (&, ®,,, ®;), where ®. and ®,, have the same role as in the finite-
word case, and @, is the in-stack part of ®. All rules defined in Section 10.1 for ®,
and @, remain the same. @, contains elements of Clg,.1 () contained in any symbol
currently on the stack. Clsqck () contains formulas in Cl(p) that use the stack to
ensure the satisfaction of future temporal requirements, namely all x7.¢ € Cl(y),
with 7 € {<, =, >}. Thus, pending temporal obligations are moved from the stack
to the wOPBA state, and they can be considered by the Biichi acceptance condition.

Suppose we want to model check X? 1. Formula X; 1) must be inserted in the in-
stack part of the current state whenever a stack symbol containing it in its pending
part is pushed. It must kept in the in-stack part of the current state until the last
stack symbol containing it in its pending part is popped, marking the satisfaction of
its temporal requirement. Then, it is possible to define an acceptance set Fx? . EF,

as the set of states not containing yz ¢ in any part.

This construction is formalized as follows. Let ¥ € Clgcx (). We add a few
constraints on the transition relations. For any ®,0,¥ € @, and a € P(AP), let
((I)v a, @) € 6push:

21. if¢p € O, thenyp € O;

let (®,a,0) € dpush, or (P, a,0) € dpip:
22. if € Oy, theny € Og;

let (2,0, T) € 0pop:
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23. if¢p € @5 and ¢ € Oy, then ) € V.
Thus, we can state the following:

Lemma 10.9. Let AP be a finite set of atomic propositions, (P(AP), Msp) an OP
alphabet, 1) € Clgiacr(p), and A an wOPBA satisfying rules 21-23 above. For any w-
word w = #txy on (P(AP), Map), let (y,®,~) be A’s configuration after reading
.

If there exists a stack symbol [a, ©] € v such that ) € ©,, thenp € .

We omit the proof, as it is substantially equivalent to the one of Lemma 6.1 in [54].
The only operators needing to be in Clyqck () are x% 4, with m € {<,=, >},
since the satisfaction of all other future operators depends on them.

Lemma 10.10. Given a finite set of atomic propositions AP, an OP alphabet (P(AP),
Map), anw-wordw = #xy onit, a positioni = |z|+1 inw, andaPRw € {<,=, >},
we have

(w,4) = XF ¢
if and only if an OPA satisfying rules 1-8 and 21-23 performs an accepting computation
passing through a configuration (y, ®,~) with xT. ¢ € ..

Proof. [=] Suppose x7% 1 does not appear in any pending part of the states in -y, and
X7 ®¥ € ®p. Then, by Lemmas 10.1-10.2, after reading the body of the chain after
i, the OPA arrives to a configuration (z, ®',~") where x7. ¢ does not appear in any
pending part of the states in 7'. Hence, by Lemma 10.9, x7. ¢ ¢ ®/. Thus, even if
X7F ¥ holds infinitely often in w, accepting states in which it does not appear in the
in-stack part occur infinitely often.

If X% 1 was present in any pending part of the states in v, or % ¢ € ®,, then a
pending instance of x7 v appeared previously in the computation. If such instance is
the result of a wrong guess, then a computation without such guess exists. Otherwise,
X7 1 holds in a position 7’ of z, and the above reasoning can be applied to it, proving
that an accepting state is finally reached.

[«<] If an accepting computation exists, then a state &’ with x%. ¢ ¢ @/, occurs
infinitely often. By Lemma 10.9, in such configurations x7% v is not present in pending
parts of stack states. Thus, the stack symbol pushed after reading ¢, which by rules 1,
4 and 6 contains 7% v in its pending part, is finally popped. Thus, the right part of
the implications of Lemmas 10.1-10.2 applies, and x7 v holds in <. O

An acceptance condition for summary until operators is also needed. For wu;{ 0 e
Cl(¢), we add an acceptance set Fyya¢ such that for any ® in it we have X5 L{;?
0), X? (¥ Z/{z 0) ¢ D, and either ) Z/{g 0 & @, or § € .. The condition for ¢ U 0 is
symmetric.

We can now conclude the proof:

Theorem 10.11 (Correctness of w Model Checking). Given a finite set of atomic propo-
sitions AP, an OP alphabet (P(AP), Map), anw- word w on it, and an POTL formula
, the automaton built according to the procedure in this section is such that we have

(w,1) F o

if and only if it performs at least one accepting computation on a word w' equal to w,
except for the presence of one more propositional symbol for each hierarchical operator

in .
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Proof. The claim follows from Theorem 10.6 for past operators, and from Lemma 10.10
for the future ones. O

Complexity The complexity claims made for finite-word model checking can be
easily extended to the infinite case, as the presence of the in-stack part of states does
not cause a further blow-up of their amount.

Theorem 10.12. Given a POTL formula o, it is possible to build an wOPBA A, accept-
ing the language denoted by @ with at most 2°(#) states.

Again, we exploit the complexity lower bounds for NWTL to claim

Theorem 10.13. POTL model checking and satisfiability on OP w-words are EXPTIME-
complete.
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Chapter 11

Experimental Evaluation

11.1 Implementation

We implemented the OPA and wOPBA constructions of Chapter 10 in an explicit-
state model checking tool called POMC [55]. The tool is written in Haskell [124], a
purely functional, statically typed programming language with lazy evaluation. The
declarative nature of Haskell makes it easier to code the numerous rules required by
the construction. Lazy evaluation is exploited to only evaluate rules that are actually
needed, depending on operators in the closure, and to generate OPA states on-the-fly.

Given a POTL specification ¢ and an OPA (resp. wOPBA) A to be checked, POMC
executes the reachability algorithm, generating the product between .4 and the OPA
(resp. wOPBA) for —p on-the-fly.

POMC checks OPA for emptiness by checking the reachability of an accepting con-
figuration, by means of a modified DFS of the transition relation. Emptiness checking
for wOPBA is significantly more involved, since fairness cycles must be found in the
transition relation. This is done by means of graph theoretic techniques. Such algo-
rithms are similar to the ones in [10].

11.1.1 OPA Emptiness Checking

The reachability algorithm we use exploits the fact that all transitions only consider
the topmost stack symbol, so reachability is actually computed only for semi-configu-
rations made of one stack symbol and one state. Each time a chain support is explored,
its ending semi-configuration is saved and associated with the starting one, so the next
time the latter is reached, the support does not have to be re-explored. This allows
the algorithm to exploit the cyclicities of OPA to terminate after having explored the
whole transition relation.

Given an OP alphabet (3, My), where ¥ is a finite input alphabet, let A = (%,
My, Q,I,F,6) bean OPA. Let ' = ¥ x Q U {_L} be the set of stack symbols.

Definition 11.1. A semi-configuration of A is an element of C = @ x I

Algorithm 1 solves the reachability problem for OPA, by adapting a DFS to the use
of summaries. Function REACH receives as its arguments a state ¢ € (), a stack symbol
g € T, a character ¢ € ¥, and a look-ahead ¢ € ¥ U {x}. If £ = x, then any character
in ¥ may be used as a look-ahead. The algorithm searches the transition graph of the
OPA, and it stops when it finds out that a semi-configuration (g, g) is reachable. To
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solve the emptiness problem, it suffices to pose Qr = F and I'r = { L}, and to call
ReacH(q, L, #, ) for each ¢ € I, as shown in Algorithm 2.

The algorithm stores the OPA’s semi-configuration whenever it enters or exits a
chain support, respectively in SupportStarts and SupportEnds. Thus, whenever it
finds the beginning of a support in a semi-configuration that has already been visited,
it just uses this pre-computed information to jump to the corresponding pop move
directly. We can see this as the insertion of additional edges in the OPA’s transition
graph, which we call summary edges. This is not just a performance optimization, but
it is essential for the algorithm’s correctness. In fact, due to the context-free nature
of OPLs, an OPA may have to go through nested chain supports that start with the
same semi-configuration.

Suppose one of such supports starts with a push transition (g, b, p), coming from
semi-configuration (g, g). When REact meets this move a second time, it returns false
to avoid an infinite loop. However, this stops the exploration of the chain support.
Thus, (g, ¢) is saved in SupportStarts. If an accepting run containing (g, g) exists,
then it must eventually lead to a chain support that is not cyclic, so that the run
terminates. When such a chain support is visited, the resulting pop transition finds
(¢, 9) in SupportStarts and resumes the initial computation.

On the other hand, the algorithm may reach the same support again while read-
ing a different character from the same semi-configuration. To prevent it from stop-
ping because a semi-configuration in the support has already been visited, pop tran-
sitions are saved in SupportEnds when they are encountered, so that when a semi-
configuration leading to them is found, the exploration jumps directly to the end of
the support.

Complexity Each call to ReacH has worst-case time complexity O(|8][0pusn |*|Z|)
and space complexity O(|d||dpusn || X]). Note that only transitions and states that are
actually visited contribute to the complexity, so the above bounds are reached only if
the whole OPA is visited. Also, if ¥ contains sets of atomic propositions, we consider
only those on which the OPM is defined. E.g., with M_a;1 we use only elements of
Ycan as look-aheads, and |Xcan| is a small constant.

11.1.2 wOPBA Emptiness Checking

The algorithm for checking emptiness of an wOPBA has been developed in [139].
Due to the Biichi acceptance condition, to check whether an wOPBA has an accept-
ing run we need to check for reachable cycles containing final states. In NBAs this
is done with a nested DFS, but adapting this algorithm to wOPBAs is sub-optimal
[10], because the dynamic discovery of summary edges may add cycles in parts of the
transition graph that have already been explored. Thus, we use an on-line algorithm
to incrementally compute Strongly Connected Components (SCCs) while summary
edges are discovered.

We use the path-based algorithm by H.N. Gabow [87], which is well-suited for
early-termination, because it is based on a DFS. This algorithm works by exploring
the graph with a DFS, and contracting SCCs as it finds back-edges. It finds all SCCs
in a graph in linear time, by using simple data structures such as arrays and stacks.

We use it in an algorithm that works by alternating two phases:

« a search phase, in which the transition graph of the wOPBA is explored without
following summary edges (or chain supports), which are stored in a set;
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Algorithm 1 OPA semi-configuration reachability

1: function ReacH(q, g, ¢, £)

2:

R A 4

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

if (¢,9,¢) € V V (q,g,*) € V then return false
V:=VUI(q,g,%)
if ¢ € Qr N g € 'y then return true
a := smb(g)
for all (¢,b,p) € dpusn st.a<bA(b=LV{=x)do
SupportStarts := SupportStarts U {(q,g,¢)}
if ReacH(p, [b, ], b, *) then return true
for all (s,q,c,¢') € SupportEnds s.t. a < ¢’ do
if REacHu(s, g, ¢, /') then return true
if g # | then
[CL, 7"] =g
for all (¢,b,p) € dspipp st.a=bA (b=LV{=x)do
if ReacH(p, [b, r], ¢, *) then return true
for all (¢,7,p) € dpop, b€ X U{#}st.a>bA(b=LV{=x)do
SupportEnds := SupportEnds U {(p,r,c,b)}
for all (r, ¢, ') € SupportStarts s.t. smb(g') < ¢ do
if Reacu(p, ¢, ¢, b) then return true

return false

Algorithm 2 OPA emptiness check

1:
2
3
4
5:
6
7
8

function IsEmpTY(A)

(E, MZ? Qa Ia Fv (6push7 6shift7 6pop)) =A
V := SupportStarts == SupportEnds := ()
Qr=F
Ir={Ll}
forallg € I do

if REacH(q, L, #, x) then return false

return true
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PROGRAM = [DECLS] FUNCTION [FUNCTION ...] program:

DECLS = var IDENTIFIER [, IDENTIFIER ...] ; var foo;
FUNCTION = IDENTIFIER () { STMT; [STMT; ...] } pa() {
STMT = IDENTIFIER := BEXPR foo = false;
| while (BEXPR) { [STMT; ...1 } try { pbO; }
| if (BEXPR) { [STMT; ...] } else { [STMT; ...]1 } catch { pcQO; }
| try { [STMT; ...] } catch { [STMT; ...] } ¥
| IDENTIFIER() pbO {
| throw if (foo) { throw; }
BEXPR = BEXPR && BDISJ | BDISJ else {}
BDISJ = BDISJ || BTERM | BTERM ¥
BTERM = !BTERM | (BEXPR) | IDENTIFIER | true | false pcO) {1}

Figure 11.1: MiniProc syntax (left) and a MiniProc program (right). Non-terminals are
uppercase, and keywords lowercase. Parts in square brackets are optional, and ellipses
mean that the enclosing group can be repeated zero or more times. An IDENTIFIER

is any sequence of letters, numbers, or characters ., *:* and ‘_’, starting with a letter
or an underscore.

« a collapse phase, where summary edges collected in the search phase are added
to the graph and the resulting new SCCs are collapsed, if any.

After the collapse phase, a new search phase is launched starting from semi-config-
urations reached by summary edges, and so on. If a SCC containing final states is
detected during any of the two phases, the algorithm terminates, as an accepting run
has been found. Otherwise, the algorithm terminates once no more summary edges
are found, which means the wOPBA is empty.

Complexity This algorithm has a worst-case time complexity of O (k|5 ||0pusn |*|Z])
and space complexity O(|6||6,usn|?|Z|), where k is the number of SCCs found. We
can make the same considerations on the size of ¥ as in Section 11.1.1.

11.1.3 Modeling Procedural Programs

We use a simple procedural programming language with exceptions called MiniProc,
which only admits Boolean variables. Its syntax is shown in Figure 11.1.

A program starts with a variable declaration, which must include all variables
used in the program. Then, a sequence of functions are defined, the first one be-
ing the entry-point to the program. Function bodies consist of semicolon-separated
statements. Assignments, while loops and ifs have the usual semantics. The try-catch
statement executes the catch block whenever an exception is thrown by any state-
ment in the try block (or any function it calls). Exceptions are thrown by the throw
statement, and they are not typed (i.e., there is no way to distinguish different kinds of
exceptions). Functions can be called by prepending their name to the () token (they
do not admit arguments, as all variables are global). Since all variables are Boolean,
expressions can be composed with the logical and (&&), or (| |) and negation (!) op-
erators.

OPA and wOPBA semantically equivalent to a MiniProc program can be generated
automatically, both based on OPM M¢ay. We illustrate their construction through
examples. First, an extended OPA is generated, in which every state corresponds to
some program state, and transitions can be labeled with Boolean expression guards
that must be true for them to be performed, or variable assignments. Figure 11.2

150



stm oo:=true call | €xc | Mo
call han exc Al call ret
OO O ® R OO Or5C)
callpp A3
—foo

@ ret @ exc ret Mo
*._. = —
dumm;
stm
call if oo call call ret

@ pPA AOAl han pPB A3 ‘exc Az @ pc @
foo foo foo foo foo foo
stm
— —|
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Figure 11.2: Extended OPA (top) and OPA (bottom) generated from the code of Fig-
ure 11.1.

shows the extended OPA from the code in Figure 11.1. The stack semantics of the
two models coincide: a symbol is pushed for every function call, and popped after the
corresponding return (or exception). Handlers are paired to the exception they catch
by a shift move updating the same symbol; a dummy exception is placed after the try
body to uninstall the handler. The model-checking procedures of the previous sec-
tions do not take guards into account, so the extended OPA must be transformed into
a normal one. This is done by enumerating all possible Boolean variable assignments
for each state, leaving only those that are actually reachable. The resulting OPA for
our example is in Figure 11.2.

The last part of the OPA generation leads to a worst-case model size exponential
in the number of variables. However, it performs well in most practical cases, since
only feasible states are generated.

When an OPA is generated, the set of final states only contains the last state of the
“main” module (M2) in the example. When an wOPBA is generated, all entry states of
functions and loops are marked as final. If the MiniProc programs contains an actual
infinite loop, this will result in an accepting loop in the wOPBA. A stuttering state is
also added at the end of the wOPBA, so that finite behaviors can be modeled too.

11.2 Experimental Evaluation

We checked with POMC several requirements on three case studies which we mod-
eled both manually as OPA and in MiniProc. We report the results on the former in
Table 11.1, and on the latter in Table 11.2. Some additional formulas we checked on a
MiniProc program are in Table 11.4. Since POMC can generate both OPA and wOPBA
from MiniProc, we repeated the experiments from Table 11.4 for the w-word case and
we report them respectively in Table 11.5. We also checked a MiniProc benchmark
targeted at wOPBA, and its results are in Table 11.3. The results from Table 11.1 can
be reproduced through a publicly available artifact [57].

All experiments except those in Table 11.3 were executed on a laptop with a 2.2
GHz Intel processor and 15 GiB of RAM, running Ubuntu GNU/Linux 20.04. Those in
Table 11.3 were run on a server with a 2.0 GHz AMD CPU and 500 GiB of RAM. In
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Table 11.1: Results of the evaluation of hand-made OPAs. ‘# states’ refers to the OPA
to be verified.

# | Benchmark name # states | Time Memory (KiB) Result
(ms) Total | MC only
1 | generic (Fig. 4.5) 12 | 1,009 73,632 6,096 | True
2 | generic medium 24 707 73,671 1,911 | False
3 | gen. larger (Fig. 11.3) 30 | 1,214 73,633 9,104 | True
4 | Jensen 42 289 71,504 1,756 | True
5 | unsafe stack 63 | 1,332 71,482 21,095 | False
6 | safe stack 77 596 71,480 3,979 | True
7 | unsafe stack neutrality 63 | 4,821 | 209,981 83,850 | True
8 | safe stack neutrality 77 787 71,486 8,864 | True

Table 11.2: Results of the evaluation of MiniProc programs, automatically transformed
into OPAs. ‘# states’ refers to the OPA to be verified.

# | Benchmark name # states | Time Memory (KiB) Result
(ms) Total | MC only
1 | generic (Fig. 4.5) 19 1,028 71,493 7,009 | True
2 | generic medium 31 743 71,490 2,138 | False
3 | gen. larger (Fig. 11.3) 44 1,315 71,487 8,125 | True
4 | Jensen 1236 1,839 71,489 17,571 | True
5 | unsafe stack 162 2,869 88,394 33,990 | False
6 | safe stack 340 | 11,572 | 523,531 207,545 | True
7 | unsafe stack neutrality 162 | 12,670 | 468,025 197,892 | True
8 | safe stack neutrality 340 | 18,474 | 760,313 312,682 | True
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main() { pb O { pd () {

pa(Q); try { pcQ;
try { peQ; pa();
paQ; } catch { }
pbO; perr();
} catch { } peO {
perr(); } if (%) {
} throw;
} pcO) { } else {}
if (%) { }
paO { paQ);
pcQ); } else { perr ) {3
pd); peQ);
if (%) { }
paQ; }
} else {}

Figure 11.3: “Generic larger” MiniProc program.

the tables, by “Total” memory we mean the maximum resident memory including the
Haskell runtime (which allocates 70 MiB by default), and by “MC only” the maximum
memory used by model checking as reported by the runtime. Since model checking
is polynomial in OPA size and exponential in formula length, we focus on checking a
variety of requirements, rather than large OPA.

Generic procedural program We checked formula
O ((call App A Scall(T,pa)) = CallThr(T))

from Section 8.3 on the OPA of Figure 4.5 (benchmark 1), and also against two larger
OPA (2, where the property does not hold, and 3, where it holds).

We also checked the largest of such MiniProc programs, shown in Figure 11.3,
against a set of formulas devised with the purpose of testing all POTL operators. The
results are reported in Table 11.4 for the finite-word case, and in Table 11.5 for the
w-word case.

Stack Inspection The security framework of the Java Development Kit (JDK) is
based on stack inspection, i.e. the analysis of the contents of the program’s stack dur-
ing the execution. The JDK provides method checkPermission(perm) from class
AccessController, which searches the stack for frames of functions that have not
been granted permission perm. If any are found, an exception is thrown. Such per-
mission checks prevent the execution of privileged code by unauthorized parts of
the program, but they must be placed in sensitive points manually. Failure to place
them appropriately may cause the unauthorized execution of privileged code. An au-
tomated tool to check that no code can escape such checks is thus desirable. Any
such tool would need the ability to model exceptions, as they are used to avoid code
execution in case of security violations.

[102] explains such needs by providing an example Java program for managing a
bank account. It allows the user to check the account balance, and to withdraw money.
To perform such tasks, the invoking program must have been granted permissions
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CanPay and Debit, respectively. We modeled such program as an OPA (4), and proved
that the program enforces such security measures effectively by checking it against
the formula

O(call Aread = —(T S;l (call A =CanPay A —read)))

meaning that the account balance cannot be read if some function in the stack lacks
the CanPay permission (a similar formula checks the Debit permission).

Exception Safety [153] is a tutorial on how to make exception-safe generic con-
tainers in C++. It presents two implementations of a generic stack data structure,
parametric on the element type T. The first one is not exception-safe: if the construc-
tor of T throws an exception during a pop action, the topmost element is removed, but
it is not returned, and it is lost. This violates the strong exception safety requirement
that each operation is rolled back if an exception is thrown. The second version of
the data structure instead satisfies such requirement.

While exception safety is, in general, undecidable, we can prove the stronger re-
quirement that each modification to the data structure is only committed once no
more exceptions can be thrown. We modeled both versions as OPA, and checked
such requirement with the following formula:

O(exc =
—((©“modified V xpmodified) A x'p(Stack :: push V Stack :: pop)))

POMC successfully found a counterexample for the first implementation (5), and
proved the safety of the second one (6).

Additionally, we proved that both implementations are exception neutral (7, 8), i.e.
Stack functions do not block exceptions thrown by the underlying type T. This was
accomplished by checking the following formula:

O(exc A O T A xb(han A x4 Stack) = X% x% x% exc).

QuickSort To test the w-word model checking algorithms in particular, we adapted
a benchmark from the suite packaged with Moped [74, 107], a tool for LTL model
checking of PDS’s and Boolean programs. This benchmark consists of an implemen-
tation of the QuickSort sorting algorithm [96] in Java, which we adapted to excep-
tions. The QuickSort procedure gqs() receives an array of objects to be sorted in
input, which may contain null references. If one of them is read by the procedure, it
throws a NullPointerException, potentially terminating the program. Thus, we
modified this benchmark as follows: procedure qs() is first called in a try-catch
block. If it throws an exception, an input-sanitizing procedure named parseList ()
is called, which removes null references from the array. Then, qs () is called on the
new array.
We checked several properties, and we report the results in Table 11.3.

« Property Q.1 states that the algorithm always terminates normally and Q.2 that
the array is correctly sorted at the end. They are false because gqs() might
throw other kinds of exceptions even after null references have been removed,
so the program may terminate exceptionally before the array is sorted.
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Table 11.3: Results of verification of the QuickSort benchmark (188456 wOPBA states).
The abbreviations are: R = Results, T = True, F = False.

# Formula Time (s) | R
Q.1 | x%(ret A main) 289 | F
Q2 | x%(—(aleftGTaright) 277 | F
Q3 | O((call Amain) = —(O"exc V x%exc)) 246 | F
Q4 | O((callAgs) = —(O“exc V x% exc)) 247 | F
O"excV xpexc) =
Q5 ( X exc) 19,617 | T
(0" exc A hasParsed) V (xj exc A hasParsed)
O"excV xpexc) =
Q.6 ( X exc) ‘ , 387 | F
(0" exc A —aleftGTaright) V (x % exc A —aleftGTaright)
Q.7 | O((call A accessValues) = hasParsed V (T S{ han)) 446 | T
Q.8 | (©(ret Amain)) V (x%(exc A hasParsed)) 1,124 | T
Q9 | (x%(ret Amain)) V (x%(exc A hasParsed)) 12,809 | T
Q.10 | (<©(O—aleftGTaright)) V (x%(exc A hasParsed)) 1,615 | T
Q.11 | (x%(—aleftGTaright)) V (x%(exc A hasParsed)) 12,736 | T
Q.12 | (©(ret A main A —aleftGTaright)) V (x'(exc A hasParsed) 2,247 | T

Q.3 and Q.4 check whether the main and gs () functions satisfy the no-throw
guarantee, and POMC correctly finds out that they might be terminated by ex-
ceptions.

Q.5 verifies that the program can be terminated by an exception only if the
second call to gs () throws, which means that the array has been sanitized and
the exception is not a NullPointerException.

Q.6 verifies whether the array is sorted if the program is terminated by an excep-
tion, which is false because if gs () throws, it might not have finished sorting
the array.

Q.7 is a stack-inspection property that verifies that whenever an exception is
thrown, either there is a handler in the stack (so we are in the first call to qs ()),
or parseList() has already been called (so we are in the second call), and
hence the exception is, again, not a NullPointerException.

Q.8 and Q.9 check in two equivalent ways that the program always terminates,
either normally or by an exception from the second call to gs ().

Similarly, Q.10 and Q.11 check that the only reason for the array not to be sorted
when the program terminates is an exception thrown by the second call to s ().

Finally, Q.12 verifies Q.10 and Q.12 together.

These—and more—results have been published in [140].

11.2

.1 Discussion

We ran POMC on several case studies and examples. Model checking on hand-made

OPAs

runs in at most a few seconds, and with a modest memory occupancy, as shown

in Table 11.1. In Table 11.2, when checking the same case studies by using automat-

ically-

generated OPAs as models, the execution times increase significantly due to
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the larger size of generated OPAs, which is consistent with the reachability algorithm
having a super-linear (but still polynomial) computational complexity. The time and
memory requirements remain, however, reasonable. The same can be said about the
numerous formulas that we check in Table 11.4, most of which take less than one
second, except a few outliers, which highlight the fact that the process is exponential
in formula length.

Finally, in Table 11.5 we saw the behavior of the wOPBA emptiness algorithms on
the same formulas as in Table 11.4. In this case, the execution times increase signifi-
cantly, due to the higher complexity of finding SCCs instead of just checking reach-
ability. However, the time taken by most formulas remains of at most a few seconds,
and the same can be said for memory occupancy. There are a few outliers, this time
more than in the finite-word case, and one of them even runs out of memory. Again,
this is a symptom of the worst-case complexity of the problem, which manifests itself
with longer formulas and with hierarchical operators in particular. We did not try the
case studies from Table 11.2 as wOPBA, because the properties we check do not make
sense in the w-word case.

In conclusion, we can state that the results are promising also in practice, and this
opens the way to the use of these techniques for checking more complex systems,
such as possibly real-world programs, or parts thereof.
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Table 11.4: Results of the additional experiments on a MiniProc program equivalent
to OPA “generic larger”. The program has been automatically translated into an OPA
with 44 states. The abbreviations are: M. T. = Total Memory, M. MC = Memory for
Model Checking only, R = Results, T = True, F = False.

Formula Time | M. T. M.MC | R
(ms) | (MiB) (KiB)

XE e 0.9 70 160 | F
0404 (call A x% exc)) 25.9 70 870 | F
O%(han A (x%(exc A X call))) 45.6 70 1354 | F
O(exc = x%call) 12.1 70 599 | T
T UL exc 2.0 70 141 | F
Od(Od(T U exc)) 4.4 70 119 | F

((call Apa A (—ret L{d WRx)) = x%exc) 5,388.9 121 49,135 | T
0%(O call) 0.5 70 105 | F
Od(od(od(@” call))) 3.2 70 145 | F
XL (04 (e call)) 1.4 70 148 | F
O((call Apa A CallThr(T)) = CallThr(eg)) | 13,119.2 200 80,975 | F
(0% pB) 2.4 70 120 | F
(0% pB) 3.4 70 120 | F
O(pa A (call uH pc)) 599.0 70 16,547 | T
O(pe A (call 8¢ pa)) 778.6 70 17,305 | T
O((pc A X% exc) = (—pa S pB)) 134,494.0 | 5920 | 2,641,030 | F
O(call Apg = —pc U PErr) 175.8 70 7226 | T
S(OY PErr) 1.3 70 125 | F
(@Y PErr) 1.4 70 124 | F
O(pa A (calldl pg)) 11.2 70 117 | F
O (pp A (call SH p4)) 11.9 70 117 | F
O(call = x% ret) 3.5 70 115 | F
O(call = - O"exc) 25 70 115 | F
O(callApa = —CallThr(T)) 150.0 70 2,997 | F
O(exc = —(0%(call Apa)V x%(callApa))) 30.7 70 119 | F

d
O((call App A (call Sy (callApa))) 12425 7 8143 | T
= CallThr(T)

O(han = x%ret) 20.4 70 659 | T

Z/[“ exc 7.0 70 137 | T
od(od(T Uy exc)) 57.2 70 1,380 | T
od(od(od(T UL exc))) 196.1 70 2,939 | T
O(call A po = (T UY exc A x} han)) 103.7 70 863 | F
callf (ret A pg,.) 1.8 70 117 | F
x4 (call A ((call V exc) Sy pB)) 9.9 70 116 | F
O%(0%((call V exc) U ret)) 6.2 70 116 | F
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Table 11.5: Results of the additional experiments on the same MiniProc program of
Table 11.4, but interpreted as a continuously running program. The program has been
automatically translated into an wOPBA with 44 states. The abbreviations are: M. T.
= Total Memory, M. MC = Memory for Model Checking only, R = Results, T = True, F
= False, O = Out of memory.

Formula Time | M. T. M.MC | R
(ms) | (MiB) (KiB)

XEpEm 31.7 71 3,717 | F
OO (call A % exc)) 125.0 71 7471 | F
O4(han A (x4 (exc A x% call))) 231.0 71 16,722 | F
O(exc = x% call) 8.5 71 864 | T
T UL exc 10.6 71 1,050 | F
Od(od(T U? exc)) 23.0 71 1,590 | F

O((call Apa A (—ret Z/{d WRx)) = x% exc) 39,307.0 | 2,540 | 862,164 | T
040" call) 2.1 71 156 | F
040404 call))) 12.9 71 907 | F
xE (04O call)) 46.2 72 2,682 | F
O((call Apa A CallThr(T)) = CallThr(ep)) | 91,806.6 | 4,137 | 1,416,790 | T
<>(oH PB) 26.4 71 3,005 | F
(0% pB) 22.2 71 2,692 | F
O(pa A (call uH pc)) 3,794.6 | 490 | 227,858 | F
O(pe A (call S pa)) 3,692.4 415 192,171 | F
O((pe A xf exc) = (—pa Sf; pB)) - - - 10
O(call App = —pc U PEr) 1421 71 11,833 | T
O(OY PErr) 5.2 71 167 | F
O(OY PEr) 14.3 71 992 | F
O(pa A (callidyy pg)) 29.6 72 2,675 | F
O(pp A (call SH pa)) 72.8 72 5043 | F
O(call = x4 ret) 58.5 72 4,215 | F
O(call = —0O"exc) 6.9 71 116 | T
O(call Apa = —CallThr(T)) 409.9 71 18,125 | T
O(exc = —(0"(call Apa) V x%(call Apa))) 32.2 72 1,800 | T

d
O((call App A (call Sy (call Apa))) L0177 130 2035 | T
= CallThr(T)

O(han = yx} ret) 42.6 71 3,260 | T
T U exc 40.2 72 3,190 | F
Od(od(T U exc)) 260.5 72 11,556 | F
o4(0d(o (T U exc))) 826.6 94 40,479 | F
O(call A pc = (T U exc A x} han)) 937.7 71 27,683 | F
callif (ret A pprr) 25.9 71 2,555 | B
X (call A ((call V exc) S¥ pg)) 179.8 71 10,056 | F
O%(O%((call V exc) U} ret)) 397.7 72 17,557 | F
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Chapter 12

Conclusions and Future Work

12.1 Discussion and Contributions

Temporal logic was identified in the 1980s as the formalism of choice for expressing
system specifications and requirements with the aim of automated verification. The
main advantage of temporal logic is the good balance between expressiveness and
efficiency of verification algorithms. Indeed, logics such as LTL and CTL formalize
naturally concepts related to the flow of time and events, as well as the evolution of a
system as a succession of discrete states. Also, they admit relatively efficient verifica-
tion algorithms, as we saw in Chapter 2. However, the increasing variety of systems
and environments in which verification has been applied have often highlighted the
expressive limitations of those logics, motivating efforts aimed at defining more ex-
pressive versions of them. The work presented in this thesis is part of such an effort,
and it is mainly motivated by the verification of procedural programs.

As we highlighted in Chapter 3, the fact that procedures are managed by means
of a stack causes programs to present inherently context-free behaviors. The need
of specifying complex properties that take into account the nesting structure of pro-
cedure calls and returns was tackled by logics on VPLs and nested words, namely
CaRet and NWTL. However, nested words only offer a one-to-one matching relation,
which is not enough to model behaviors of certain programming constructs, such as
exceptions, that are considerably widespread in modern programming languages, and
that create the need for specifying requirements that rule out some of their unwanted
side-effects.

We closed this gap by presenting temporal logics featuring temporal modalities
that explicitly consider such context-free behaviors, and by basing their semantic on
OPLs, a subclass of DCFLs as robust as VPLs, but of much wider expressiveness.

OPTL The first logic that we introduced is OPTL. OPTL is capable of express-
ing, among others, requirements on total and partial correctness (i.e., Hoare-style
pre- and post-conditions), exception safety, and stack inspection in the presence of
exceptions—thus, stating requirements that forbid or enforce exceptions when cer-
tain procedures are active. Moreover, we proved that OPTL is strictly more expressive
than logics on VPLs such as NWTL thanks to its being based on OPLs.

However, the motivations for introducing OPTL were not only related to its pos-
sible practical applications, but also to the more theoretical question of how far it
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is possible to push temporal logics in terms of expressive power with respect to the
Chomsky hierarchy. When it comes to measuring the expressiveness of temporal
logics, the most conventional yardstick is “classical” logics such as FOL and MSOL.
Unfortunately, when investigating the stance of OPTL against FOL, we found out that
OPTL is strictly less expressive: there are FO-expressible properties on OP words that
cannot be expressed by means of an OPTL formula. This might seem surprising, as
we proved that OPTL can express all properties that can be stated in NWTL, which in
turn is FO-complete. Indeed, this is another symptom of the greater expressive power
of OPLs with respect to VPLs, and consequently of OP words with respect to nested
words. Thus, OPTL is expressive enough to represent all FO-expressible properties
on nested words, but not enough to tackle the greater generality of OPLs.

This is one of the reasons why we decided to present OPTL in this thesis, as we
consider it an important step towards the development of expressively complete logics
for OPLs. The other reason is its incompleteness proof. Indeed, most proofs concern-
ing the expressiveness of temporal logics that appear in the literature usually state
their equivalence to FOL, MSOL or a fragment thereof—see e.g. the seminal [106],
and also [12, 24, 132]. Ours is instead a proof that no formula expressible in OPTL is
equivalent to a specific one in FOL. This is a non-trivial endeavor when it comes to
logics with a more complex syntax. In fact, the same question regarding the relation-
ship between CaRet and NWTL has yet to be answered, although CaRet is conjectured
not to be as expressive as FOL on nested words [12]. Our proof uses a novel technique,
based on a Pumping Lemma for temporal logics, which may be general enough to be
applicable to other contexts, such as the aforementioned CaRet vs. NWTL issue.

POTL We introduced POTL with the main intent of having a FO-complete temporal
logic based on OPLs. We reached this goal, and the resulting proof is non-trivial, as
it uses rather sophisticated techniques from model theory. The complexity of this
proof further highlights the generality of OPLs, because it stems from the need for
combining the various shapes that OP w-words can exhibit, which we achieved in
a non-trivial way. As a corollary, we proved that OP words and w-words have the
three-variable property.

Note that the very fact that POTL is based on OPLs makes this FO-completeness
result even more important than the analogous one for LTL [106]. Indeed, the FO-
definable subset of OPLs is equivalent to non-counting or aperiodic OPLs [122, 123],
as well as the FO-definable subset of regular languages is equivalent to their non-
counting subset [129]. The definition of aperiodicity for OPLs excludes languages
that pose counting requirements on the nesting structure of words. In the context of
program verification, this would result in the inexpressibility of requirements such as
“procedure A must be present on the stack in an even number of instances”, which
however seem to be of scarce practical interest. On the contrary, many FSAs formalize
counting devices.

POTL’s greater expressiveness is, nonetheless, not only theoretical, but also arises
when trying to express requirements. POTL is in fact capable of expressing all OPTL-
expressible properties, often in an easier and more natural way. In particular, the abil-
ity of its operators to constrain their semantics to a single subtree in a word’s syntax
tree—i.e., on a single function frame in the program verification context—enables the
specification of many requirements in which OPTL fails. For example, function-local
requirements are easily expressible in POTL and, as an exercise, we also succeeded in
giving a direct POTL translation of LTL.
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Model Checking We studied POTL model checking both theoretically and prac-
tically. We developed an automata-theoretic model checking procedure for POTL,
which involves the construction of automata that accept models of POTL formulas.
Such a construction is much more involved than that of simpler logics such as LTL,
mainly because of the higher complexity of the underlying automata: OPAs have a
stack, which must be used carefully to keep track of temporal obligations. From this,
we derive bounds on the computational complexity of POTL model checking and sat-
isfiability, which are both EXPTIME-complete. While such bounds are higher than
that of LTL model checking, which is PSPACE-complete, they match those of NWTL
[12]. Thus, POTL does not pay its greater expressiveness with higher computational
complexity. Overall, the model checking algorithm has time exponential in formula
length, and polynomial in model size, just like LTL. The only drawback comes from
the more complex modeling formalism. While model checking on transition systems
can be linear in model size, when using pushdown automata such as OPAs, NWAs or
RSMs the complexity of the emptiness-checking algorithms becomes cubic in (parts
of) model size.

To see how such algorithms behave in practice, we implemented a POTL model
checker, called POMC. We ran it on several case studies, checking interesting prop-
erties for real-world scenarios on models of varying size, both hand-made and au-
tomatically generated from a simplified programming language. Most formulas are
checked in just a few seconds, with only a few outliers. The presence of such outliers
was mostly related to formula length, and not to the model to be checked. This is un-
surprising, considering the worst-case complexity of the procedure. We tried model
checking both on finite and w-words, finding out that the increased overhead of the
more complex emptiness-checking algorithms for the infinite-word case is in most
cases acceptable or negligible. Overall, we can state that the results we obtained are
promising, and pave the way for further applications of POTL model checking.

12.2 Future Work Directions

Here we survey some of the directions for future research that are opened by the work
in this thesis.

Application domains Throughout this thesis, we mostly focused on the verifica-
tion of procedural programs with exceptions, both in the examples we used to illus-
trate the concepts we introduced, and in the experimental part. However, the gen-
erality of OPLs and POTL is much greater: it is possible to define a virtually infinite
number of verification frameworks by simply picking a different choice of the OPM.
Thus, POTL could be used to specify requirements in the presence of other program-
ming constructs, such as continuations. Moreover, any system involving a stack may
exhibit context-free behaviors that may benefit from the use of POTL for formal verifi-
cation. Just to give some examples, we mention system interrupts, log-based systems
such as databases, and version control systems.

Better program modeling In Chapter 11, we modeled programs both by hand
and by generating them from a very simple programming language. In both cases, we
only admitted Boolean variables. Of course, however, real-world programs come with
much richer type systems and data representations. Thus, to automatically verify real-
world programs more sophisticated techniques are needed. One possibility would
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be to apply already-existing abstraction techniques that have already been applied
successfully to software model checking. We could employ predicate abstraction [103,
104] and related abstraction refinement techniques [62], and possibly adapt them for
the kind of requirements expressible by POTL.

More efficient model representation While explicit-state model checking has its
own merits, it suffers from the state-space explosion problem [17], which in our case
is exacerbated by the non-linear complexity of emptiness-checking algorithms for
pushdown-based systems. In the context of model checking logics such as LTL, this
problem has been tackled by introducing more compact and efficient model represen-
tations, such as binary decision diagrams [105]. The resulting verification technique
is called symbolic model checking [43]. Thus, the development of similar techniques
could be explored for OPAs and other stack-based automata, although the presence
of the stack could make this rather difficult.

Bounded Model Checking Bounded model checking [26] is an efficient model
checking technique that exploits the recent advances in SAT and SMT solvers. It
consists in encoding the model checking problem as formulas in propositional logic
(in the SAT case) possibly enriched with decidable theories (in the SMT case), and then
using an efficient solver to check satisfiability of the resulting formula. This approach
has the drawback that properties can be checked only up to a certain temporal bound
(although this is not always the case [15]), but its notable efficiency has determined
its success. A propositional or SMT-based encoding of OP words could be attempted,
to investigate the possible benefits of this approach to POTL model checking.

User-Friendliness Even if we extensively illustrated POTL’s capabilities in terms
of ease of expressing requirements, we admit that its full comprehension requires a
somewhat solid mathematical background, which is not always common in end-users,
and could discourage its adoption. We note, however, that this issue is not restricted to
POTL in particular, but it is shared with temporal logics and formal methods in general
[120], including LTL [14] and NWTL. One way to tackle this problem would be to
offer simple, graphical-based frameworks for expressing domain-specific properties,
possibly based on UML [81]. An orthogonal solution would be to gather a catalog
of useful requirements for a specific domain (e.g., as we did up to a limited extent in
Sections 6.4 and 8.3), that use POTL formulas only as a backend.

Extensions Although we argue that the FO-expressible fragment of OPLs is enough
for most applications, several ways of further extending POTL’s expressive power
could be investigated.

A logic capturing the whole OPLs could be devised by embedding regular-expres-
sion-like constructs in it, as was done with LTL [148] and logics on VPLs [33]. In this
respect, a variant of regular expressions for OPLs has been recently introduced [122].

Timed or metric variants of POTL could be devised, following the steps already
done for VPL logics [37]. Weighted variants could also be an option, fostered by the
recent introduction of weighted OPLs [70].

Finally, ways of modeling and checking concurrent procedural programs could be
investigated. This would most likely require multi-stack automata for model check-
ing. While multi-pushdown automata tend to have decidability issues [144], model
checking has been studied for stack-bounded variants [20, 41, 46, 141, 157].
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