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Abstract

In finite-state systems, if an LTL property is false, there is always a coun-
terexample path (i.e. a witness) for it which is ultimately periodic (i.e. in a
lasso-shaped form). When dealing with infinite-state systems, this is no longer
the case. In this work, we address this issue by proposing an automatic ap-
proach that presents witnesses in an indirect way. The approach is based on
two key insights. First, we leverage the notion of well-founded funnel, where
a ranking function ensures that the states in the source set are guaranteed to
inevitably reach the destination set. We show that, under suitable conditions,
a sequence of funnels ensures the existence of a fair path. Second, we adopt
a compositional approach to partition the original system into projections and
to prove that they result in a non-empty under-approximation of the original
system that only contains fair paths. Then, we propose an algorithm that,
working in an abstract space induced by a set of predicates, identifies candidate
funnels, proves their well-foundedness, and searches for a sequencing order. We
experimentally evaluate the approach on examples taken from software, timed
and hybrid systems, showing its wide applicability and expressiveness, with an
implementation that outperforms various competitor tools.

Keywords: First-Order Linear-Time Temporal Logic, SMT-based Model
Checking, Temporal Satisfiability, Infinite-State Transition Systems

1. Introduction

A well-known result in finite-state L'T'L model checking guarantees that the
verification problem is decidable and, in particular, if a system does not satisfy a
property there exists a witness in the form of a lasso-shaped fair path [3]. Model
checking of LTL properties in infinite-state systems (e.g. software programs,
infinite-state transition systems, timed transition systems and hybrid systems)
is an undecidable problem and there could be no lasso-shaped witness for the
violation of some property.

*This paper combines and extends the works presented in [1] and [2].
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A well-known instance of this problem is software (non)termination. In
this context closed recurrence sets [4] are used to represent a witness for the
nontermination of some software program. A closed recurrence set consists of
a reachable set of states that is disjoint from the end states and inductive with
respect to a left-total transition relation that underapproximates the transition
relation of the program. The set represents at least one infinite execution for the
program: (i) its reachability ensures that there is some finite execution of the
program ending in some state within the set; (ii) since the set is also inductive,
we know that no transition starting from within the set can reach a state outside
of it and (iii) the left-total transition relation ensures that there always exists at
least one successor state satisfying also the transition relation of the program.

In this work we are interested in representing fair paths of transition systems.
Therefore, we do not look for any infinite execution, as in the nontermination
case, but consider only those that visit a given set of states, called fair states,
infinitely often. Recurrent sets are not sufficient, apart from some trivial cases,
to conclude that every infinite execution visits some fair state infinitely often.
Unless the set underapproximates the fair states, without additional informa-
tion, we cannot conclude that the infinite executions described by the closed
recurrence set are fair. For this reason, we split the closed recurrence set into
two components S and D such that D is a subset of the fair states. The union
of S and D must satisfy the same conditions described above for closed recur-
rence sets and, in addition, the left-total transition relation must not allow for
infinite sequences of S states: every state in S must reach a state in D in a
finite number of steps.

When writing or reasoning on a transition system, a human usually restricts
its attention to a component at-a-time and partitions the state-space into regions
such that all states in a region exhibit similar features and the system visits
the regions in some order. We propose an approach that mimics this kind
of reasoning by splitting the monolithical problem described above into two
orthogonal directions: by segmenting the infinite paths into finite paths and
decomposing the system with respect to some partitioning of the symbols.

We segment the fair paths into a concatenation of finite paths: we split S
into multiple regions such that each region represents a set of finite paths that
must eventually reach the following region. Notice that, while each path in a
region must be finite, there might be no upper bound to their length: a region
can represent an infinite number of finite paths with increasing lengths. We
call each segment funnel and their concatenation representing the fair paths
funnel-loop. In addition, we decompose the system by partitioning its symbols.
Each component, called E-component (for existential component), describes the
behaviour of a subset of the symbols while assuming some properties about the
others. These properties represent the conditions that are necessary for this
behaviour to be enabled and we need to prove that such conditions are ensured
by some other component.

The main contributions of this work are the following: (i) we define an indi-
rect representation of a non-empty set of fair paths for a transition system using
funnel-loops; (ii) we show such representation to be both sound and relatively
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complete; (iii) we partition the search problem in two orthogonal directions:
segmentation and decomposition; (iv) we define a search procedure capable of
identifying funnel-loops; (v) finally, we show the wide applicability and effec-
tiveness of the proposed procedure via a prototype implementation.

This work is an extension and an integration of our previous works presented
in [1] and [2]. In this article, we unify the two approaches in an integrated
framework, in which the search for a funnel-loop witnessing the falsification
of a given property (first introduced in [2]) can be decomposed by using the
E-component concept of [1] extended with ranking functions.! Moreover, we
enrich the results of [2] by a relative-completeness theorem for the representation
of fair paths as funnel-loops, and an encoding for the search problem of a funnel-
loop in existentially-quantified constrained Horn clauses. Finally, we provide all
the proofs of our results and we revised our experimental evaluation considering
also an additional competitor tool.?

The paper is structured as follows. In Section 2 we describe the notation
and introduce the constructs we use in the following sections. In Section 3 we
provide an overview of the proposed approach. In Section 4 we introduce a
running example that we will use to illustrate our procedures. In Section 5
we define funnels and funnel-loops, prove their properties and show how they
can be used to identify fair paths for a fair transition system. In Section 6 we
define F-components, their composition and projection operators and show the
relationship between E-components and funnel-loops. In Section 7 we present
an algorithm to search for a funnel-loop describing a non-empty set of fair
paths of a fair transition system. In Section 8 we discuss the related work. In
Section 9 we briefly describe some implementation details of our prototype and
then discuss our experimental results. In Section 10 we draw some conclusions
and outline the directions for future work.

2. Background

We work in the setting of SMT, with the theory of quantified mixed integer-
real nonlinear arithmetic. We assume the standard notions of interpretation,
model, satisfiability, validity and logical consequence.

2.1. Symbols, formulae, implicants and entailment

Given a set of symbols V, we use V'={v'|v € V} for the set containing
the primed version of the symbols. We write ¢(V') for a Boolean formula over
the symbols in V and ¢(V, V') for a Boolean formula or relation over V.U V".
When clear from the context we will omit the set of symbols and simply write
@, ¥ and ¢’ for ¢(V), ¥(V, V') and ¢(V’) respectively. We say that a formula
o(V, V') underapproximates a formula ¢(V, V') iff every time ¢ holds then also

! E-components (without ranking functions) were called AG-skeletons in [1].
2In order to aid readability, some of the more technical proofs are presented in appendix.
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1 must hold, hence ¢ — 1 is valid. We use T and L in formulae to represent
respectively the true and false Boolean constants.

We denote with v a total assignment over V, i.e. a state. Given a formula
o(V) we write ¢(v) for the evaluation of ¢ obtained by replacing every symbol
in V' with its corresponding assignment in v and ¢(v’) for the evaluation of
¢ where every symbol v € V is replaced by the assignment of v in v'. We
overload the = symbol: when ¢ and ¢ are SMT formulae, then ¢ = ¢ stands
for entailment in SMT; when M is a fair transition system and v is a linear
temporal property, then M = v is to be interpreted with the LTL semantics.

Finally, if ¢ is a quantifier-free SMT formula and ¢ is a conjunction of (a
subset of) the atoms of 9, then ¢ is an implicant of ¥ iff ¢ = 1.

2.2. Well-founded relations and ranking functions

A Dbinary relation p C Q x @Q is well-founded if every non-empty subset
U C @ has a minimal element with respect to p, i.e. there is m € U such
that no u € U satisfies p(u,m). Given a relation ¢(V,V’), a ranking func-
tion RF(V) is a function from the assignments to the symbols V' to some
set @, such that the relation < ={(RF(vo), RF(v})) | vo,v] = ¢} is well-
founded and we call O its minimal element. Given a set of ranking functions
{RF;}I_, we define their sum as RF=>""" RF;=(RFy, ..., RF,). RF is a rank-
ing function with minimal element 0=(0y,...,0,) and comparison operator
< ={{vo, v1)|(AiZ RFi(v0) <i RF;(v1)) A (Vi_o RFi(vo) <; RFi(v1))} where
<; is the well-founded relation associated with RF; and <; is a shortcut for the
disjunction of <; and the equality.

2.8. LTL model checking

A symbolic fair transition system M is a tuple (V,I(V),T(V,V’'), F(V)),
where V' is the set of state variables; I and F' denote respectively the initial
and fair states; and T represents the transitions where V' refers to the next
state variables. A path or trace of M is a finite or infinite sequence of states
Vg, V1, ..., such that vy |= I and v;,vj,; = T for all 4, where v; assigns to every
symbol v' € V' the same value assigned by v; to v. A state v is reachable in
M if there is a finite path of M ending in v. Given a formula ¢(V) we write
M ~~ ¢ iff there exists a finite path in M ending in a state v such that v = ¢.

A path vg,vq,... of M is fair iff for each i there exists j > 4 such that
v; = F and the language of M, written £(M), is the set of all fair paths of
M .3 We also assume the standard notions of temporal logic model checking,
using the usual definitions of U, G, F for the “until”, “always” and “eventually”
temporal operators (LTL [5]): for a LTL property ¢ we write M = ¢ iff ¢
holds in every path 7 € L£(M). Given a fair transition system M, we are
interested in the problem of deciding whether M admits at least one fair path
(i.e. L(M) # 0). Notice that the existential LTL model checking problem, i.e.

3Note that fair paths are necessarily infinite.
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the problem of deciding whether a system M=(V,I,T, T) admits at least a path
that satisfies a given LTL formula ¢, can be reduced to checking for the existence
of a fair path in the fair transition system M x M,=(V UV, INI,, T AT, F,),
where M,=(V,,,I,,T,, F,) is a symbolic encoding of an automaton accepting
the language of ¢ [6], which can be obtained, for example, with the procedure of
[7]. In addition, in finite-state systems liveness-to-safety [8] allows the reduction
of such problem to the falsification of safety properties.

A standard technique for the analysis of infinite-state systems is predicate
abstraction [9]. Predicate abstraction partitions the state space according to
the equivalence relation induced by a set of predicates. Given a finite set of
predicates, it defines a finite set of abstract states each of which corresponds
to a total truth assignment of such predicates. An abstract state corresponds
to a possibly infinite set of concrete states: all states that agree on the truth
assignments of the predicates. Implicit abstraction is an approach to avoid the
explicit computation of the abstract space. Implicit abstraction has been used,
e.g. in [10], in combination with liveness-to-safety to identify abstract fair loops
for an infinite-state system in the abstract space. However, in general, there
might not exist a fair path in the concrete system corresponding to the abstract
one.

Finally, we consider also timed systems such as timed automata [11], timed
transition systems [12] and hybrid systems [13]. Timed systems are infinite-state
transition systems in which each state is associated with a real-valued time and
transitions may cause time to elapse. An LTL property holds in such systems
iff it holds in all its mon-Zeno paths. A path is non-Zeno iff the sequence of
time points associated to its states is diverging (i.e. there is no upper bound on
the value of time along the path).*

3. Overview of the approach

Our objective is to define a representation of and a search procedure for a
non-empty set of fair paths for a transition system. We split the representation
of the fair paths along two orthogonal directions. We first segment them into
finite sequences of elements each of which represents a set of finite paths. Then,
we decompose the fair transition system with respect to a partitioning of its
symbols; in this case each component represents a set of infinite behaviours for
a subset of the symbols. Therefore, the search problem is reduced to the problem
of identifying an appropriate set of components such that their composition is
a witness for some fair path in the transition system.

3.1. Segmentation: funnels

We segment fair paths into a sequence of elements called funnels that, like
actual funnels, take items from a source and constrain them to follow a path

4 As for fair paths, also non-Zeno paths are necessarily infinite.
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Figure 1: Funnels combined into chain forming a funnel-loop.

leading to a destination. Funnels are compact witnesses for universal and ex-
istential reachability [14]: each funnel characterizes a set of finite paths, each
starting from the source region, remaining in it for a bounded number of steps,
and eventually ending in the destination region. Funnels are concatenated in
chains such that the destination region of a funnel is contained in the source
region of the following one. Funnel-loops are chains of funnels in which the
destination region of the last funnel is included in the source region of first
one. An example of funnel-loop composed of 6 funnels is depicted in Fig. 1.
Funnel-loops describe a loop over the regions of the corresponding funnels and
we ensure the fairness of such loop by requiring at least one of the destination
regions to contain only fair states. Therefore, we propose to represent witnesses
for fair paths of transition systems by composing a finite number of reachability
witnesses. Sec. 5 formally presents funnel-loops and shows them to be a sound
(Th. 1) and complete (Th. 2) representation of fair paths.

3.2. Decomposition: existential components

We decompose a fair transition system with respect to a partitioning of
its symbols. For each subset of the symbols, we identify components, called
E-components (for existential components), that represent their behaviour with
respect to a sequence of regions. F-components distinguish three kinds of tran-
sitions between their regions and all states in the same region must exhibit
transitions of the same kind. In this sense, the regions of an E-component
group states with similar behaviour. We define two operators over these struc-
tures. The first operation, called projection, shrinks the set of paths described
by an E-component by considering only a subset of its regions. The second
operation, called composition, defines how E-components can be composed to
obtain a description of the behaviour of a larger set of symbols: the union of
the symbols of the composed elements. In this setting we represent fair paths
as the composition and projection of a finite set of F-components.

Sec. 6 formally defines F-components and the two operators, while Theo-
rems 3 and 6 highlight the relationship between funnel-loops and E-components.
In more detail, Th. 3 shows that a funnel-loop also defines a correspond-
ing E-component and, viceversa, Th. 6 details the conditions under which an
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E-component corresponds to a funnel-loop proving the existence of at least one
fair path for some fair transition system.

8.8. Search procedure

We propose a fully-automated procedure that, given a fair transition system
and a possibly empty set of F-components, searches for a funnel-loop containing
at least one and only fair paths (Alg. 1). We propose to search for a funnel-
loop by enumerating candidate fair loops of the transition system (Alg. 2). We
consider loops such that the first and last state of the path are in the same
abstract state with respect to a set of abstraction predicates. For every such
candidate loop we compute a sequence of regions and transitions containing it
(Alg. 3). Then, we search for a funnel-loop corresponding to a strengthening of
the sequence of regions and transitions such that all required hypotheses are met
(Sec. 7.4). If the search succeeds we return the obtained funnel-loop, otherwise
we continue by analysing the next candidate fair loop.

The procedure, described in Sec. 7, is fully-automated and deals with an
undecidable problem. Therefore, there will always exist some inputs for which
it fails to provide an answer and, from a more practical perspective, inputs for
which it takes a very long time to provide an answer. For this reason, the pro-
cedure is capable of exploiting some additional information in the form of a set
of E-components. If some F-components are provided, the procedure identifies
candidate fair loops that are also a path for some composition and projection of
a subset of the F-components. It then tries to identify the funnel-loop that cor-
responds to an E-component describing the behaviour for the missing symbols:
it completes the E-component with a transition relation over the remaining
symbols such that all assumptions are met.

4. Running example

We now introduce a simple L'TL verification problem on a software program
that will be used as running example throughout this work.

Consider the simple program shown in Fig. 2, where NONDET is a function
that nondeterministically selects a value from the set provided as input. Our

int 2 < NONDET(Z)
real y « NONDET(R)
while 22 > xy do
y < NONDET(R)
r—zx+1
end while

Figure 2: Running example.

objective is to check whether in every infinite execution of such program the
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value of y will eventually remain always positive or always negative. This state-
ment can be written in LTL as (FGy > 0) V (FGy < 0). Intuitively, any
counterexample to such specification must be a nonterminating execution of the
program in which both y > 0 and y < 0 hold infinitely often.

We encode the software program as an infinite-state transition system using
an additional variable pc to model the program counter. Then, we employ the
reduction from LTL model checking to the existence of a fair path. The resulting
infinite-state transition system is Ez=({x, y, pc, fo, f1},pc = 3,T, foA f1), where
pc and x are two integer variables, y is a real variable, fy and f; are two Boolean
symbols (introduced by the reduction to keep track of the fairness conditions
y > 0 and y < 0) and the transition relation is defined as follows:

T=(pc=3—=@2>aynpd =4nz' =zAy =y)) A
(pc=4— (pd =5A2" =x)) A
(pc=5—(pd =3n2' =x+1AY =y)) A
((fo AN fr) = (=fg A1) A
(fo—= (fovy>0)) A (fi = (f1Vy<0)).

The first three lines encode the transition relation of the program. Notice that
every state such that pc = 3 and —(z2? > xy) hold is a deadlock for Ez. In all
such cases, the transition relation admits no successor state. Finally, the last
two lines of the formula ensure that in every execution in which fy A f; holds
infinitely often also y > 0 and y < 0 hold infinitely often.

5. Segmenting paths with funnels

Fair

1

So\ 51\ SQ\

_—— _—— e

Figure 3: Funnels combined into chain forming a funnel-loop.

D,
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In this section, first we formally define funnels and their concatenation into
funnel-loops; then we provide a set of sufficient conditions for a funnel-loop to
represent at least one fair path of a transition system and show that if such a
fair path exists then also a corresponding funnel-loop must exist.

5.1. Funnels

Funnels segment fair paths into finite subpaths. Given a set of symbols
V', a funnel is a 4-tuple (S(V),T(V, V'), D(V),RFr(V)). S and D are formulae
representing respectively the source and destination regions, T is the transition
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relation and RF is a ranking function for S with respect to the transition relation
T. Intuitively, this structure represents a terminating loop over S where D are
the end states of the loop. Depending on the shape of the ranking function,
the loop might correspond to a simple loop or to more complex termination
arguments such as nested loops. Every path through the funnel starts from a
state in S and follows the relation 7" such that it remains in S while the ranking
function RF is greater than the minimal element 0 and, finally, it reaches a
state in D when RF is 0. If we consider a trivial ranking function that is always
equal to the minimal element 0 the 4-tuple simply asserts that every state in .S
is mapped into D by a single transition 7.

Definition 1 (Funnel). Given a set of symbols V', a funnel is defined as the
4-tuple
fnl = (S(V),T(V,V'),D(V),Re(V))

where: RF is a ranking function with minimal element 0 and S, D and T

are formulae representing respectively the source region, destination region and
transition relation of fnl. Every funnel satisfies the following hypotheses.

F.1 The transition relation is left-total relative to the source region.

YWV .S T

F.2 FEvery funnel keeps iterating on the source region as long as its ranking
function is greater than the minimal element.

VV,V': (SAO<RFAT)— S

F.3 Every step from the source region decreases the ranking function.

YV, V': (SAO<RFAT)— RF <RF

F.4 Once the ranking function is equal to O the funnel reaches its destina-
tion region.
VWV, V': (SARF=0AT)— D'

Given a funnel fnl; we write S;, T;, D; and RF; to refer to its components.
We define the transition system corresponding to a funnel fnl=(S,T, D, RF)
over symbols V' as My, =(V,S,(-DAT)V (DA D'), T). We refer to the paths
through a funnel fnl meaning the finite paths of the corresponding transition
system that end in D and write fnl = ¢ meaning that ¢ holds in every path in
L(Myrn). Notice that the paths through a funnel are all finite and each of them
is a prefix of some path in L£(My¢y;). From the definition it easily follows that
every funnel fnl satisfies the following:

fall=SUD



285

290

295

300

305

310

5.2. Funnel-loops

We define a funnel-loop as a chain of funnels [ fnli]?z_ol such that the desti-
nation region of each funnel is included in the source region of the following one
and the destination region of the last funnel is included in the source region of
the first one.

Definition 2 (Funnel-loop). A sequence of n > 1 funnels [fnl;]}=; over sym-
bols V' is a funnel-loop iff the following hold.

FL.1 The destination region of a funnel is included in the source region of
the following funnel.

V0§i<n—1,V:Di—>S,-+1

FL.2 The destination region of the last funnel D,_1 is contained in the
source region of the first funnel Sy.

YW :D,_1— So

We define the paths through a funnel-loop floop, L(floop), as the infinite
paths obtained by infinite concatenation of the paths through the funnels in the
corresponding chain and write floop = ¢ meaning that ¢ holds in all such paths.
For every funnel different from the last one, Hyp. FL.1 ensures that we can
extend every path of such funnel, ending in its destination region, by following
the transition relation of the next funnel. Therefore, every path starting in any
source region will eventually reach the destination region of the last funnel:

n—1

floop = (\/ i) U Dy, 4

=0

By Hyp. FL.2 every time we reach the destination region of the last funnel asso-
ciated with floop we are also in the source region of the first funnel. Therefore,
we can extend the execution by appending another finite number of steps: a
finite path starting from Sy and ending in the last destination region D,,_;. We
can do this infinitely many times obtaining infinite paths.

n—1

floop = G((\/ $:) U Dyy)

=0

The definition of funnel-loop allows for regions with non-empty intersections.
This eases the construction of the structure in practical cases. It is possible to
consider one funnel at a time and then chain them simply by checking the
inclusion of each destination into the corresponding source region. However, for
every funnel-loop there exists one with pairwise-disjoint regions that has the
same language projected over the common variables.” For this reason, when

5See Appendix B.1 for a proof.

10



315

320

325

330

335

340

345

proving statements about the language of these structures, we assume without
loss of generality that the regions of every funnel in the funnel-loops are pairwise-
disjoint.

We propose to identify a non-empty set of fair paths for a transition system
M as a funnel-loop floop; every path through floop must correspond to an
infinite fair execution of M. The totality of the transition relation of each funnel
(F.1) and their chaining (FL.1, FL.2) ensure that all the paths in £(floop) are
infinite. We need such paths to be fair paths, hence they must visit the fairness
condition infinitely often. By construction of floop we know that every path
goes through each S; and each D; infinitely many times. Since by FL.1 and FL.2
for every source region S;, there exists a destination region D; that is contained
in it, it is sufficient to require one of the destination regions to contain only fair
states. Without loss of generality we assume such a region to be the last one.
These conditions ensure that floop represents a set of fair paths of M. However,
such set might be empty or non-reachable in M. Therefore, we finally require
the union of the source regions to contain at least one state reachable in M.
The existence of such state is sufficient to conclude non-emptiness of L( floop)
because the transition relation of each funnel always allows for a successor state
(F.1) and, by induction, this ensures that every region and the language of
floop are not empty. Th. 1 shows that these requirements are sufficient for a
funnel-loop to prove the existence of a fair path in M and Th. 2 shows that if M
admits a fair path then there exists a funnel-loop of length one for M. Therefore,
funnel-loops composed of a single funnel are expressive enough to represent any
fair path. However, funnel-loops of greater length lead to a description easier to
understand for a person and, in addition, could simplify the search procedure:
we might not need to consider complex disjunctive representations of the regions,
ranking functions and transition relations.

Theorem 1. Let M=(V,I™ TM FM) be q fair transition system. Let floop
be a funnel-loop of length n over the symbols V and funnels [fnli]?z_ol such that:

FF.1 There is at least one state in the union of the source regions of floop
that is reachable in M :

n—1

=0

FF.2 The destination region of the last funnel contains only fair states of
M.
YV o Dn—l — FM

FF.3 FEvery transition of every funnel underapproximates the transition
relation of M. For every funnel fnl; in [fnli]?z_ol :

YV, V' . S, AT, — TM

Then M admits at least one fair path.

11
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Proof.  We first prove that every path in £(floop) is infinite. Then we prove
that every such path is fair with respect to the fairness condition F™ and that
every step in every such path satisfies the transition relation 7. Finally, we
prove that £(floop) allows for at least one path which is a suffix of some path
of M.

o FBwery path in L(floop) is infinite. Consider a funnel fnl=(S,T,D,RF)
in floop. Hyp. F.1 ensures that its transition relation T allows for a
successor state for every state in S. Hyp. F.2 ensures that every path of
fnl remains in S while 0 < RF. Hyp. F.3 ensures that every such path will
eventually reach a state in S A RF = 0. Hyp. F.4 ensures that every state
in such region in one T step reaches a state in D. Therefore, every path
starting from the source region S of each funnel can be extended until it
reaches its destination region D. If fnl;_; has a successor fnl; in floop,
by Hyp. FL.1 the destination region D;_; is included in S;: every state
in D;_1 is also in S;. Therefore, the concatenation of fnl;_; and fnl;
allows to extend every path starting from either S;_; or S; until it reaches
D;. By induction this shows that the funnel chain allows the extension of
every path starting from the union of the source regions until it reaches
the last destination region:

n—1

floop = (\/ Si) U D,

=0

Hyp. FL.2 requires the last destination region D,,_; to be a subset of the
first source region Sy. As stated above, we can extend every path starting
in every region until it reaches D,,_1, hence from Sy we reach D,,_; again
in a finite number of steps and at least one. Therefore, since we can extend
each path of a finite non-zero number of steps infinitely many times every
path in £(floop) is infinite.

e Every path in L(floop) visits F™ infinitely often. Hyp. FF.2 ensures that
D,,_; underapproximates the fair states F™. We have already shown
above that every path of floop reaches a state in D, _1 infinitely often.
Therefore, such paths visit M infinitely often.

e Every step of every path in L(floop) satisfies TM. Every step of every
path in £(floop), by definition, corresponds to a transition of some funnel
fnl. By hypotheses F.2, F.4, FL.1 and FL.2 every such path remains
within the union of the regions and visits them following the order of the
funnels. Therefore, every transition in every path of floop must satisfy
SAT for some funnel fnl in the sequence. Hyp. FF.3 ensures that if SAT
holds that also TM is true. Therefore every step of every path of floop is
also a step of M.

e L(floop) allows for at least one path which is a suffix of some path of M.
Hyp. FF.1 ensures that there exists a finite path mp..y of M starting in
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I™ and ending in some state v such that v &= \/?;01 Si. Therefore, v
must be in §; for some 0 < ¢ < n. Then, in floop we can extend v to an
infinite fair path 7, starting in v. As shown above every step of mg,¢
satisfies the transition relation of M and visits the fairness condition FM
infinitely often. The concatenation 7 of .5 and g, s without repetition
of v, starts from a state in I'M, every steps satisfies T™ and visits FM

infinitely often. Therefore, 7 is a fair path for M: = € L(M).

O
Th. 2 ensures that if a transition system admits a fair path then there exists
a corresponding funnel-loop, provided it is possible to represent the states in
the path as formulae and, in particular, we are interested in finite formulae. In
finite-state systems this is always the case: every set of states is finite and can
be represented as a finite quantifier-free formula (e.g. the disjunction of the
assignments in the set). However, this might not be the case in infinite-state
systems: there might be an infinite set of states which cannot be represented
by a finite formula. Therefore, the following theorem guarantees completeness
relative to the expressiveness of the logic used to represent the regions and the
transition relation of the funnel. Notice that the existence of a finite represen-
tation is not the only source of incompleteness. In fact, the existence of a finite
formula does not imply the existence of a complete procedure capable of finding
it. We remark that we are dealing with an undecidable problem, hence there
exists no procedure to solve it that is both sound and complete.

Theorem 2. If a fair transition system M admits at least one fair path, then
there exists a funnel-loop floop of length 1 for M. However, the existence of one
representable via finite formulae depends on the expressiveness of the considered
logic.

Proof. In the following we will define a predicate ¢(V') as the set of assignments
v such that v = ¢, meaning that ¢(V) is a formula equivalent to the disjunction
of the assignments in the set. Notice that there might be no finite representation
of ¢.

Let M=(V, 1M TM FM) and, by hypothesis, there exists a fair path 7 in
L(M). Without loss of generality we assume that 7 visits every state at most
once. If this is not the case, to obtain a fair path satisfying the hypothesis,
it is sufficient to add an additional integer symbol whose assignment increases
by one at every transition. In more detail, consider the fair transition system
(VUue,IMAne=0,TM N =c+1,FM), if 1 is a fair path of M then, we can
obtain a fair path for the modified system by extending the assignment of every
state of m such that ¢ = 0 in the first state and in all other states assign to c
the assignment of the previous state plus 1.

Let floop be a funnel-loop of length 1, and let its funnel be
fnl=(S, T, D,RF). We define the components of fnl as follows:

e S contains all and only states of 7.

S={v|ven}
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e D contains all and only the fair states of .

D={v |venAFM(v)}

e T is a relation containing all pairs of state (v,v’) such that v’ is the
successor state of v in 7.

T={(v,v) | (v,0') € 7}

e RF associates to every state in 7w the number of steps required to reach
the next fair state in 7 minus 1.

k—1
Yk > 0,9Vi,..., Vi i RE(VA) = k — 1 & (\ T(Vi, Vis1)) = FM (Vi)
=1

This is well-defined since each state appears only once in 7 and by con-
struction 7" allows for a single successor for each state. In addition, 7 is
a fair path by hypothesis, hence there can be at most a finite number of
non-fair states between every pair of fair states.

We now show that fnl satisfies all hypotheses of Def. 1.

F.1 7 is an infinite sequence of states, all states of m are in S and each pair
of subsequent states of w is in T'. Therefore, T" must be left-total with
respect to S and Hyp. F.1 holds.

F.2 By construction S contains all states of m and T is a relation between
states of m. Therefore, S is an inductive invariant for 7" and Hyp. F.2
holds.

F.3 By construction, RF is greater than 0 in all states that require more than
1 transition to reach a fair state and 7' is such that it brings all such
states 1 step closer to the next fair state in m. Therefore, S(V) A0 <
RF(V)AT(V,V') = RF(V) = RF(V’) + 1, which implies Hyp. F.3.

F.4 By construction RF assigns the minimal value 0 to the states that reach
a fair state in 1 step. Therefore, Hyp. F.4 holds.

We now show that fnl corresponds to a funnel-loop floop of length one: it
satisfies all hypotheses of Def. 2.

FL.1 floop contains a single funnel, hence Hyp. FL.1 trivially holds.

FL.2 By construction S contains all states of 7 while D contains the subset of
states of 7 that are also fair. Therefore, D — S is valid and Hyp. FL.2
holds.

Finally, floop represents fair paths of M: it satisfies all hypotheses of Th. 1
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FF.1 m is a path of M, hence its first state is an initial state of M. All states
of m are in S. Therefore, S contains at least 1 initial state of M and
Hyp. FF.1 holds.

FF.2 The last destination region of floop is D. By construction D contains
only fair states, hence Hyp. FF.2 holds.

FF.3 7 is a path of M. Therefore, every pair of states (v, v’) such that v’ is the
successor state of v in 7, must also be in the relation 7. By construction
T contains only such pairs, hence T'— TM is valid and Hyp. FF.3 holds.

O

5.83. Example

We now define two funnel-loops, of length respectively 6 and 1, for the run-
ning example introduced in Sec. 4. Both funnel-loops are sufficient to conclude
the existence of a fair path for the fair transition system Ez we defined in Sec. 4.
Here we simply recall that the system has 5 state variables V={z, y, pc, fo, f1}
and that the fair states are all the states where fo A f1 holds.

Figure 4: funnel-loop floop of length 6.

We first describe the funnel-loop floop=[fnl;]?_, depicted in Fig. 4. The
figure reports the source regions and transition relations of each funnel. The
transitions in the figure report only the constraints for x and y, while the ones
for pc, fo and fi can be trivially inferred by the assignments in the regions. More
formally, each funnel fnl; is the tuple (S;, T;, D;, RF;). We define each ranking
function such that it is always equal to its minimal element, YV : RF;(V) = 0,
and each destination region as the corresponding source region, D;=5S;;1)%6-
We define the remaining components, source regions and transition relations, as
follows.
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. The first funnel fnly represents the step from location 3 to location 4 of

Fig. 2. In Sy both fy and f; are true, hence Sy contains only fair states and
also D5=S, does. Notice that x > y Ay > 0 implies 22 > zy. Therefore,
the condition of the while loop is satisfied.

So=pc=3Nxz>yAy>0AfoAfi
To=pcd =4n2' =z ANy =yA-fiN=fi

. The second funnel fnl; performs the step from pc = 4 to pc = 5. In this

step, the program of Fig. 2 assigns a nondeterministic value to y. The
funnel underapproximates this transition by always assigning to y the
opposite of its current value. In addition, since y > 0 in S, the transition
relation assigns f{ to true.

S1=pc=4Nz>yANy>0A-foA-f1
Ty =pd =6 A2 =ax ANy =—yA fon=fi

. The third funnel fnls performs the last step of the first iteration of the

while loop. Its transition relation increases the value of x by one and,
since y < 0 holds in the current state, f; is true in the next one.

So=pc=>bANz>—-yANy<O0A foAN-f1
Ty =pd =3N2' =z+1ANyY =yAfoNfi

. The fourth funnel fnls represents the first step of the loop of Fig. 2 as

fnlyg. However, in this case y is negative.

Sg=pc=3ANz>—-yAy<O0A foAfi
T3 :pcl:4/\$/:{[;/\y/:y/\~|f6/\ﬁf{

. The fifth funnel fnly is analogous to fnly, but has negative value of y.

Sy =pc=4Nx>—-yANy<O0A-foA-fi
Ty=pd =5A2" =ax ANy =—yA=flNf]

. Finally, funnel fnls is analogous to fnls, but has positive value of y.

Ss =pc=bANx>yAy>0A-foAf1
Ts =pd =3Aa" =z +1Ay =yAfoAfi

It can be easily observed that each funnel satisfies all hypotheses of Def. 1
and the funnels are correctly chained (Def. 2) by definition of the destination
regions. Notice that every region and transition of floop is a purely conjunctive
formula and both Sy and S3 underapproximate the fair states. Therefore, in
every iteration through floop we visit the fair states twice, in Sy with positive y
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and in S3 with negative y. floop satisfies all hypotheses of Th. 1 and represents
at least one counterexample for our initial LTL model checking problem.

It is possible to define a funnel-loop composed of a single funnel
fnl=(S,T, D,RF), where the components can be defined in terms of the funnels
we defined above as follows. The source region is the union of the source regions
of the {fnl;}>_,: S= \/?:0 S;. The destination region is the last destination re-
gion of floop: D=Dj5. The transition relation can be defined as T'= \/?:O(Si AT;)
by observing that the source regions {S;}>_, are pairwise-disjoint. Finally, the
ranking function RF is defined as a function that maps every assignment to the
symbols in V' to a number in N such that it assigns decreasing values to states
in the regions Sy, ..., 54 and assigns the constant 0 to states in Ss:

T W N = O
—
=
n
[ V)
<

otherwise.

By construction the transition relation maps every state in Sy to some state
in Sy, which is in turn mapped into S5 and so on. Therefore, every state in
SARF > 0 is mapped to some other state in .S in which the ranking function has
lower value. S ARF = 0 is equivalent to S5 and in such region 7' corresponds to
Ts. Therefore, in a single transition we reach D5 that, by definition, is equivalent
to D and contained in Sg.

6. Model decomposition via Existential Components

In the previous section we segmented the paths of a fair transition system
into funnels representing finite paths. In the following we adopt an orthogonal
view and decompose the system with respect to a partitioning of its symbols.
For each set of symbols, an ezistential component (E-component) describes
their behaviour with respect to a set of regions and represents a set of loops
over such regions. Each F-component represents some infinite behaviour that
a subset of the symbols can exhibit, provided that all other symbols satisfy
a set of assumptions. Therefore, while funnels describe sets of finite paths,
E-components describe (possibly empty) sets of infinite paths.

We will show how E-components can be obtained from funnel-loops with an
additional restriction on their transition relation, hence how an E-component
can be constructed by concatenating funnels.

We then compose FE-components to obtain another E-component whose
loops consider the union of the symbols of the smaller ones. We compose them
until we obtain a component considering all the symbols of the system. Among
all its loops we search for one that is also fair. We then restrict its language to
only fair paths by projecting the F-component over the regions of the fair loop.
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We show that such F-component corresponds to a funnel-loop for the transition
system, hence proving that it admits at least one fair path.

We first define the structure and properties of the F-components and we
show under which conditions a funnel-loop corresponds to an E-component.
Then, we define the composition and projection operators for E-components
and, finally, we show how such operators allow the representation of a funnel-
loop that satisfies all hypotheses of Th. 1.

6.1. E-component

Ry R,

RF1:0

RFg =0

g\

Figure 5: E-component with two regions showing the three kinds of transitions.

An FE-component is a transition system associated with a set of regions,
assumptions and ranking functions. We call the conjunction of a region and
its corresponding assumption restricted region and, in addition, E-components
associate to each restricted region a ranking function. An E-component is such
that its restricted regions group states with “similar behaviour” with respect to
the transition relation. If some state in a restricted region allows for a transi-
tion with certain characteristics, then a transition with the same characteristics
must exist for all states in the restricted region, hence the name existential
components. In the following, we first describe in more detail what we mean by
similar behaviour via the definition of three predicates that classify transitions.
Then, we employ these predicates to formally define E-components. Finally, we
characterise the language of such components.

We are interested in transitions representing self-loops over the restricted
regions of two types: self-loops in which the ranking function decreases and
self-loops in which the ranking function remains constant. We call them ranked
and stutter transitions respectively and characterise them using two relations
rankedT ;(V, V') and stutterT;(V, V') over symbols V and V'. A transition in
the restricted region with index j is a ranked transition iff rankedT; holds and it
is a stutter transition iff stutterT; does. Finally, we consider transitions between
possibly distinct restricted regions, starting from a state in which the ranking
function is 0 and reaching some state in the second region. We call them progress
transitions and characterise them using the predicate pmgressTj,j,(V, V). We
call a transition a progress transition from region j to region j' iff progressT; ;
holds. Therefore, we distinguish three kinds of transitions between regions and
require that either no state allows for a transition of a given kind or all states
in the same restricted region admit such a transition.

18



550

555

560

565

570

We now proceed to formally define E-components and their operators. For a
set of symbols V', let Ri{Rj(V)};-”;Ol be the set of regions, Ai{Aj(V)};.":gl be
the set of assumptions and V\/i{RFj(V)};—":_O1 be the set of ranking functions.
Then, R; A A; is the 4t restricted region and RF; is the ranking function
associated to it. We define the three relations that classify the transitions as
follows:

mnkede(V, V/) =R; A Aj ANO; <; RF; A R; N A; A RF; < RFy
stutterT;(V, V') = R; N A; A R A A5 ARF); = RF
progressT; ;/(V,V') = Rj AN Aj ANO; = RF; AR} N Al

Notice that the relations rankedT'; and sutterT; are always disjoint; in the
first case the ranking function strictly decreases, while in the second one it
must remain constant. However, they are not a partitioning of all possible
transitions. In fact, transitions in which the ranking function increases or that
move to another region are in neither of the two sets of transitions. In addition,
progressT'; ;, and rankedT'; are always disjoint by definition, while the first one
could have a non-empty intersection with sutterT; if j = j'. In particular, all
transitions that both start and end in a state satisfying R; A A; A RF; = 0;
are in the intersection of stutterT; and progressT'; ;. Therefore, the existence
of one such transition implies that all states in the restricted region must allow
for at least one stutter transition. In addition, for the states in which RF; = 0;,
this transition is also a progress transition, hence they all admit at least one
progress transition that remains in the same region.

We remark that E-components represent the possibility of performing such
transitions: they group states for which there exists a successor along the same
transition types.

Given a partitioning {V?}"  of the symbols V we want to define the re-
stricted regions such that they allow a set of next assignments to the symbols
in a single partition V', while the assignment to the symbols in V7=V \ V7 is
abstracted and only the assumptions are retained. For this reason, we introduce
a quantifier alternation (H‘WJVV;’M)7 and require the existence of a transition
of the given type for every assignment to the %ad satisfying the corresponding
assumptions. Therefore, we now formally define F-components as follows.

Definition 3. E-component. Given a set of symbols V' such that {V'}?_; is a
partitioning of V. for some n € N. An E-component H® of length m* € N and
responsible for V* is a transition system (V,I*(V),T*(V,V")) associated with:

o a set of regions R'={R(V) | 0 < j <m'},
e a set of assumptions A'={A;(VF) | 0 < j < m'}, where
i i (1A ik
4a :U0§k<n,k7&i V* and Aj(‘ﬁ'é >:A0§k<n,k;£i Aj (Vk)

e a set of functions Wii{RFg(V) | 0 < j < m'} such that each RF; is a
ranking function with respect to a well-founded relation <§- and minimal
element 0;
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such that the following hold:

I . The set of initial states I'(V') of H' is a subset of the union of the restricted
TegIONS:
mi—1

H' = \/ RiAAj

j=0
IT . FEither no state admits a ranked transition or all states do.
Vi:0<j<mi—
IV, V" : rankedT;(V,V')
vVaVIYVA L REA AL A 0) <i REDA AV 5 R AT ARF <0 REY

III . FEither no state admits a stutter transition or all states do.

Vi:0<j<m!—
IV, V' stutterT;(V,V')

wvavivv# REA AL A AY — R AT ARFY = RFY

IV . All states admit progress transitions with the same destination regions:

they reach the same restricted regions.

Vi i 0<j<m'A0<j <m'—
3V, V" : progressT,; ,(V,V') =
vVIVIwV A RUA AL ARE = 00 A AL — R AT

When clear from the context we will simply write 0 and < for O; and <7J
respectively. In the definition, each assumption A%(V7') of E-component i at
index j is composed of n conjuncts {Aé’k(Vk)}o§k<n,k¢i where each conjunct is
a formula over the symbols in a single partition V* different from V*.

We define the language of an E-component H=(V,I,T) over R, A and
W, written L£(H), as the language of the corresponding transition system
M=(V,I,TM T), where T™ is defined as follows:

m—1 m—1
V=T A\ RjAA) A N (Rj AA; MO < REj) = (R; A A; ARF) < RF;)
j=0 j=0

Therefore, we consider only paths that remain within the set of restricted re-
gions and move from one region to another only if the corresponding ranking
function is equal to the minimal element: we can perform only ranked or stutter
transitions as long as the ranking function corresponding to the current region
is greater than its minimal element.
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As for funnel-loops, also the definition of E-component allows for regions
with non-empty intersection. Similarly to the previous case, this eases the con-
struction of these structures since it has more permissive constraints. However,
for every E-component there exists one with pairwise-disjoint regions that ad-
mits the same language.® For this reason, when proving statements about the
language of these structures, we assume without loss of generality the regions
of the F-components to be pairwise-disjoint.

6.2. Example decomposition

We now describe a possible decomposition of our running example (Sec. 4)
into F-components. The fair transition system Fz is defined over the set of
variables V={z,y, pc, fo, f1}. We consider one variable at a time and define
a component representing some of its possible behaviours in the system. It is
possible to define many different components for every subset of the symbols,
for the sake of brevity and clarity we only describe one for each symbol. In
the following F-components we implicitly define every set of initial states as
the disjunction of the regions and every ranking function as always equal to its
minimal element, hence the F-components will admit no ranked transition.

Consider first the program counter pc. e L
From the transition relation of Fz it is g ; !
immediately apparent that the variable pc=3 pc=4
will keep assuming the values [3,4,5] in
this order. For this reason we define \ /

a F-component HP¢ depicted in Fig. 6.

HP* is responsible for pc and its three regions are defiRédad |RP =pc = 3,
RY*=pc = 4 and RE°=pc = 5. Then, its transition relation is heqdisjunction of
the 3 progress transitions between the regiomgu &8¢ FE(Bsnpondniiesortbibke (B e
4 Apc =5)V (pc=5Apcd =3). We do not introduce any self-loop on the
regions, since none exists in the transition relation of Fz. Finally, this behaviour
does not require any assumption. In fact, the transition relation 7?¢ is sufficient
to ensure that we move from one region to another without having to assume
anything about the other symbols.

Consider now the Boolean symbols

fo and f1. In this case, we define two ¢ : )
E-components: H7o for f, and H* for R(J)pl — Rfl
fi. The two E-components are shown fi = fi

in Fig. 7. In both E-components we <«

need to distinguish the truth value of Figure 7: E-components responsible for f;.
the two symbols in order to identify the

fair states, hence we define each E-component using two regions. For i € {0, 1},
let R}, RI" be the regions of Hfi and T/ its transition relation. We define
the two regions such that one corresponds to the case in which the variable is
assigned to true and the other to the case in which the variable is false. In Ez

6See Appendix B.2 for a proof.
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the two variables can remain constant for any number of steps and toggle their
truth value when a certain condition is met. The simplest components we can
define in this case are defined as R{'=Ff;, R{iiﬂfi and T/i=T, for i € {0,1},
with no assumptions on the other symbols.

Consider now the variable y and we define HY as the E-component responsi-
ble for such variable. In the transition relation of Fx the variable appears in the
following predicates {y < 0,y > 0,2% > xy,%’ = y}. In only one case it appears
together with another symbol: 22 > zy. We can observe that if |z| > |y| then
the predicate must hold. This suggests a dependency between x and y and for
this reason we could define a single E-component that considers both symbols
together. However, we would like to keep them separated for this example.
We break the dependency between the two symbols by considering the stronger
conditions x > 1 and y < 1. Then, the presence of y < 0 and y > 0 suggests the
need for two regions to distinguish the sign of the variable. Fig. 8 depicts HY.
The FE-component has two regions:
Rj=y = —1 and RY{=y = 1. The re-

/
gions differentiate the two cases and we g\y —Y ;L v = y.l')
introduce two corresponding assump- Ry u) Ry
tions Aj=z > 1 and AY=z > 1. Fi- y=—1 y=1
nally, we define the transition relation (T
TY of HY such that it allows stutter rz>1 v=y rz>1
transitions in both regions and also Figure 8: E-component responsible for y.

progress transitions to move from one
region to the other: TY=y' =y Vy = —y.

The only remaining symbol is x, for which , ;

. . r=x+1 T =T

we define the F-component H® depicted in
Fig 9. In the transition relation of FEx the CR@ i,
variable appears in the following predicates
{22 > xy,2’ = z,2/ = x + 1}. We apply
the same reasoning as above to analyse the y<1
predicate x2 > xy and obtain a single region Figure 9: E-component responsible
Ri=xz > 1 with assumption Af=y < 1 for for z.
H?*. We define the transition relation T% of
H? as the disjunction of the two remaining predicates, T*=z' =z Va1’ =z + 1.

The purpose of E-components is to split the process of identifying some fair
path into two phases. In the first phase, one symbol or one group of closely
related symbols should be considered at a time to identify possible infinite be-
haviours over them, as exemplified above. The successive step requires to iden-
tify how they should be composed in order to obtain a structure that represents
fair paths of the transition system. For this reason, in §6.4 we introduce two
operators over F-components. The operators need to ensure that the compo-
nents to be combined are compatible and preserve the existence of the infinite
behaviours. We achieve this by combining E-components such that the respec-
tive assumptions are met. §6.5 shows how the E-components we defined above
can be composed to prove the existence of a fair path in Fx.

rz>1
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6.3. From funnel-loops to E-components

The following theorem shows the correspondence between a funnel-loop and
an E-component. Therefore, it enables the use of funnels and funnel-loops in
the decomposition of a system.

Theorem 3. Given a set of symbols VCV,a funnel-loop floop composed of
funnels [fnl;)'=5 such that all its transition relations are of the form T;(V, V')
corresponds to an E-component H=(V, \/?;01 Si, \/?;01 Si ANT;) responsible for
symbols V and associated with regions {8}, ranking functions {R¥;}'—}
and assumptions {T}1=,".

Proof. We show that H satisfies all hypotheses of Def. 3.

I By definition all assumptions are T and the initial states are defined as
the union of the regions. Therefore, Hyp. I holds.

IT Hyp. F.1 ensures that in every region S;, T; always allows for a successor
state. Therefore, also \/:,:01 S; NT; is left-total in the union of the regions.
Hyp. F.3 ensures that every self-loop on S; decreases the associated rank-
ing function RF;. If a self-loop exist such transition is a ranked transition
and all such transitions are ranked. All such states admit a successor and
the successor must decrease the value of the ranking function. Therefore,
Hyp. II holds.

IIT As observed in the previous case, all self-loops on a region must decrease
the corresponding transition relation. Therefore, H admits no stutter
transitions and Hyp. III holds.

IV Hyp. F.4 ensures that from every region S; when the ranking function RF;
is equal to 0, in one transition T; we always reach a state in D; and, by
hypotheses FL.1 and FL.2, such state is in the following region S(;1)%n-
Since, the transition relation is left-total by Hyp. F.1, then all states in
Si;ARF; = 0 admit at least one and only successors in S(;y1)%y,. Therefore,
Hyp. IV holds.

O

6.4. Operators over E-component

We now define the projection and composition operators for E-components.
Intuitively, the first operator shrinks an E-component by considering only a
subset of its regions, while the second operator computes the product of n
E-components. These two operators will be useful to identify an F-component
that meets some additional requirements in order to represent a funnel-loop.
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E-component projection. We define a projection operation for F-components
that can be used to obtain a smaller E-component describing a subset of the
paths of the original structure. We project an E-component over an ordered
subset of its regions, then we restrict the transition relation by removing all
stuttering transitions and such that the progress transitions must follow the
ordering of the regions and from the last region they can only reach the first
one. Therefore, the projection restricts the language of an F-component to the
paths that visit only regions in the sequence in order and are either finite or
reach the last region infinitely often.

Definition 4. Given an E-component H=(V,I,T) over m regions R, assump-
tions A and ranking functions W, we define its projection to a sequence of k
indexes idxsi@'é, e ,ji_1> such that idxs C {0,...,m—1} as the E-component
Hiiﬂ/7 It TY) associated with regions R*, assumptions A and ranking func-
tions W* defined as follows:

(Rj A Aj),'

i IJ/:I/\ \/jeida:s

o TET AN Ry — (R, ARF)y <RF;)V (RF; =0A R,

J(h+1)%k

Rii{Rj | j €idxs A Rj S R},

Aii{Aj | ] € idxs N Aj € A},

WH={RF; | j € idzs ARF; € W}.

Notice that in the projection we restrict the set of initial states to only
those in one of the restricted regions corresponding to the indexes idxs, and
the transition relation is strengthened such that it imposes that the regions in
idxs are always visited in order. In addition, the projection operator does not
modify the regions, assumptions and ranking function of an E-component, but
considers a subset of them.

Theorem 4. The projection HY over indezxes idxs of an E-component H over
regions R, assumptions A and ranking functions W is an E-component.

The proof of Th. 4 is reported in Appendix B.3.

E-component composition. We compose FE-components such that they meet
their respective assumptions. Given a set {H"'}_, of E-components, we say
that a set of transitions from regions {R} }I_, to regions {R;( iy are com-

patible, if every transition 7% ensures that /\::0,3 £i Aj,z holds. In addition, we
compose restricted regions of EF-components iff the corresponding ranking func-
tions are independent: it is possible to decrease one independently from the
others. In the following we define two binary predicates compatible iy . and
indep Rank Hi}r, that hold iff the two conditions are met.
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Definition 5 (compatible transitions). Let {H'}", be a set of
E-components such that {V'}"_ are pairwise disjoint and |J;_,V' C V.
A transition from state v to v’ is compatible iff the transitions of the
E-components, from every pair of states in the same regions, meet the respective
assumptions of the E-components.

compatibleggiyn (V, V=V, V' /\

0<jo<m?,0<j5<mP,...,0<jn <m™,0< 5], <m™

all possible pair of indexes for the E-components {H®}™
n

(/\ B, (V) A A5 (VF) AR (V') A AL (V) A
1=0

Jirji containing both V and V'

Ri (V) N AL (VF) AR (V') A AL (VA=) ATHV, V) A

for all V in j;, V' in j! such that V,V' = T and V' meets all
assumptions of H' at j; on symbols of E-components not in {H'}!_

(RFE;(V’) <RF% (V) RF;;(V’) < RF% (V) A

transition V,V' of the same type of transitionV, V'’

(0 < RF}, (V) < 0 < Rrj, (V) A (0 < RF} (V') < 0 < RF} (V")) —

n n

A A AR,

i=0 h=0,h#i

all assumptions of H* on the {VI}7?_ are met

A set of transitions has independent ranks if it is possible to decrease each
ranking function independently from the others. Consider the restricted regions
{R! NA! Y, there exist transitions with independent ranks if, for each RFY
with 0 < zT < m, it is possible to perform a self-loop on the conjunction of the
restricted regions AI_, R’ A A} such that RF;;T decreases and all the other

. . . ;! ;
ranking functions remain constant: A, £i RF;i = RF;I

Definition 6 (independent ranks). Let {H'}", be a set of the
E-components such that {V'}"_ are pairwise disjoint and |J;_,V' C V.
A self-loop over the intersection of the restricted regions has independent
ranks iff for every ranking function there exists a compatible conjunction of the
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transitions decreasing only that function.

indepRankgiyn (V, V)= /\

0<jo<m?O,...,0<j, <m™

all possible indexes for the E-components {H*}"_

(( (D_RFj)(V) < (Z RF;,)(V) A

=0

some ranking function decreases, all others remain constant

/\ Rli(f/) A A;q(f/#) A R;l(f//) A A;q(fﬁé”)) N
i=0

V.,V'are in restricted regions Jirdl
N\ V(N BE (V) A AL (VE') = REj (V) = 0) v
h=0

=0

current ranking function RF; is always O
i

IV, V(N RE(V) AN AR (VAR ATV, V') AR (V!) A AR (V) A
h=0

V,V'’ in same restricted regions of \7,\7/

h=0,hai

current ranking function decreases, all others remain constant

compatibleppryn (V.v")

The composition operator for a set of E-components {H*}"_, requires the
75 corresponding sets {V*}7_, to be pairwise disjoint. We write {V*};z(0,... n} for

the possibly empty list of other sets to complete the partitioning: {V*}7 , U
{V'}igqo.....ny s a partitioning of V.

Definition 7 (composition of E-components). We define the composition
of a set of E-components {H'}"_, such that the sets of local symbols {V*}1_,
wo are pairwise disjoint, as H°= Q) H" = (V,1°,T) where:

o Vo=, V"

e The set of regions is the intersection of the regions and assumptions over
V¢ of the E-components.

RE={N\R, A N\ A |Vie{0,...,n},5i€{0,....m" =1} : R, € R'A
i=0 h=0,hi

Vhe{0,... n}p\{i} : A e AINAY € AL}
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o The set of assumptions is given by the conjunction of the assumptions of
the {H"}"_, over the symbols not in V°.

A=\ N\ A IVie{o,...n}hg{0,...,n} i €{0,...,m' —1};
i=0 hg{0,...,n}

AL e AANAY € ALY

e The ranking functions for the regions are obtained by considering the sum
of the ones corresponding to the regions of the {H'}"_.

We={> Rr} | Vie{0,...,n},j; €{0,...,m' =1} : Rej, € W'}
=0

o [C= NI T

e The set of transitions is given by the conjunction of the transition relations
of the {H"}}'_, restricted to the compatible transitions.

Tcicompatible{Hi}?:O AindepRank giyn A /\ T
i=0

Theorem 5. Given a set of E-components {H'}" ,, their composition
H=Q:!  H" = (V,I°,T¢) is an E-component with respect to regions R, as-
sumptions A¢ and ranking functions We€.

The proof of Th. 5 is reported in Appendix B.4.

We remark that the definition of the composition operator ensures that H¢ ad-
mits only transitions that satisfy both compatible and indepRank. In addition,
we consider only simple interactions between the ranking functions of different
FE-components. It is possible to extend the operator to allow for more complex
combinations such as nesting of ranking functions or allowing the ranking func-
tion of an F-component to decrease once every time all the other F-components
perform a loop over their regions. However, including this kind of compositions
would make the definitions and proofs much more complex and with many more
cases to be considered.

6.5. Example E-components composition

We now show how the E-components we defined in Subsec. 6.2 can be com-
bined to conclude the existence of a fair path in the fair transition system Ex
defined in Sec. 4.

We first compute a E-component Hfo:ft as Hfo @ Hft. Hfo and Ht
have no assumptions and all ranking functions are always equal to their
minimal element. Therefore, all transitions are compatible and the result
of the composition is the synchronous product of the two FE-components.
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E-component Hfo:fi,  Hfofi has
four regions, one for each of the
possible truth assignments of the two
Boolean symbols fy and f; and it

Fig. 10 depicts the resulting ¢ J)
R(J)co»fl R{o,h

>
—fo A= f1 foA-f1

allows all 16 possible transitions and J)
self-loops over them. ¢jf0 A fonfi
We now compute H*Y responsible Rg()vfl Rg()vfl

for z and y as the composition of H” Figure 10:
and HY; the E-component is depicted E-component responsible for {fo, f1}.
in Fig. 11. The assumption of H® re-

r=x+1 m/:x+1/\y/:—g r=x+1
/I __ [
y=y ? y =Y
Rl‘ay , , Z,Y
0 x:x/\y :—y\ 1
?
z>1 z>1
y=-1 ¢ y=1

y =y G é,: Dy =y

/!
==z r+1lAYy =y =z
Figure 11: E-component responsible for {z,y}.

quires y < 1 and both assumptions of HY require x > 1. Therefore, it can
be easily seen that H” will always meet the assumptions required by HY and
vice-versa also HY meets the assumption of H*. Since the two E-components
do not have any assumptions on the other symbols, the resulting E-component
H?*Y has no assumptions. H®Y has two regions, obtained by the conjunction
of the two regions of HY with the only region of H”. The transition relation
of H*Y is given by the conjunction of the transition relations of H* and HY.
Both regions of the F-component admit stutter transitions of two kinds: one in
which both variables x and y remain constant, and one in which y is constant
and z increases by one. Notice that the ranking functions of the regions are
always constant and equal to the minimal element. Therefore, the transitions
satisfy indepRank because its definition (Def. 6) is an implication in which the
left-hand-side requires at least one ranking function to decrease. Finally, H*Y
also admits progress transitions from one region to the other of two kinds: in
both cases the value of y changes its sign, while in one case x remains constant
and in the other it increments by one.

Finally, we compute H=H?® @ H*Y @ H/o/1. None of the E-components
has assumptions and all their ranking functions are always equal to the minimal
element. For this reason, all transitions are compatible and have independent
ranks. Therefore, the transition relation of H is the conjunction of the transition
relations of the 3 E-components. H has 24 regions, given by the product of the 3
regions of HP¢, 2 of H™Y and 4 of Hy, ¢,. The regions represent all the different
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configurations that can be reached by employing compatible transitions of our
E-components HP¢, Hfo, H'  H?” and HY. Recall that our objective is to
identify fair paths for the fair transition system Fz defined in Sec. 4. Not all
transitions of H are also transition of Ez. For example, H admits a transition
that increases the value of = from states where pc = 3, while this is not possible
in EFzx. However, using the projection operator we can restrict H by considering
a subset of its regions. In particular, we are interested in the sequence of regions
that would allow us to obtain a representation of at least one fair path for Fz.
We select 6 regions and depict the projection of H over such regions in Fig. 12.
We call this projection H*. In particular we consider the following regions:

Ro=foAfiny=1Az>1Apc=3,
Ri==foA-fiNy=1ANx>1Apc=4,
Ry = foA-fiAy=—-1Az>1Apc=>5,
Rs=foNfiny=—1ANx>1Apc=3,
Ry =—foAn-fihy=—-1Ax>1Apc=4,
Rs =-foANfihy=1Az>1Apc=5.

Notice that the 6 regions underapproximate those that we have already consid-
ered in the funnel-loop described in §5.3. In particular, for every ¢ € {0,...,5}
R; underapproximates S;. In fact, there is correspondence between the paths
of HY and those of the funnel-loop. Therefore, H proves the existence of a
fair path in the language of the fair transition system Ex and we reached our
goal. In the following we formalise this relationship between E-components and
funnel-loops. Th. 6 details the conditions under which an F-component implies
the existence of a funnel-loop proving the non-emptiness of the language of a

Ry Ry Ry
pc=3 2 = pc =4 o= pc=>5
Jonfi j— ofoAf) fe— fo A0S
x>1 y=y z>1 y=-v x>1
y=1 y=1 y=-1

v =y y'=y
t'=z+1 =x+1

Rs Ry Rs
pc=>5 2= pc=4 R pc=3
“foAfi =——— —foA-fi &—=——=— foAS
x>1 y=-Y x>1 vy =y x>1
y=1 y=-1 y=-1

Figure 12: E-component responsible for all symbols.
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fair transition system.

6.6. From E-components to funnel-loops

We now provide a sequence of sufficient conditions for an F-component
H=(V,1,T) over regions R, assumptions A and ranking functions W to de-
scribe a funnel-loop.

Theorem 6. Let M be a given fair transition system M=(V,IM TM FM),
The ezistence of an E-component H=(V,I,T) responsible for all symbols V
over regions R and ranking functions W of length m satisfying all the following
conditions, implies the existence of a funnel-loop for M, hence the ezistence of
at least one fair path in M.

H.0 An initial state of H is reachable in M :

M ~~ T

H.1 The transition relation of H, restricted to the transitions that follow the
sequence of regions R, underapprozimates the transition relation of M :

Vi, V,V': Ry AT A((RF; < RFAR})V (RF; = 0A R{; 4 1yor,)) = TV
H.2 From the last region in R, H can only reach fair states.
YV, V': Ry ARFp_y =O0AT ARy — FM'
H.3 There must exist a transition from each R; with RF; = 0 to the following
region R(;11)%m:
VjaV, V' :0<j<n—-1-— R; ARF; :0/\T/\REJ»+1)%m

H.4 If a region has a non-trivial ranking function, then it must be possible to
decrease it:

Vji:0<j<m— (VW:Rr; =0)Vv (3V,V': R; AT A R; ARF; < RF)

Proof. Since H is responsible for all symbols V', then all assumptions in A4 are
empty. We first define the funnel-loop floop corresponding to the E-component
H and then prove that: all of its funnels meet the hypotheses of Def. 1, floop
is indeed a funnel-loop (Def. 2) and floop meets all the hypotheses of Th. 1.

Define floop as the concatenation of the funnels {fnl; ;-":_01. Each funnel
fnl; is the 4-tuple (S;, T}, D;, RF;) such that:

. SjiRj for Rj € R;
o T;=T N ((RF; < RF; A R})V (RF; =0 A Rl 1yom))i

o D;=IV': Ry ARF; = O0AT AR o
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o RFj ew.
We show that each fnl; is a funnel (Def. 1).

F.1 T} is left-total with respect to S; because 1" always allows for at least one
successor that is either in the same region with decreasing ranking function
or in the following region. H is an E-component, hence it satisfies Hyp. I1
and Hyp. IV. Hypotheses H.4 and H.3 ensure that at least one transition
of both kinds exists in H. Therefore, from every state in S; with 0 < RF;
there exists a successor in the same region with RF;» < RF; and from every
state in S; with RF; = 0, T" admits a successor in S 1)om-

F.2 holds by construction of T;; 0 < RF; implies that the second component
of the disjunction in T} is false and T; becomes equivalent to T A RF}; <
RF; A R which implies R.

F.3 holds by construction of T;; 0 < RF; implies that the second component
of the disjunction in 7} is false and 7} becomes equivalent to 7" A RF;- <
RF; A R} which implies RF; < RF;.

F.4 holds by construction of D;: we defined it as the existential image of
R; ANRF; = 0 with respect to T'A R’(j+1)%m.
We now show that floop is a funnel-loop (Def. 2).

FL.1, FL.2 By construction each T}, from a state in B; A RF; = 0 with j <m

can only reach states that are in R(;1)%.m,. Therefore, by construction of
D; both Hyp. FL.1 (for j < m — 1 and Hyp. FL.2 (for j = m — 1) hold.

Finally, we show that floop meets all hypotheses of Th. 1.

FF.1 Hyp. I ensures that the initial states of H underapproximate the union of
its regions. Hyp. H.0 ensures that there exist a reachable initial state in
H. Therefore, there is a reachable state in the union of the regions and
Hyp. FF.1 holds.

FF.2 D,,_ 1 is defined as the existential image of R,,_1 A RF,,_1 = 0 with
respect to T A R,. Hyp. H.2 ensures that all such states are also fair,
hence Hyp. FF.2 holds.

FF.3 By construction each S; AT; underapproximates 7. Hyp. H.1 ensures that
T underapproximates 7. Therefore each S; AT underapproximates ™

O

7. Search procedure

This section describes the procedure for the synthesis of a funnel-loop. Given
a fair transition system M and a set of F-components H, the procedure tries to
find, in a fully automated manner, a funnel-loop fnl_loop for M and a finite path
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of M ending in a region of fnl_loop. H is a possibly empty set of E-components
provided by the user to guide the search. For this reason we will refer to them
as hints. The procedure selects a possibly empty subset of hints and uses them
as building blocks to define the funnel-loop while synthesising the missing com-
ponents. When the set of hints is empty the procedure identifies a funnel-loop
for a fair transition system without relying on any additional information. In
the following, we call trivial hint the E-component H=(V, T, T) responsible for
no symbols (V2 =0) such that all its regions and assumptions are the constant
T and all its ranking functions are always 0.

Algorithm 1 SEARCH-FUNNEL-LOOP(M, H)
> Iterate over candidate loops of increasing length.
1: for (prefiz, loop_r,loop_t, H) € GENERATE-CANDIDATE-LOOPS(M,H) do
2: vg < prefiz[len(prefix) — 1] > Witness for reachability, Hyp. FF.1.
> Iterate over funnel-loop templates for current candidate loop.
for template € GENERATE-TEMPLATES(vg, loop_T, loop_t, H) do
ef _constrs < template.ef _constraints() > Get 3V problem.
(found, model) +— SEACH-PARAMETER-ASSIGNMENT (ef _constrs)
if found == T then > Replace parameters with assignment.
fnl_loop + template.instantiate(model)
return (prefiz, fnl_loop) > Reachability witness and funnel-loop.
end if
10: end for
11: end for
12: return unknown

Alg. 1 describes the main steps of the procedure. We reduce the synthesis
problem to a sequence of SMT queries. In order to reduce the search space,
given a F-component H we only look for funnel-loops obtained by deterministic
completions of H; we strengthen the transition relation of H by adding deter-
ministic assignments to the symbols for which H is not responsible. More in
detail, Alg. 1 enumerates candidate conjunctive fair loops of the fair transition
system and compositions of E-components that admit such loop (line 1). If
GENERATE-CANDIDATE-LOOPS selects no hints or H is empty the returned H is
the trivial hint. For each candidate loop, the procedure generates a sequence
of parameterised funnel-loops, called funnel-loop templates, as a strengthening
of the corresponding E-component (line 3). The predicates of a funnel-loop
template are over the symbols of the system M and a set of parameters P. The
procedure searches an assignment to the parameters such that all the hypothe-
ses of Defs. 1 and 2 and of Th. 1 hold. At line 4 the procedure obtains the
JV-quantified problem associated with the funnel-loop template and then, at
line 5 tries to solve it. Finally, at line 7, it replaces the parameters with the as-
signment identified at the previous step, thus obtaining the desired funnel-loop.

The procedure relies on ranking functions to perform two different tasks.
Alg. 2 tries to synthesise ranking functions to avoid considering candidate loops
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for which we know a ranking function exists. The existence of the ranking
function proves that the loop must eventually terminate, hence it cannot cor-
respond to an infinite path. Then, ranking function templates are also used as
components for the funnels of the funnel-loop template generated by Alg. 3.

Before going into the details of the procedure, we first show its application
to our running example. We then describe how we represent and enumerate
candidate loops and compositions of F-components for the transition system M.
After that, we detail how a funnel-loop template is generated from a candidate
loop and FE-component. Finally, we report the synthesis problem associated
with a funnel-loop template.

7.1. Example funnel-loop search

We first recall the definition of the fair transition system Ex we introduced
in Sec. 4. Let V={z,y,pc, fo, f1} be a set of symbols such that pc and = are
integer variables, y has real type and f; and f; are two Boolean symbols. Then,
the fair transition system is Fx=(V,I,T, F), where:

I = pc=3;
F = foA fi;
T=(pc=3—=(x>>zyApd =4Nz' =z Ny =y)) A

(pc=4— (pd =5n2 =x)) A

(pe=5—=(pd =3N2" =x+1Ay =y)) A

((fonfi) = (=fo A=fD)) A

o= (fovy>0) A (f = (i vy <0)).
In addition, we assume no hints were provided, i.e. H=0. Let EFr and H
be the inputs of our procedure. Alg. 1 at line 1 iterates over the candidate
loops generated from Ex and H. (vg, loop_r,loop_t, H). loop_r and loop_t are
sequences of predicates over V and V U V' respectively. The two sequences,
together with H, describe the abstract loop. Instead, vg is a state in the first
region of loop_r reachable in Fz. Therefore, it is the last state of a finite
path prefiz of Ex that starts its initial states and ends in vg. We compute
(vo, loop_r, loop_t, H) by employing a liveness-to-safety [8] transformation of
Ex where the loop-back is identified in an abstract state. We then employ an
unrolling of the transition relation in the style of Bounded Model Checking
(BMC) [15] to enumerate concrete paths of Exz with such abstract loop-back.
The stem of this concrete path corresponds to our prefiz. loop_r and loop_t
are obtained from the loop of the concrete path by computing an implicant for
the unrolling of the transition relation of Fx. We then partition the predicates
in the implicant depending on their index in the unrolling and whether they
contain only current (loop_r) or both current and next-state variables (loop_t).
Assume we are considering a BMC unrolling of 6 transitions of Fz and obtain
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the following path:

JoANfinpe=3ANz=1Ay=1;
—foA-fiApc=4ANz=1Ay=1;
JoA-finpc=bAhz=1ANy=—1;
foNfinpc=3ANz=2Ay=—1;
“foANfiNpec=4Nz=2Ny=—1;
—foAfiApc=5ANz=2ANy=2;
foNfinpc=3Ax=3ANy=2;

S U R W NN = O

where the states with indexes 0 and 6 correspond to the same state in the
abstract space defined by the predicates appearing in Ex. We use this path to
compute an implicant for the formula F(Vp) A /\?=O T(V;,Vig1). The implicant
is a conjunction of a subset of the atoms appearing in the formula such that it
implies the formula itself. In addition, the path is a satisfying assignment also
for the implicant. Each predicate in the unrolling depends either on a single
V; or on V; UV, for some %, hence the same holds for the predicates in the
implicant. We partition the atoms of the implicant such that the predicates
that depend only on V; are in loop_r[i%6] and those that depend on V; U V44
are placed in loop_t[i]. The first and last state correspond to the same abstract
region, hence their predicates are placed together into loop_r|0].

The computation above allows us to obtain the following. Since H is empty
H is the trivial hint. The prefiz contains a single state: prefiz = [fo A f1 Apc =
3Nz =1Ay =1], loop_r and loop_t have length 6 and each loop_r[i] A loop_t[i]
underapproximates the transition relation T'.

loop_r = | loop_t = |
0: foAfiApe=3NAz%>zy, ~foAfinpd =4nT =z Ny =y,
1: —SfoA-fiApc=4Ay>0, FoAN=finpd =bn2 =,
2: foA-finpe=5Ay <0, foNfinpd =3na" =z +1Ny =y,
31 foAfi Ape=3Az?>wy, ~foA-finpd =4na =z Ay =y,
41 SfgA-fiApe=4Ny <O, ~foNfinpd =5N2 =,
5 SfoANfiApe=5Ay > 0] foNfinpd =3Na" =z + 1Ny =y]

We now search for a funnel-loop as a strengthening of this candidate loop.
Notice that the candidate loop by itself is not sufficient. In fact, loop_t[1] does
not constrain the next assignment of ¢, hence it does not guarantee that y < 0
holds in the next state as required by loop_r[2]. Before building the funnel-loop
template, we can perform some simplifications on the candidate loop to reduce
the number of parameters introduced by the template and ease the presentation.
First of all, notice that every step 4 in loop_t assigns to the variables fy, f1 and
pc a constant value that corresponds to the one required by loop_r[(i + 1)%6].
Therefore, for brevity, we will omit such constraints from the formulae in loop_t
and focus our presentation on x and y. Moreover, many steps in loop_t require
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x or y to remain constant. Consider a step t=loop_t[i] that requires y to be
constant. We need ¢ to map states in rs=loop_r[i] into rq=loop_r[(i + 1)%6].
Therefore, if rq requires y to be positive (y > 0), then the same must hold in
rs and vice-versa. We can exploit identity relations in loop_t to symbolically
propagate constraints in loop_r. By employing these transformations we obtain
the following:

loop_r = [ loop_t = |
foNfiNpe=3Na>>ay Ny >0, =
“foA-fiApe=4ANy >0, ¥ =z
foA"fiApe=5ANy <O, r=z+1Ay =y,
foANfinpe=3Az>>ay Ay <0, T =z
—~foA-fiApc=4Ny <O, =z
—foNfiApe=5Ny >0 =z

UL = W o = O

We now define a funnel-loop template of length 6 that can be generated by the
procedure at line 3. For i € {0,...,5}, we define the i*" funnel of the template
as a strengthening of loop_r[i] and loop_t[i]. In the template we use symbols
from the set P={p;|i € N}, disjoint from V, as parameters. The parameters
are variables for which we need to find an assignment such that the template
corresponds to an actual funnel-loop. Notice that the steps in loop_t already
prescribe functional assignments for all variables but for y at steps 1 and 4. For
this reason, we introduce 2 parametric affine expressions to underapproximate
the assignment to 3’. In addition, we introduce parametric affine inequalities
over x and y to strengthen the elements of loop_r. Also in this case we reduce
the number of parameters we need to introduce by exploiting the functional
assignments of loop_t. For i € {0,1...,5}, let fnl;=(src;,t;,0,dst;) be the i™h
funnel of the template. We define each destination region dst; as the set of
states reachable from the previous source region when the ranking function is
equal to the minimal element. Since we defined every ranking function to be
always equal to the minimal element, we define each destination region as:

dst;=3V : sre;(V, P) At;(V, V', P).

We define the source regions and transition relations as follows.

srcg = loop_r[0] A pex + pry + ps > 0, to = loop_t[0],

srey = loop_r[1] A psx + pry + ps > 0, t1 = loop_t[1] Ay’ = pox + p1y + po,

sreg = loop_r[2] A pox + proy +p11 +po >0, Lo = loop_t[2],

srez = loop_r[3] A pox + proy +p11 > 0, t3 = loop_t[3],

sreq = loop_r[4] A pox + p1oy + p11 > 0, ty = loop t[4] Ay = p3x + pay + ps,
[5] (5]

srcs = loop_r[5] A pex + pry + ps + ps > 0; ts = loop_t[5].

We introduced two parametric inequalities: pgx + p7y + ps > 0 at index 1 and
Pox + p1oy + p11 > 0 at index 4. Then, we propagated the inequalities backward
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exploiting the assignments to x and y of loop_t. In particular, in loop_t[0] and
loop_t[3] both z and y must remain constant. In loop_t[2] and loop_t[5], instead,
y remains constant and z increases by 1. Therefore, pgz + p1oy + p11 > 0 in
srcg implies that pox + p1oy + p11 + pe > 0 must hold in srcy and similarly
pex + p7y + pg > 0 in srcg implies pgx + p7y + ps + P > 0 at srcs. We remark
that exploiting the equalities in the transition relations is an optimisation we
employ to reduce the number of parameters and has no effect on the correctness
of the approach.

Now, we need to identify an assignment to the parameters py,...,p11 such
that the funnel-loop template satisfies all hypotheses of Def. 1, Def. 2 and Th. 1.
The procedure generates this synthesis problem at line 4 and it searches for
a solution (assignment to the parameters) at line 5. The synthesis problem
requires the funnel-loop to be reachable in Fz (FF.1), hence also not empty.
We ensure this by requiring the first region of the funnel-loop to contain the
last state of the prefix, hence the state fy, fi,pc = 3,z = 1,y = 1 must be in
srcg. Then, the funnel-loop must never encounter a deadlock (F.1). This is
true by construction of the transition relations of the funnels, because every t;
is left-total for every assignment to the parameters. We need the funnels to be
correctly chained (FL.1, FL.2) and to underapproximate the transition relation
T of Ez (FF.3). We defined the destination regions as the set of states reachable
from the source region in one step. Therefore, we require the following to hold:

3IPYV : srei(V, P) At (V, V', P) — sreqpnyus(V/, P) NT(V, V')

Finally, every state in srcg is a fair state, hence every path through the funnel-
loop template is a fair path of Ex (FF.2).

The following assignment to the parameters satisfies all these requirements:
po =0,p1 = —1,p2 =0,p3 =0,pa = —1,p5 = 0,ps = 1,p7 = —1,ps = 0,pg =
1,p10 = 1,p11 = 0. We can substitute these values in the funnel-loop template
and obtain the following funnel-loop.

srco = loop_r[0] Az > v, to = loop_t[0],
srey = loop_r[1) Az >y, t1 = loop_t[1] ANy = —y,
sreg = loop_r[2] Nz > —y, to = loop_t[2],
sreg = loop_r[3] Az > —y, ts = loop_t[3],
srey = loop_r[4] ANz > —y, ty = loop_t[4) Ny = —y,
sres = loop-r[B] A w = y; ts5 = loop-t[5].

Notice that in this process the parametric expressions allowed us to identify
an underapproximation of the transition relation of Fz that toggles the sign
of y instead of allowing any possible assignment. In addition, the parametric
inequalities restricted the regions we obtained from the candidate loop to only
the states in which x > |y|, hence ensuring that the loop condition #? > xy of
our example holds. In fact, 22 > zy is redundant in srcy and srcs; it is implied
by £ > y Ay > 0 in the first region and by z > —y A y < 0 in the second one.
Therefore, this funnel-loop is equivalent to the one we defined in §5.3.
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7.2. Candidate fair loops: representation and enumeration

We identify lasso-shaped paths in the abstract space built by the assignments
to a finite set of predicates: two states that agree on the truth assignment for
all such predicates correspond to the same abstract state. We then represent
the fair loop as a sequence of transitions and regions (sets of states) that un-
derapproximate the transition relation of M.

Given a fair transition system M=(V,IM TM FM) we describe a can-
didate fair loop of length n for M, associated with an FE-component
H=(V, " TH) over regions R=[R;]"~,, assumptions A=[A;]7", ranking func-
tions RFi[RFi]?:_Ol and responsible for symbols V# C V| as a sequence of re-
gions loop_r=[loop_r,(V)|I=,, transitions loop_t=[loop_t;(V, V3‘“1ﬂ)]?:_02 and an
initial state vy, where VZH=V \ VH_ Such that: (i) vy | loop_ry A I, (ii)
vg is reachable in M, (iii) the conjunction of a loop_r; and the corresponding
restricted region R; A A; underapproximates the fair states

3V : loop_r; NR; N Ay — FM,

and (iv) for each step, the conjunction of loop_t; and the transition relation T
of H is an implicant for a transition in M

Vi, V,V' . (loop_r; A Ry A A; A loop_t; NTHA
((0 <Rr; AR)V (RF; =0 A R,))) — T

Without loss of generality, and to simplify the presentation, we assume the
fair region to be the first one. The structure of a candidate loop resembles a
funnel-loop. However, candidate loops are not guaranteed to satisfy all required
hypotheses. In particular, the transitions loop_t; A T* could admit deadlocks
(Hyp. F.1) and they are not guaranteed to map every state in the previous region
into some state in the following one (Hypotheses FL.1 and FL.2). In addition,
H may not provide all the required ranking functions. For this reason, in order
to identify a funnel-loop, we look for a strengthening of the candidate loop that
also satisfies these conditions.

The enumeration of candidate loops and compositions is performed by Alg. 2.
The procedure is based on Bounded Model Checking (BMC) [15], for the enu-
meration of candidate paths, and on the computation of an underapproximation
of M for each path. The function ENCODE-L2S-FAIR-ABSTRACT-LOOP (line 1)
encodes the search for a fair lasso-shaped path in the intersection of M and the
composition of a subset of H into a reachability problem given by (V, I, T, bad).
The problem requires us to identify paths over the variables V, starting in I(V)
and following the steps given by T'(V, V') that end in some state in bad(V). We
obtain this encoding via a liveness-to-safety [8] construction that transforms the
problem of identifying an abstract lasso into a reachability problem. The loop-
back state is identified in the abstract space defined by the predicates in the
E-components and in the transition relation and fairness condition of M. The
last state and the loop-back state of the abstract lasso must agree on the truth
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Algorithm 2 GENERATE-CANDIDATE-LOOPS(M, H)

> L2S encoding into reachability problem and E-component selection.
1: (V,I,T,bad) < ENCODE-L2S-FAIR-ABSTRACT-LOOP(M,H)

2: for k€10,1,2,...] do > BMC unrolling: k steps.
3: query < I(Vp) A /\5;01 T(V;, Vig1) A bad(Vy,) > BMC reachability.
4: (sat, model) < SMT-SOLVE(query) > Find first path of length k.
5: refs < || > Keep track of visited paths of length k.
6: while sat do > Generate all candidates from paths of same length.
7: H < GET-CANDIDATE-COMPOSITION(model) > Path selects hints.
8: (conflict) < GET-COMP-ERROR(H)

9: if conflict # L then > Learn incompatible transitions.
10: (V,I1,T, bad) + REMOVE-CONFLICT(V, I, T, bad, conflict)

11: else > H is valid F-component.
12: (loop_r, loop_t) < UNDERAPPROXIMATE(model, query, H)

13: (is_ranked, rf) <= RANK-LOOP(loop_r, loop_t, H)

14: if is_ranked then > Learn ranking function.
15: (V,I,T,bad) + REMOVE-RANKED-LOOPS(V, I, T, bad, rf)

16: else> Unable to find ranking function, could be nonterminating.
17: prefix <— GET-PREFIX(model) > Get stem of abstract lasso.
18: yield (prefiz, loop_r,loop_t, H) 1> Coroutine returns triples.
19: refs.append(=(A,cioopr T N Nicioopt t)) > Mark visited.
20: end if

21: end if

22: query < I(Vo) A NiZg T(Vi, Visr) A bad(Vie) A Ao regs 7S

23: (sat, model) < SMT-SOLVE(query) > Find next path of length k.
24: end while

25: end for

assignment of all such predicates, hence they may not be the very same assign-
ment. In the encoding, a set of fresh Boolean variables selects the E-components
to be considered, and the path must be such that at most one ranking function
decreases at a time. We then rely on a SMT-solver to identify fair lasso paths of
increasing length & (line 2), as done for the abstract liveness-to-safety algorithm
of [10]. The models of this BMC unrolling describe a path in the language of
both M and the composition of a subset of the F-components in H. If H is
empty or none of the hints is selected, GET-CANDIDATE-COMPOSITION (line 7)
returns the trivial hint H of length equal to the number of states in the ab-
stract lasso. Instead, if some hints are selected, H is given by their composition
projected over the ordered sequence of regions visited by the path. The se-
lected E-components might not be compatible, for this reason, after extracting
the candidate composition at line 7 from the BMC model, GET-COMP-ERROR
(line 8) checks if each transition in the composition is compatible (the trivial hint
is trivally compatible). If this is not the case, a conflict predicate representing
the transitions that are not compatible is used by REMOVE-CONFLICT to refine
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the reachability problem (V,I,T, bad) such that we avoid generating the same
conflict again. If H is a valid E-component the function UNDERAPPROXIMATE
(line 12) computes two sequences of n — 1 formulae: loop_r=[loop_r;(V)]7=}
and loop_t=[loop_t,(V,V")]’=7 such that each loop_r; A loop_t;, together with
H, underapproximates the transition relation of M. The function computes an
implicant for the formula query such that the assignments of the lasso described
by model satisfy both formulae. We then partition, for each step i, the predi-
cates in the implicant into two sets. All predicates containing only symbols of
V at step 4 are in loop_r;, while the predicates containing symbols from V UV’
at step ¢ are in loop_t;. Therefore, we split the predicates used to describe the
regions from the ones that constrain the transitions. We use loop_r; and loop_t;
as formulae meaning the conjunction of all the predicates in the set and they,
together with H, describe the candidate fair loop.

Then, at line 13, we try to synthesise a ranking function for such candidate
loop via the method RANK-LOOP. In the literature there are many approaches
for the synthesis of ranking functions [16, 17, 18], here we simply assume we are
given a method that returns the representation of a ranking function rf proving
the termination of a candidate loop. If the procedure succeeds in identifying a
ranking function, the reachability problem (V, I, T, bad) is refined such that we
avoid enumerating other loops ranked by the same function, as described in [10].
This is achieved by calling REMOVE-RANKED-LOOPS at line 15). Otherwise, at
line 17, GET-PREFIX extracts from model the prefix of the loop; i.e. the path
of M ending in the the loop-back state. The prefix represents a witness for the
reachability of the first region of the candidate loop in M and the procedure
returns it together with the current candidate loop, at line 18. If no candi-
date loop of length k exists, we clear the list of refinements and enumerate the
candidate loops of length &k + 1.

Ezxample. We now provide a brief example on the computation of the under-
approximation of M described by loop_r and loop_t. Assume the transition
relation of M is T=(a <1 = b > b)A(a > 2 = ¥ < b), and the loop de-
scribed by model is given by the assignments ag = 1,b9p = 0, a1 = 2,01 = 1
and as = 0,bp = 0. Three steps of M are represented by the formula
T(Vo, V1) AT (V1, V). An implicant for such formula satisfied by model is given
by {ap < 1,by > bg,a1 > 2,bo < b1}. Such an implicant can be obtained,
for example, by applying the techniques presented in [19, 20]. Finally, we par-
tition this set into loop_r and loop_t by defining their components as follows:
loop_ro=a < 1, loop_ty=b" > b, loop_r;=a; > 2 and loop_t,=b" < b.

7.8. Funnel-loop templates

We call funnel-loop template a candidate funnel-loop whose predicates con-
tain symbols of both V' and a set of parameters P (P and V are disjoint).
For each candidate fair loop we generate a sequence of such templates and
try to identify an assignment to the symbols P such that by replacing them
with the identified values we obtain a funnel-loop satisfying all the required
hypotheses. In the following, the function called NEW-PARAM-EXPR generates
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expressions over the symbols V' and the parameters P, e.g. affine linear func-
tions po + Z‘Zzll p;v;, where |V is the number of symbols in V' and for all i,
p; € P and v; € V. The function introduces as many parameters as necessary
to generate the required expressions.

Algorithm 3 GENERATE-TEMPLATES (v, loop_r, loop_t, H)
1: ineqs < HEURISTIC-PICK-NUM-INEQS(loop_r, loop_t, H)

2 (VHE TH TH R A RF) + H > Get components defining H.
3: for ineq € inegs do > Use ineq parametric inequalities in regions.
4 n <« len(loop_r) > Length of template + 1: loop-back region.
5 funnels + ] > List of funnels for funnel-loop template.
6 for i € [0..n — 2] do > Create i*% funnel: (src,t, rf, dst).
7: sre < loop_rli] A R[i] N Ali] A /\;’fg‘l NEW-PARAM-EXPR(V) > 0

8 if 3V : 0 < RF[i](V) then

9 rf < RF[i] > H defines ranking function.
10: else

11: rf < NEW-PARAM-EXPR(V) > Parametric ranking function.
12: end if

13: t « R[i] A Ali] > Transition of H in i*" region.
14: t—tATEA(O<rf AR[I) Arf <1f)V (rf =0AR[i+1)))

15: for v;y1 € Vigr \ ij_[l do > Add functional assign for v;41 in ¢
16: if v;p1 = f(V;) € loop_t[i] for some function f then

17: t <+ tAviy1 = f(V;) > Functional assignment in candidate.
18: else

19: t + t A v;y1 = NEW-PARAM-EXPR(V}) > Create new expr.
20: end if

21: end for

22: P + COLLECT-PARAMETERS(src, f,t) > Params in current funnel.
23: dst(V',P) « 3V : sre(V,P)AN1f(V,P) =0At(V, V' P)

24: funnels.append (FUNNEL(sre, t, rf, dst))

25: end for

26: yield FUNNEL-LOOP(funnels, vo) > Coroutine returns templates.
27: end for

Alg. 3 shows the procedure we use to generate funnel-loop templates from a
candidate loop. We generate templates of the same length as the candidate loop.
Function HEURISTIC-PICK-NUM-INEQS (line 1) selects a list of natural numbers
to be used to generate the funnel-loop templates. Each number corresponds
to the amount of parametric inequalities added to each region of the candidate
loop to define the corresponding source region of a funnel template (line 7).
The higher the number the more freedom will the template have in shrinking
the regions, but in the search problem we will have more parameters and a
larger space to explore. Notice that, since the first region of the candidate
loop is fair by construction, then the last destination region in the funnel-loop
template will be fair and Hyp. FF.2 holds. We create the i*" funnel of the funnel-
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loop template (lines 6-25) as a restriction of the conjunction of the i*" region
and transition of the candidate loop. In addition, the only nondeterministic
component in ¢ is given by the transition relation of H. All other components
of the transition relation ¢ of the funnel are a deterministic functional assignment
as follows. Let VH be the symbols for which H is responsible. For each symbol
Vir1 € Vigr \ Vifl, if loop_t; already contains a functional assignment for v;41,
then we use that (line 17). Otherwise, we generate a functional assignment for
v;11 as a parametric expression over the symbols in V; (line 19). The resulting
transition relation is total and Hyp. F.1 holds. We define the destination region
of a funnel implicitly as the set of states reachable in one step from SARF =0
(line 23), hence Hyp. F.4 holds by construction. Finally, the procedure returns
the funnel-loop template associated with the list of parametric funnels and initial
state vg. We will ensure that vg is in the first source region of the funnel-loop.
Therefore, since vy is reachable in M, Hyp. FF.1 holds.

Ezxample. We now provide an example to illustrate how a funnel is generated in
the lines from 7 to 24. In this example we assume the following: V={a,b,c} is a
set of real-valued symbols; NEW-PARAM-EXPR generates affine linear expressions
over V and a set of parameters P={p; };cn; we are constructing a funnel-loop
template adding a single predicate to shrink the region (ineq = 1); loop_r[i]=b <
¢; loop_tli]=c = ¢ AV >b+a Al > cand the hint H responsible for {a} has
the following components: R[i]=a > 0, R[i + 1]=a > 0, A[i]=T, RF[i]=0 and
TH=a' > a.

For simplicity, we defined P as an infinite set. However, in this example we
will use 12 parameters {p; }1%,; we will introduce 3 affine parametric expressions
each of which requires 4 parameters. The first expression represents an addi-
tional inequality for the region, the second one is used to represent the ranking
function, and the last one corresponds to the functional assignment of b’ in the
transition relation.

Line 7 defines the source region src of the funnel as the conjunction of the
loop_r[i], the restricted region of H and, since ineq = 1 it introduces a single
parametric predicate: pg + p1a + p2b + psc > 0.

sre(V,P) =b<cANa>0Apy+ pira+ pab+ psc > 0.

The condition at line 8 is false since the ranking function provided by H is
always equal to 0. The procedure then executes line 11, which introduces a new
parametric expression to represent the ranking function:

rf(V, P) = ps + psa + psb + prc.

We implicitly consider the function equal to the minimal element 0 if rf(V, P) <
0. Then, line 14 initialises ¢ from the transition relation of H as:

t=a>0Ad >an((rf(V,P)<O0Ad >0) V
O <rf(V,P)yNd >0ATf(V' P)<rf(V,P))).
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The loop starting at line 15 iterates over the symbols in {b, c}. Consider first the
symbol ¢, in loop_t[i] we find the equality ¢’ = ¢, hence the condition at line 16
holds and the equality is added to ¢ as a conjunct. Consider now the symbol
b, loop_t[i] prescribes no equality for b, hence a new parametric expression is
introduced and added to t at line 19, let such equality be b’ = pg + pga + p1ob +
piic. Therefore, the final ¢ is as follows:

t=a>0Ad >an((0<rf(V,P)ANd >0NTf(V' P)<rf(V,P))V
(rf(V,P)<0Ad >0) A =cAb = psg+ poa+ prob+ pric.

Finally, dst is defined as the set of states that admit a predecessor through ¢ in
src with rf = 0:

dst(a’,b', ¢, P) = Ja,b,c : src(a,b,c, P) Arf(a,b,c, P) <0 At(a,b,c,a’ b, ¢, P).

7.4. Funnel-loop synthesis problem

We now describe the 3V quantified formula that corresponds to the synthesis
problem of a funnel-loop template. Alg. 1 computes this formula for every
funnel-loop template template via the method ef_constraints at line 4. We
search for an assignment to the parameters P of the funnel-loop template such
that by replacing them with the identified values we obtain a funnel-loop that
satisfies all hypotheses of Defs. 1, 2 and of Th. 1. In the hypotheses, for every
funnel fnl,=(S;, T;, D;, RF;), we replace each destination region D; with the
quantified formula:

D;(V") =3V : S;(V) ARF;(V) =0AT;(V, V). (1)

Every instance of the funnel-loop template must contain a fair region since
loop_r is a subset of the fair states and Sy, by construction, underapproximates
loop_ry. We ensure that Hyp. FF.1 holds by requiring that vg is in the source
region of the first funnel fnl, with the constraint:

3P : Sy(vo, P). (2)

Hyp. F.1 holds by construction, since the next region implies the assump-
tions required by the E-component. Therefore, the transition relation of the
E-component must always allow for a successor for all assignments to the V7 ",
In addition, the other components of the transition relation of the funnel de-
scribe a functional assignment to the V7 " without any circular dependency.
Hyp. F.4 holds since we implicitly defined the destination region of each funnel
fnl; as the set of states reachable in one step from S; A RF, = 0. Then, we
ensure that every instantiation of every funnel template fnl; in the funnel-loop
template satisfies hypotheses F.2 and F.3 by requiring that the following hold:

3P YV, V' : (Si(V,P) AO < RE,(V, P) ATi(V,V', P)) = S;(V', P); (3)
AP VYV, V' 1 (Si(V,P) AO < Rr;(V, P) ATy(V, V', P)) = Rr;(V', P) < Rr;(V, P).
(4)
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The funnels must be correctly chained for hypotheses FL.1 and FL.2 to hold.
Notice that in these formulae are implications whose left-hand-side is D; and we
bring the existential quantifier out in front of the formula as a universal quan-
tifier. For Hyp. FL.1 to hold we require every two consecutive funnel templates
fnl; and fnl; | in the funnel-loop template to satisfy the following:

3P YV, V' 1 (Si(V, P) ARF(V, P) = O ATy(V,V', P)) = Siy1 (V! P).  (5)

Similarly, considering the first and last funnels fnl; and fnl
we require:

for Hyp. FL.2

n—1»

APV, V' (Sp_1(V, P)ARFn_1(V, P) = OAT_1(V, V', P)) = So(V', P). (6)

This ensures that D, _; is a subset of Syg. We have observed above that Sy
contains only fair states, hence FF.2 holds. Finally, we require each funnel-loop
instance to underapproximate M (Hyp. FF.3) by requiring the following to hold
for every funnel fnl:

IPVYV,V' . S(V,P)AT(V,V',P) — TM(V,V"). (7)

The final synthesis problem is then given by the conjunction of all the con-
straints (1)—(7). A solution for this problem is a model that assigns a value to
each symbol in P such that the formulae hold for all possible assignments to the
symbols in VUV’. From one such model we can generate a concrete funnel-loop
by substituting the parameters P with their assignment.

8. Related work

Most of the literature in verification of temporal properties of infinite-state
transition systems, hybrid automata and termination analysis focuses on the
universal case, while the existential one has received relatively little attention.

Most closely related are the works concerned with proving program nomn-
termination. The works [21] and [4] are based on the notion of closed recurrence
set, that corresponds to proving the non-termination of a relation. Instead, the
works [22] and [23] search for non-terminating executions via a sequence of
safety queries. Other approaches look for specific classes of programs ([24] and
[25] prove the decidability of termination for linear loops over the integers), or
specific non-termination arguments (in [26] non-termination is seen as the sum
of geometric series). However, none of these works deals with fairness and they
rely on the existence of a control flow graph, whereas we work at the level of
transition system.

The work [27] reduces the verification of the universal fragment of CTL on
a infinite-state transition system to the problem of deciding whether a program
always returns true. The approach can be applied also on L'TL properties by
relying on a reduction based on prophecy variables and it relies on some off-the-
shelf tool for the analysis of the program. Therefore, its capability of proving
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or identifying a counterexample for some property depends on the ones of the
considered underlying tool.

The work [28] explicitly deals with fairness for infinite-state programs and
supports full CTL*; it is able to deal with existential properties and to provide
fair paths as witnesses. The approach focuses on programs manipulating integer
variables, with an explicit control-flow graph, rather than more general symbolic
transition systems expressed over different theories (including real arithmetic).
Another approach supporting full CTL* is proposed in [29]. The work presents
a model checking algorithm for the verification of CTL* on finite-state systems
and a deductive proof system for CTL* on infinite-state systems. In the first
case the authors reduce the verification of CTL* properties to the verification of
properties without temporal operators and a single fair path quantifier in front
of the formula. To the best of our knowledge there is no generalisation of this
algorithm, first reported in [30] and then also in [31], to the infinite state setting.
The rules presented in the second case have been exploited in [32] to implement
a procedure for the verification of CTL properties, while our objective is the
falsification of LTL properties. Moreover, in these settings ([28], [29]) there is
no notion of non-zenoness.

The works on timed automata are less relevant: although the concrete sys-
tem may exhibit no lasso-shaped witnesses, due to the divergence of clocks,
the problem is decidable, and lasso-shaped counterexamples exist in finite bi-
simulating abstractions. This view is adopted, for example, in UPPAAL [33].
Other tools directly search for non lasso-shaped counterexamples, but the pro-
posed techniques are specific for the setting of timed automata [34, 12] and lack
the generality of the method proposed in this paper.

Our approach can be applied also to hybrid systems. Most of the works in
this context are concerned with the verification of safety properties [35]. In-
stead, we deal with the falsification of general LTL, liveness properties. The
works [36] and [37] propose a general approach for the verification of LTL prop-
erties on such systems. However, they can only identify lasso-shaped counterex-
amples and lack the generality of the approach we present in this work. Other
approaches consider only particular types of liveness properties or impose ad-
ditional restrictions on the model. The technique presented in [38] considers
only stability properties and [39] falsifies properties under robustness assump-
tions, while [40] considers robust discrete time systems. In [41] the authors
propose a technique to falsify LTL properties via randomised search, however
it is restricted to safety LTL and does not consider Zeno paths.

Inductive Reachability Witness (IRW), defined in [14], is a structure roughly
equivalent to our definition of funnel. [14] proposes to identify a single IRW as a
witness for reachability queries in imperative programs over real variables: hence
as a compact representation of a finite path. Instead, we look for a sequence
of funnels, in the form of a funnel-loop, that represents an infinite path for an
infinite-state fair transition system.

Finally, the verification conditions we identify in this work for the search of a
funnel-loop can be expressed in the form of existentially-quantified constrained
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Horn-like clauses (E-CHCs) [32].7 E-CHCs are an extensions of constrained
Horn clauses (CHCs) [42, 43, 44] with existential quantifiers. The two for-
malisms have been proposed as means to decouple the definition of verification
problems from the actual solving algorithm. This enables the separation of the
proof methodology from the procedures used to address the problem. Unfortu-
nately, we were not able to obtain any tool capable of identifying solutions to
E-CHCs, hence we could not investigate this direction any further.

9. Experimental Evaluation

This section first presents our implementation of the approach (9.1), then
describes the benchmarks we used (9.2) and briefly presents the other state-of-
the-art tools we considered (9.3), finally it reports the setup, the results and the
discussion of the experimental evaluation we performed (9.4).

9.1. Implementation

We have implemented these procedures in a prototype, called F3® (for FIND-
FAIRFUNNEL), written in Python. F3 uses MATHSATS [45] and Z3 [46] as un-
derlying SMT engines, interacting with them through PYSMT [47]. SMT-solvers
sometimes take a very long time on a single query. For this reason we associate
a timeout to each call to SMT-SOLVE. If the solver is unable to answer within
the given time F3 assumes unknown as result and continues. F3 takes as in-
put a transition system M a fairness condition F' and a possibly empty set of
E-components H, and tries to identify a funnel that proves that M admits at
least one path that visits F' infinitely-often. We then employ the usual tableau
construction to support LTL specifications via reduction to the previous case.
In order to support timed systems, we use the product construction described
in [37] to remove all Zeno-paths of the model. F3 enumerates funnel templates
in increasing order of complexity. By default, F'3 considers a minimum of 0 and
a maximum of 2 inequalities in the implementation of HEURISTIC-PICK-NUM-
INEQS of Alg. 3. F3 considers only simple ranking functions corresponding to the
PR-ranking template described in [16] which are simple affine linear functions.
Such ranking functions are used in the definition of the funnel templates and
when trying to identify a ranking function for a candidate abstract loop in Alg. 2.
In addition, we only synthesise predicates in the form of affine linear equalities
or inequalities; the implementation of the function NEW-PARAMETRIC-EXPR in
F3 generates affine linear expressions. An important optimization is that F3
generates ranking function templates (line 11 of Alg. 3) only when it finds a pair
of abstract states that prescribe the same assignment to the Boolean variables
of M; if the abstract states differ in their Boolean variables, rf is simply set

7Appendix A reports an encoding for the funnel-loop search problem in E-CHCs and proves
it to be both sound and complete.

8the tool and the benchmarks can be downloaded from https://github.com/
EnricoMagnago/F3
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to the constant 0. This avoids the introduction of unnecessary parameters for
funnels which do not need an explicit ranking function. F3 solves the param-
eter synthesis problem described in Sec. 7 via a combination of the EF-SMT
procedure of [48] and the application of Motzkin’s transposition theorem [49]
to reduce the problem into a purely existentially-quantified one which can then
be solved via standard quantifier-free SMT reasoning: we first try to apply EF-
SMT, and resort to the elimination of universal quantifiers only if this fails to
provide a definite answer. Finally, when applying the Motzkin’s transposition
theorem, F3 replaces non-linear terms with fresh symbols, in order to obtain
a linear system. This simple way of handling non-linearities has the benefit of
being very easy to implement; on the other hand, however, it can produce very
coarse approximations, which can prevent F3 from finding counterexamples in
cases where non-linearities play a significant role. A possible approach to handle
non-linearities in a more precise manner is described in [14].

9.2. Benchmarks

In order to evaluate the effectiveness of our method, we have evaluated F3
on a wide range of benchmarks coming from different domains, from software
(non)termination to timed automata and infinite-state symbolic transition sys-
tems. More specifically, we considered a total of 455 benchmarks, divided into
6 categories:

LS consists of 52 nonterminating linear software benchmarks taken from the C
programs of the software termination competition [50];

NS contains 30 nonlinear software programs, of which 29 have been taken from
[4] and one we defined;

ITS are 70 LTL falsification problems on infinite-state systems; 2 of such prob-
lems are proof obligations generated in the verification of a contract-based
design, 29 come from the scaling to up to 30 processes of a model of the
bakery mutual exclusion protocol in which we introduced a bug, other 29
come from the scaling to up to 30 processes of a semaphore-based syn-
chronisation protocol, and the last 10 are instances we created;

TA contains 174 LTL falsification problems on timed automata; we consider 6
different protocols taken from [51] (critical, csma, fddi, fischer, lynch and
train) and scale each of them from 1 to 30 processes;

TTS consists of 120 LTL falsification problems on timed transition systems,
of which 116 come from the scaling from 1 to 30 processes of 4 protocols
(inspired by the csma, fischer, lynch and token ring protocols), and 4
are handcrafted instances. The 4 protocols are a subset of the ones we
considered in the TA instances. However, in this case we have extended
them to obtain models that cannot be represented as timed automata. For
the csma protocol we introduced an adaptive backoff time for each process
that increases every time a station encounters a collision and decreases
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each time it successfully communicates the whole message. We extended
the fischer and lynch protocols by allowing each process to propose a wait
time, then the actual waiting time used to ensure mutual exclusion is
the maximum of the proposed values. Finally, in the token ring protocol
we added a stopwatch variable that keeps track of the total amount of
time spent while transmitting and we ask to verify whether such value is
bounded by 10 subject to a fairness assumption on the token manager of
the protocol.

HS are 9 LTL falsification problems on hybrid systems (encoded as nonlinear
infinite-state transition systems), 5 of which have been taken from the
ARCH competition [52] and 4 are models of a bouncing ball which differ
on the behaviour of the bounce.

F3 only handles symbolic transition systems, and not software programs;
therefore, we have encoded the software benchmarks as infinite-state transition
systems by introducing an explicit program counter as state variable. Moreover,
since F'3 only supports systems with Boolean, integer and real variables, we have
not considered programs that involve recursion or dynamic memory allocation.

9.3. Competitor tools

We compare F3 with the following state-of-the-art tools: ANANT [4],
APROVE [53], DIVINE3 [54], IRANKFINDER [55], MITLBMC [56],
NUXMV [12], T2 [57], ULTIMATE [58] and UPPAAL [59]. Unfortunately we could
not obtain the software described in [32] to solve E-CHC problems. Most of
the other tools are not able to handle all the benchmarks we have considered.
Therefore, we limit their application as follows:

e we ran ANANT, APROVE, IRANKFINDER and T2 only on the software
nontermination problems (LS and NS groups);

e we ran DIVINE3, MITLBMC and UPPAAL only on the timed automata
(TA) benchmarks; moreover, since UPPAAL supports only a fragment of
LTL which is not sufficient to express the properties of the fischer and
lynch benchmarks, we could run it only on 116 of the 174 TA instances;

e as ULTIMATE doesn’t support non-linear arithmetic, we didn’t run it on
the NS family. Moreover, since it supports LTL specifications but works
on programs rather than transition systems, we translated the benchmarks
to LTL verification problems on software programs, using the same ap-
proach described in [10].

e NUXMV is the only other tool (besides F3) that supports all the bench-
marks. Our focus is falsification of universal properties (or dually verifica-
tion of existential ones), hence we ran NUXMV using only its BMC engine.
The other algorithms available in NUXMV have no additional falsification
capabilities and also try to verify the property.
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Table 1: Summary of experimental results (number of solved instances per benchmark family).
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LS (52) 52| 38 43 - 39 - 28 38 49
NS (30) 30 % 5 - 6 - 14 2 - -
ITS (70) 671 - - - - 4 - 8 -
TA (174) 130, - - 43 151 90 - 0 103
TTS (120) 50 - - - - - 8 - 1 -
HS (9) 4 - - - 0 -
Total (455) 333| 63 48 43 45 151 144 40 58 103

Entries marked with “-” denote that the tool cannot handle the given benchmarks.

9.4. FEvaluation

We executed each tool on the corresponding benchmarks on a machine run-
ning Ubuntu 20.04 equipped with an Intel(R) Xeon(R) Gold 6226R 2.90 GHz
CPU, using a 1 hour timeout and a memory limit of 30 GB for each bench-
mark. A summary of the evaluation results is reported in Table 1. We run
F3 on those benchmarks without providing any hint and the table shows, for
each tool, the number of solved instances in each benchmark family. When a
tool is not applicable to a specific family, this is marked with “-”. From the
table, we can see that F3 solved the highest number of instances overall and also
the highest number of instances in all categories with the exception of timed
automata. In this category F3 is outperformed only by MITLBMC, which
implements a technique explicitly developed for timed automata. This demon-
strates the generality of our approach, although (unsurprisingly) it is possible
to define more efficient procedures to target specific classes of problems. F3
successfully identifies a fair path in all nonlinear software benchmarks and also
in 4 of the hybrid (nonlinear) systems. Therefore, while being coarse-grained,
the approximation of the nonlinear terms used by F'3 appears to be sufficient in
these cases. Finally, we should remark that the competitor tools (with the ex-
ception of MITLBMC and NuXMmv in BMC mode) are also able to prove that
a universal property holds, whereas F3 can only find counterexamples. On the
other hand, however, our techniques can be easily integrated with approaches
focusing on proving properties, such as [10, 37].

We then considered the 5 hybrid benchmarks that F3 failed to solve without
hints. In 4 cases the definition of a single hint is sufficient to allow F3 to
identify a fair path. The remaining benchmark is a handcrafted one representing
a bouncing ball such that the interval of time between consecutive bounces
follows the harmonic series and the tool is required to identify a non-Zeno path
in which the ball keeps bouncing forever. We know that the harmonic series
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diverges, hence such a path exists. However, the path does not have the finite-
variability property, often assumed in real-time temporal logics (e.g. [60, 61]);
there is no bound on the number of times predicates change truth assignment
for any finite interval of time: there is no lower bound on the time between
two bounces. In addition, the absence of such bounds hinders the definition
of simple ranking functions, since they require a minimum constant progress
at every transition. We remark that the HS instances are the most complex
ones, they involve both nonlinearities and timing constraints. The definition
of the hints for such complex systems requires in depth analysis of each model
and also an understanding of the features that the automated procedure could
struggle to analyse. However, the integration of the hints within an automatic
procedure allows the user to focus on the few hardest components of the model,
while relying on the automated procedure to analyse the relatively simpler ones.
Therefore, it provides an additional possibility to be explored to analyse the
system before resorting to a purely manual inspection. Our experiments, while
relatively limited in number, showed this approach to be viable allowing the
procedure to identify 4 additional counterexamples on complex instances that
no other tool managed to address successfully.

We conclude with some general observations about F3. F3 identifies funnel-
loops by trying to instantiate a number of templates. As in every template-
based approach, this implies that it will fail to identify funnel-loops that do
not match the considered templates. For example, F3 generates the templates
by strengthening the candidate loops with affine expressions and inequalities,
hence it will fail to identify funnel-loops that require the procedure to identify
nonlinear assignments or constraints. In our experiments this issue has been
mitigated by the fact that the candidate loop itself might provide the necessary
nonlinear terms, hence F3 does not need to synthesise them. F3 employs sym-
bolic reasoning and inherits the instability typical of this kind of techniques that
deal with undecidable problems. The execution time of F3 is greatly affected
by the order in which the candidate loops are explored. For each candidate
loop for which it fails to identify a ranking function, F'3 generates and tries to
instantiate a number of funnel-loop templates. The number of these templates
can be relatively large and, in our experiments, F3 spent most of the time in
trying to instantiate them. For this reason, the execution time of F'3 might
change significantly depending on the order in which the SMT-solvers identify
candidate loops. F3 tries to mitigate this problem by analysing the templates in
increasing order of complexity and by applying heuristics normalizations on the
expressions before calling the SMT-solver. In principle each funnel-loop tem-
plate can be analysed independently from the others and performing such tasks
in parallel could mitigate this issue; in addition, one could also analyse different
candidate loops in parallel. However, we did not explore this possibility and our
prototype does not employ any kind of parallelism.
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10. Conclusions

In this work we presented an approach to automatically verify existential
properties on infinite-state fair transition systems which can also benefit from
some user-defined hints. The witness for the existential property is given as
a sequence of funnels and can represent paths that do not have a lasso-shape
structure. We evaluated a prototype implementation of the approach on a wide
variety of benchmarks. The prototype is effective and able to address verification
tasks successfully in many different domains. However, there are still some
classes of problems that exhibit behaviours that are outside the scope of our
prototype, as we have seen in the case of the harmonic bouncing ball.

In the future, we plan to improve the procedure by automating the sys-
tem decomposition and by investigating different heuristics for the selection of
funnel-loop templates and to better exploit the system decomposition. Another
interesting direction is to improve the support for nonlinear expressions, e.g. it
should be possible to integrate the technique presented in [14] in our procedure.
Finally, we plan to integrate our procedure with dual approaches used to verify
LTL properties.
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Appendix A. Encoding of funnel-loop search in E-CHC

We described the funnel-loop synthesis problem using exist-forall quantified
First-Order Logic formulae and defined an ad-hoc procedure to address this
problem. In the literature it is possible to find formalism meant to decouple the
definition of the verification problem and the actual solving algorithm: they sep-
arate the proof methodology from the procedures used to address the problem.
One such formalism is Constrained Horn clauses (CHCs) [42, 43, 44], for which
off-the-shelf solvers have been developed. In the following, we consider an ex-
tension of CHCs, namely existentially-quantified constrained Horn-like clauses
(E-CHCs) [32]. E-CHCs are expressive enough to represent the funnel-loop
synthesis problem, hence allow an alternative representation of our synthesis
problem. However, possibly due to the complexity of solving such problems
in general, there is a lack of tools capable of identifying solution for E-CHCs.
Therefore, the encoding in E-CHCs has no impact on the theoretical and ex-
perimental results we present in this work. We believe that representing the
problem in a common framework to describe verification tasks could provide a
better perspective on how the approach and techniques we propose in this work
fit into the broader context of formal verification.

For the syntax and semantics of E-CHCs we refer to [42]. In the following we
present a sound and complete encoding for the search problem of a funnel-loop
of length one in E-CHCs. It is possible to define a similar E-CHC encoding
that also considers a set of user-defined F-components as hints, similarly to the
procedure described in Sec. 7. However, such encoding is rather complex and
does not provide any additional contribution to our discussion since we were
not able to obtain any tool capable of identifying solutions for E-CHCs.

Let M=(V, 1™ TM FM) be a fair transition system and let R(c,V),
T(V,V') and Rank(V,V’) be query symbols, where ¢ is a fresh Boolean symbol
(¢ € V). A solution to the E-CHC problem below is an intepretation for R,
T and Rank satisfying all its formulae. R represents the source region, and
¢ A R(e, V) underapproximates the fair states. Th. 7 shows that any solution
to the E-CHC below corresponds to a funnel-loop and Th. 8 shows that if M
admits a funnel-loop then there exists an interpretation for the query symbols
satisfying the following E-CHC. Therefore, the encoding is sound (Th. 7) and
relatively complete (Th. 8). While it is possible to represent in E-CHC the
search of a funnel-loop of arbitrary length n, Th. 2 ensures that looking for
funnel-loops of length one is sufficient.
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T — 3¢,V :R(c, V) NTM(V) (
T(V,V") — Fe: R(c,V') (
R(c,V)ANT(V,V') — TM(V, V") (
R(c,V) — 3V :T(V,V) (
cAR(c,V) — FM(V) (
—cAR(c,VYNT(V,V") — Rank(V,V") (
dwf (Rank) (

Let Cex=(V,3c : R(¢,V),T(V,V'),T) be the transition system associated
with an interpretation of the query symbols of the E-CHC above. Eq. (A.1)
requires the existence of some initial state of M in R: the set of initial states
of Cex is not empty. Eq. (A.2) ensures that T can only reach states in R, and
Eq. (A.3) guarantees that in such region 7 is an underapproximation of 7™ :
Cex is simulated by M, hence a path of Cex is also a path in M. Eq. (A.4)
requires T' to be left-total with respect to R: Cex cannot reach a deadlock.
Eq. (A.5) requires R(L,V) to be a subset of the fair states of M. Eq. (A.6)
requires the relation T(V, V') describing pairs of current and next states such
that the first one is in R(.L, V') to underapproximate some well-founded relation
Rank. The well-foundedness of Rank ensures that there is no infinite chain of
states in R(.L, V), hence it must eventually reach a state in R(T, V'), hence by
Eq. (A.5) must eventually reach a fair state.

Theorem 7. Given a fair transition system M=(V,I™ TM FM) and an in-
terpretation for the queries R, T and Rank satisfying all Eqs. (A.1)—(A.7). Then
there exist a funnel-loop for M.

The proof of Th. 7 is reported in Appendix B.5.

Theorem 8. Let floop be a funnel-loop of length one for a transition system
M=V, IM TM FM)  Then, there evists an intepretation for the query symbols
R, T and Rank satisfying all Egs. (A.1)—(A.7).

The proof of Th. 8 is reported in Appendix B.6.

Appendix B. Theorems and proofs

Appendiz B.1. Funnel-loop disjoint regions

In this section we show that for every funnel-loop there exist a corresponding
one whose regions are pairwise disjoint and that admits the same paths. Let
floop=[fnl;]?=) be a funnel-loop of length n over symbols V. We define a
corresponding funnel-loop f/loo\pi[ﬁi]?;ol over symbols ViVU{Z} that admits
the same set of paths projected over the symbols V' and whose regions are
pairwise disjoint. [ is a fresh symbol (I € V') we use to keep track of the index
of the current region. More formally we have the following:
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V=vu {l}, where [ ¢ V is a fresh symbols whose domain are the integers
from 0 ton — 1.

Si=8; Al =1i.

D;=D; Al = (i + 1)%n.

RF;=RrF;.

T,=T; A0 <RF; AU =1)V (RF; = 0A T = (I +1)%n)

Theorem 9. Let floop be a funnel-loop. Then, all [fnl |y L satisfy the hy-
potheses of Def. 1 and floop satisfies the hypotheses of Def. 2.

Proof. We first show that each fﬂz in [f/ﬂl]f:_ol is a funnel and then show

that they are correctly concatenated in floop hence it is a funnel-loop.

F.1

F.2

F.3

F.4

By definition T,=T; A (0 < Re; Al' = 1)V (RF; = OA L = (I + 1)%n).
In each state either RF; = 0 holds or 0 < RF; does. Therefore, in the
first case T; admits a successor in such that I’ = (I + 1)%n, in the second
case it admits a successor in which I’ = [. Since Hyp. F.1 holds for fnl;,
its transition relation T;(V, V") is left-total. Therefore, also T; is left-total

and Hyp. F.1 holds for each mi in f/loo\p.

By definition T,=T} A (0 < RF; Al = )V (RF; = O AL = (I+1)%n).
Therefore, every pair of states (,%') € T} such that o = S; must be such
that they assign the same value ¢ to I. Let v and v’ be the projection of ©
v’ to the symbols V, Then, (v,v’) € T; and v = S;. Since, Hyp. F.2 holds
for fnl;, then v’ |= S} also holds. v’ = 5] and the fact that ¥ assigns !
to 4 implies that ©" |= S’. Therefore, Hyp. F.2 holds for Wl

By applying the same reasoning as above, for every such step in f@ we
obtain a corresponding step in fnl; by projecting the assignments over
the symbols in V. Hyp. F.3 holds for fnl; hence those assignments must
decrease the value of the ranking function RF;. Therefore, since RF; does
not depend on [ its value must decrease also in all such steps of fﬂl and
Hyp. F.3 must hold.

By applying the same reasoning as the previous two cases, for every such
step in WZ we obtain a corresponding step in fnl; by projecting the
assignments over the symbols in V. Hyp. F.4 holds for fnl; hence the
second projected state must be in D;. By definition of T, the second state
must assign to [ the index of the next region. Such an asblgnment agrees
with the assignment required by DZ, therefore Hyp. F.4 holds for fnl

We now show that f/loo\p is a funnel-loop.
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hypotheses FL.1 and FL.2 holds for floop, they must also hold for f/loo\p.
O

Theorem 10. The languages of floop and m admit the same set of paths
projected over the symbols V.

Proof. We show that m admits all paths of floop and vice-versa by induction
of their funnels and the length of the path.

e Assume floop admits a path starting from some state v. Then by def-
inition v = S; for some i. Let ¥ assign [ to ¢ and agree with v on the
assignments of all symbols in V. Then v &= S; and v is an initial state for
floop.

Viceversa, assumem admits a path starting from some state ©. Then

by definition v |= S; for some i. Let v be its projection over the symbols
V, then v = S; and is an initial state for floop.

. Let 7 be a path of floop ending in state v and 7 be the correspoding path
of floop ending in ¥. Let S; be the reglon of floop such that v = S; and
let S be its corresponding region in floop

Assume floop admits a successor state v’ of v. Then either v’ = S! or
v’ |= S(;11)%n- Let V' be the assignment that extends v with I’ =i in the
first case and I’ = (i41)%n otherwise. ' is a successor of ¥ corresponding

to v’ such that m extended with v’ corresponds to 7 extended with v’.

Viceversa, assume floop admits a successor state v’ of v. Let v’ be the
restriction of ©’ to the symbols in V. Then, v’ is a successor for v such
that 7 extended with v’ corresponds to 7 extended with v’.

O

Appendiz B.2. E-components disjoint regions

In this section we show that for every F-component there exist a corre-
sponding one whose regions are pairwise disjoint and that admits the same
paths. Given an E-component H=(V, I(V), T(V,V')) of length m over regions
R, assumptions A, ranking functions W and responsible for V. C V, we define
a corresponding E-component H=(V,1(V),T(V, V")) over regions R, assump-
tions A, ranking functions ¥V and responsible for V, whose regions and pairwise
disjoint. H, with respect to H, has an additional symbol [ used to keep track of
the index of the current region and each region is strengthened by requiring the
correct assignment for such symbol, while the sets of assumptions and ranking
functions remain the same. More formally we have the following:

o V=V U{l}, where | € V is a fresh symbols whose domain are the integers
from 0 to m — 1.
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V=V, U {i}.
R={R; Al=j| Rj € R}
IV)=I(V) AN L= = R;(V) A A;(V).

TV, VYTV, V) AN =G = Ry(V')

Notice that by construction the R are pairwise disjoint. We now show that H
wo and H admit the same paths with respect to the assignments over the common
symbols V and that H is in fact an E-component.

Theorem 11. If H satisfies all hypotheses of Def. 3 then also H does.

Proof.

I

1855

1860

I1, 111, IV

1865

1870

By hypothesis I — \/;T:Ol R; A Aj holds and we need to show that

m—1 m—1
(I/\/\l:j—>(Rj/\Aj))—>\/Rj/\Aj/\l:j
§=0 j=0

also holds. By hypothesis, for every state v in I there must exist some
jo such that v |= Rj, A Aj,. By definition of I, /7'l = j is valid,
hence the left-hand-side of the implication [ = j — (R; A A;) cannot
be always false. Consider an assignment ¥ over V and let jo such that
v =1 = jo. Then, if v £ R;, AAj, our objective formula holds. Otherwise,

B k= Rj, A Aj, ANl = jo, hence & = \/T 0 Ry A Aj AL = j.

If H admits a transition between two restricted regions Rjo A Aj, and
R;, A Aj, of one of the 3 kinds then, by construction of 7', H must admit
a transition of the same kind between its restricted regions R;, A A;, and
Rj, NAj . Let t be the kind of the transition. All three hypotheses hold
for H, hence every state in R;, A A;, admits at least one successor in R;,
via a t-transition, provided Aj;, holds. For every state © in Rjo N Aj,, let
v be its restriction to the symbols in V. v is in R;; A A, and it admits
a successor v’ via a t-transition. Then, ©" defined by extending v’ with
" = 1, is a t-successor for v in H.

O

Theorem 12. The languages of H and H admit the same set of paths projected
over the symbols V.

Proof. We prove the statement by induction on the length of the path. We first
show that there is a one-to-one correspondence between the initial states and
175 then show that a one-to-one correspondence exists also between the transitions.
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e Every initial state vy of H must be such that I(wvg) is true and, by Hyp. I
there exists 0 < jo < m such that R;,(vo) A Aj,(vo) also holds. We define
an assignment 9y over 1% by extending vy with the assignment [ = j5. By
construction, I(#g) and Rj, (90) A Aj, (o) hold, hence ¥y is an initial state

1850 for some path in £(H).

Viceversa, given an initial state g of H , we define vy by restricting vy to
the assignments of the symbols in V. By construction, I(v) is true and
there exists 0 < jo < m such that R;,(vg) A Aj,(vo) holds. Therefore, vg
is an initial state for H.

1885 e Consider a transition of H from assignment v to v': v,v' = RjAA; AT A
Rjs N Aj for some 0 < j < m and 0 < j/ < m. By inductive hypothesis
there is an assignment v for the symbols v corresponding to v. We show
that H admits a successor ¥’ for ¥ that corresponds to v’. By hypothesis,
v = Ry A Aj. We define v’ by extending the assignment v with { = j'.

1890 Then, ¥’ corresponds to v’ and v,v" ﬁj NAj A TA ﬁj/ A A\j/.
Viceversa, consider now a transition of H from assignment v to v’ and an
assignment v=v,y for the symbols V corresponding to ¥. By hypothesis,
v E ﬁj ANAj and ¥ = ﬁj/ A Aj for some j and j'. By definition of
ﬁj, the following holds: ¥’ = Rj. v'=v]y is an assignment over the

1895 symbols V' corresponding to ¥’. Since R and A;; do not depend on [ and
v E Ry /\Aj/, then v’ = Ry /\Aj/. Hence, v, v’ R; /\Aj NTNRj /\Aj/.
Therefore, v’ is a successor for v in H corresponding to v’.

O

Appendiz B.3. Projection of E-components is closed

wo Theorem 4. The projection HY over indexes idxs of an E-component H over
regions R, assumptions A and ranking functions W is an E-component.

Proof. We prove that hypotheses I-TV hold for H*.
I holds by construction since every state v such that I'*(v) must also satisfy
V;cidus(Ri(V) A A;j(V)) hence, by definition of R* and A*, v is also in
1905 some restricted region of H*.
II For any j* € idxs, the region Rju assumption Aﬁ and ranking function
RFj.¢ are in both H* and H. In all transitions such that R; A RF;- <

RF; A R} holds for some j € idxs, T* is equivalent to T. Therefore, since

Hyp. IT holds for H, it must also hold for H*: if T admits a successor for
1910 every state in R; A A; such that RF;- < RF; A R/, hold, then so does T4,

III By construction of 7% admits no stutter transition. Therefore, the left-
hand-side of the entailment is false and Hyp. IIT holds.
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IV For any j¢7j¢/ € idxs, if they do not denote consecutive regions in the
sequence, H¥ does not adnllit any transition between them and Hyp. IV
1015 holds. Otherwise, j+ and j+ are the consecutive indexes of the regions Rj .

1

Rﬁ,, the assumptions A7, Ai, and ranking functions RFﬁ. If H does
j J j J

not admit any progress transition between these regions, neither does H+

and Hyp. I'V holds. Otherwise if H admits at least one transition between
these regions, the following holds:

IV, V' : RY, NAY, ARFY, =0AT ARY, A AY,
J J J J J

1920 Every such V and V' satisfies 7%, hence it is also a transition for HV.
Therefore, since Hyp. IV holds for H, for every state in Rjﬂ /\Aﬁ . /\RFL =

0 H admits a successor in R]L,y A A]ﬂ,. Every such transition is also

admitted by H+ and Hyp. IV holds for H*.
O

ws  Appendix B.4. Composition of E-components is closed

Theorem 5. Given a set of E-components {H'}" . their composition
He= ®? OHi = (V,I¢,T¢) is an E-component with respect to regions R¢, as-

sumptions A¢ and ranking functions W€.

Proof. We need to prove that hypotheses I-IV hold for H¢ of length m°.
1030 In the following we write A;.’jéc for Apgio,...n} A;’ih(Vh).

I requires us to prove that the initial states of H¢ are a subset of the union
of the regions. This holds trivially from the definition of I¢ since every

. . . m°
state in this set must satisfy \/;'_o Rj A A5 .
IT requires us to prove the following

Vji:0<j<m®—
c c c / c/ c/
IV, V' (REAAS AT ARFS <RFSARS ANAS)
YVaAVEWV e L RS A AS A0 < RFS A AY — RS ATC ARFS < RFS

He= ®?=0 H' hence, by definition of ®, R$ and A‘; are the conjunction of
some region and assumptions of {H*}" ;. Therefore, we can rewrite it as
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follows:

Yiitiso : (/\ 0<ji<m')—
i=0

v, v’ (/\ R A( /\ A;’ih) A A;’fc ATY A compatibleggiyn A
i=0 h=0,h+i
indepRankgiy,  ARFS <RFEA(N\RL AC N\ A A4
i=0 h=0,hi
YWV (N RLAC N AT AATEO) A AY A0 < RFS)
i=0 h=0,hsi
((/\ R;-il A ( /\ A;;h/) AT A compatible;piyn AindepRankggiyn A
i=0 h=0,hsi
RF§’ < RF$)

Forany 0 <i<mn A§(V7£C) A /\Zzo’h# A;;h(Vh) is equivalent to A’ (V7).
Therefore, our objective formula can be rewritten as:

V{itizo : (N\O<di<m’) —
1=0

IV, V' (J\ R, AAL AT AR A ALY A compatiblegpriyn A
=0
indepRankgiyn N RF;?/ <Rr; F

i'\n ! A i i c c A i il
VVHV I WV ((J\ Ry, AAL) ANAS A0 < RES) = (\ TP AR A
i=0 =0
/\ A;,;h/) A compatiblegiyn A indepRankpriyn A RF? < RF})
h=0,h#i

If indepRankgriyn_ [resp. compatibleg Hi}lrL:U] does not hold in the left-
hand-side of the entailment the formula is trivially true. By definition
of indepRankpiyn [resp. compatiblepiyn |, if it holds in the left-
hand-side of the entailment it must also hold on the right-hand-side,
since on both sides V and V’ belong to the same regions. Therefore,
compatibleg miyn  must hold and when both sides of the implication on

. . . n n i,h 4
the right-hand-side of the entailment hold, A;_s Aj—g 54 AL‘ (V") must
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be true. We can further simplify our objective formula as follows:

V{jitier (N0 <js<m') = 3V,V' o (\ R, AAL AT ARE A AL)A
1=0 1=0
/

compatibleggivn A indepRanksgivn A RFS < RFS vwavy noyy7e .
{ }1:0 { }1:0 J J 1=0

n n
(N Ri, NAL)ANAS A0 < RFS) — (N TP ARE') ARFS < RrS)
i=0 i=0
If the left-hand-side of the entailment is false, then the formula is trivially
true. Therefore, assume that there exists a transition performing a self-
loop on the restricted region Rj A Aj with independent ranks in which the

sum of the ranking function decreases. Under this assumption, we need
to prove the following for any j=(jo,. .., jn) satisfying the above:

YV v

((\ R, NAL) AAS A0 <RES(V)) = (\ T'AR}) ARFY < RES)

i=0 i=0
Since indepRank{piy»  holds for indexes (Joy -+ -5 jn) We have:

/\ /\Rh ANAM Y = RE, = 0)v

=0

/! /!
HV,V’:(/\ R ANAD AT ARETA AL A

n
o, , o, 4 ‘
RF;-i < RF; A ( /\ RF; = RF;-i) N compatiblegpiyn
k=0,k#h

In addition, since there exists a transition in the restricted regions such
that RFE decreases, there must be some 0 < i, < m such that IV :

(An—o R?h (VYA A?h (VM) A0 < RFZ (V). Then, ther'e exist compatible
transitions in which its ranking function decreases R¥ (V') < RF} (V),
Whi_le all other ranking functi'on remain constant /\?:071- 2, RES, (V') =
RF}, (V). Hyp. IT holds for H'":

i ; ir - (R ir ir i/ ir i i
Vi 0<j. <m' = 3V,V': (Ry NAY AT ARFy <RFy ARy ANAY) |
YV3VE'YV AR Rl A Al A0 < REY A AV RETATY ARFY < REY
and Hyp. ITI holds for all {H* 0.t

. y , L , , VA -, -,

Vii: 0 <gji<m' = 3V,V' (R ANAS AT ARF;, =RF), AR, NAj)
vVIVIwv A RL A AL A AL REOATARFY = RF
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If there is no transition in the intersection of the restricted regions such
that RF§ decreases or they are not compatible, the objective formula triv-
ially holds because the left-hand-side of the entailment is false. Then, the
conjunction of the hypotheses for the { H*}™_; implies:

n
V{itise © (A0 <ji<m’) —
=0
WV (NRANAL AT AR NAL Y ARFS < REZ A N\ RPL =RrL) =
=0 i=0,ir

YAV YA R A A A0 < RFY A AT o RETAT ARFY < REYA

N WVIVIWWA R A AL AAL — RUATUARE = RF
i=0,i#r

The left hand side of the entailment must hold, otherwise our objective
formula is trivially true.

YVaVE 'y Rl A A A0 < RFY A AT RECAT ARFE < REYA

N wVIVIWWH L RL A AL AAL — RATUARE = RF
i=0,i%r

If a VV IV 7’ quantified implication holds, then for every assignment
to the symbols V such that R;i(V), A; (V7%) and, if i = i,, also 0 <
RF; (V) hold, there exists an assignment to V' satisfying the assumptions
of all other E-components /\Z:(LS i A;;i(Vi/), for all assignments to the

V#' Therefore, we can write the following;
VYV YoV # L (R A Al A0 < REY A A7 R AT ARFY < RE)A

n
i i i,7c’ il i il i
/\ Ri NAL ANAYTC 5 RETAT'ARF, = RF),
i=0,i%r

0 < RF;:(V) implies 0 < RFj(V) and, since (a — b) A (¢ — d) implies
(a Ac) = (b A d), the formula above implies:

i'\n ! c A i i i,7c!
YVHVI WV (0 < RES A (\ RY A AL NAV)) —
=0
i'r/ i n ./ N . " ./ .
Rei" <Ry A( /\ RE, =Rej)A J\ R AT
i=0,izi, i=0

The formula R¥y (V') < RFY (V) A (Aio.izi, RF, (V') = R¥’ (V)) im-
plies RF§(V’) < RF§(V) and A, A} (V7°) is equivalent to AS(V7€)
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Therefore, we obtain the implied statement:
YWV v
(N R, ANAL) AAS A0 <RFS) — ((\ T'ARL') ARFS < RES)
i=0 i=0
which is exactly the formula we wanted to prove.
III requires us to prove the following
Vji:0<j<m®—
WV, V' (RS ANAS AT ARFS =RF; AR ANAY) =
VVAVEVVE D RS A AS A AY — RS ATC ARFS = RFS

By definition of ® and since H°= @), H* we can rewrite it as:

V{jitio : /\0<J1<m)

1=0
EI/A%E (/\ R; A( /\ A;h) A A;-’fc AT A compatible piyn A
j h=0,h#i
indepRankgiys  ANRFS = RES A (\ Ry A( Ay A AR
i=0 h=0,h+i
WV WA (N R AC N A AATEY A A /\ Ri'A
i h=0,h#i

/\ A;;h/) AT A compatiblegiyn A indepRankigiyn A RFj = RF})
h=0,hi
On both sides of the entailment RFj(V') = RFj(V) holds, hence
indepRank gy~ is trivially true: the left-hand-side of the implication
in its definition is false. In addition, for any 0 < i < n A;-(V#C) A
Nn—o i A (V") is equivalent to A (V#%). Therefore, our objective for-
mula can be rewritten as:

V{JZzo /\0<.71<m)

v, v’ (/\ R; A A; AT A R;il A A;i,) A RF;/ = RFj A compatible(friyn =~ =
i=0

YV VWV (N R, A AL AAY) = /\TZARZ AN AA
i=0 h=0,h#i

RF;' = RFj A compatible{Hi}?zo)
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If compatiblegfriyn (V, V') does not hold, then the left-hand-side of
the entailment is false, hence the entailment is true.  Otherwise,
compatibleg Hiyr holds and since it holds on the left-hand-side of
the entailment, it must also hold on the right-hand-side; when both
sides of the implication on the right-hand-side of the entailment hold,
Nizo Nh=o.ni A;.}h(Vh/) must be true since compatible;giyn  holds. We
can further simplify our objective formula as follows:

V{itiso: (N\O<ji<m’) =
i=0
A i i i i/ il .
v, v’ (/\ R, NAG, AT ARG NAL) A RF?’ = RFj A compatibleggiyn =
i=0
i'\n ¢! A % % c A i i ! c c
YWV WVE (N RS, AAL) AAS)) = (\ TP ARL) ARFS = Rrf)
i=0 i=0
If the left-hand-side of the entailment is false, then the formula is trivially
true. Therefore, assume that there exists a transition performing a self-
loop on the restricted region R;AA§ in which the ranking function remains

constant. Under this assumption, we need to prove the following for any
7={jo, - .., jn) satisfying the above:

YV s (N RE AAL) AAY) - (RES =RESA \ TP ARY))
=0 =0

Hyp. III holds for all E-components {H}7 :
. . . . il . i . .
AV, VI (R, NAG AT ARF;, =RF; AR, NAL)
vvavivw# L RL A AL A AL RUOATARFE = RFY
By assumption there exists a transition in the intersection of their re-

stricted regions such that RFj(V’) = RrFj(V), and hence RFZ(V’) =
RF; (V) for all i. Therefore, their conjunction implies:

AYVAVIVVARE A AL A AL = R AT ARE = R,
=0

If a VY3V VY7 quantified implication holds then for every assignment
to the symbols V' such that R (V) A AL (V#1) A AL (V#7) holds, there
exists an assignment to the V_i/ satisfying the assumptions of /all other
E-components A\, .; Aj;Z(VZ/), for all assignments to the V7*". There-
fore, we can write the following:

n

YWV WA A (R, A AL A AV (R AT AREE = REY)

Ji Ji
1=0
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Since (a — b) A (¢ — d) implies (a Ac) — (bAd) and A}, RF;-i(V') =
RF; (V) implies RFj(V') = RFj(V), the formula above implies:

vV vv e (/n\ R: AAL)AAY — (RFS = RFS A /n\ T ARL)
i=0 i=0
1035 which is exactly the formula we wanted to prove.
IV requires us to prove the following
V7 0<ji<m A0<j <m®—
WV, V' (RSANASATARF; =0ARS ANAS)
YVIVEYVF L RS A AS ARFS = 0 A AS' — RS AT

By definition of ® and since H°=);_, H® we can rewrite it as:

V{ji} oo Uitimo : (N O < js <m? A0 < jf < m') —
=0

v,V (/\ R; A ( /\ A;Zh) A A;-’fc AT A compatiblepgiyn A
i=0 h=0,h+£i
. c_ A i’ A i,h’ i,7c!
indepRankgiyn A RF; =0 A (/\ R A ( /\ AL’- )A Aj; ) E
i=0 h=0,h+£i
WV (AR AC N A AATFO)ARFS =0 A ASS)
i=0 h=0,h+£i
((/\ R;»/ AT A /\ A;’i{h/) A compatiblepiyn A indepRank‘{Hi}?:O)
i=0 h=0,h+£i

If j # j', indepRanky Hi}r, trivially holds, since the left-hand-side of
the implication in its definition is false. Otherwise, if j = j', RFj(V) =
0 contradicts RFj(V’') < RFj(V) and again indepRankiyn — trivially
holds because the left-hand-side of the implication in its definition is false.
In addition, for any 0 <i <n A5(VF°) A Aj_g AZM(VhY s equivalent

i
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to A;(V’éi). Therefore, our objective formula can be rewritten as:

n

V{Jl}z 07{-7110 /\0<]1<mAO<jz<m)
=0

IV, V' (\ Ry, AL AT AR A AL') A compatible gy,  ARFS =0 =
i=0

i1n ¢! A ) [ c c
YVIHV oWV ((/\ Ri, A AL) ARFS =0 A AS') —
=0

n n
i i’ i,h! .
((/\ T A Rjg A /\ Ajl{h )A compatzble{m}?:o)
j h=0,h#i

If compatibleggiyn 0(V, V') does not hold, then the left-hand-side of
the entailment is false, hence the entailment is true. Otherwise
compatibleg Hi}r holds and since it holds on the left-hand-side of
the entailment, it must also hold on the right-hand-side; when both
sides of the unphcatlon on the right-hand-side of the entailment hold,
Aizo Ni—o ot Al h(Vh ) must be true since compatible;giy» ~holds. We

can further snnphfy our objective formula as follows:

n

v{jl}z 07{-7110 /\O<]l<m/\0<]z<m)_>
=0

A i i i il it : c
v, v’ (/\ Ry NAG NT" ARy, A Aj, ) A compatibleggiyn ARF; =0 |=

i=0

i'\n #c! c __ A 3 3 i,;ﬁc q i
YVI{VIHL oWV (RES = 0 A\ Rj, A A5 A AT /\ T' AR,
i=0

If the left-hand-side of the entailment is false, then the formula is trivially
true. Therefore, assume that there exists a transition from a state in

RS N AS N RF? =0 to R}, A A;f, Under this assumption, we need to prove
the following for any j=(jo, ..., jn) satisfying the above:

VYV YoV E L (RES = 08 N\ R A AL A AZ#/) <+ (AT AR
i=0 i=0

Each E-component H? allows for a transition from its restricted region
with index j; to the one with index j;. In this transition since RFj(V) = 0,

then RF; (V) = 0 holds in the source state. The following holds since
Hyp. IV holds for all {H*}7,

i i i i i ! il
WV, V (R, NA NTPARF;, =0AR), NAY)
il i i i i il i ! i
VVIVIVVZT (RS A AS AR =0AAY ) = Ry, AT
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If a YV IVI'vy 7 quantified implication holds then for every assignment
to the symbols V such that R (V) A AL (V7)) A A}(Vﬁ ) holds, there

exists an assignment to the Vi satisfying the assumptions of all other
n

E-components A7, . A%H(VT), for all assignments to the V#i'. There-
fore, we can write the following:

n
i'\n ! i i i ey il i
YV WVE s \((R) A A% ARE) =0 A A;.f“ ) = (R, ATY))
=0

Since (a — b) A (¢ — d) implies (a Ac) — (bAd) and A}, Rin (V)y=o0
implies RF;(V') = 0, we can write the following implied statement:

n n
WAV PV (RES = 0 A N\ RE A AL A AT = (N TOA R
1=0 =0

which is exactly the formula we wanted to prove.

Appendiz B.5. E-CHC encoding of funnel-loop search is sound

Theorem 7. Given a fair transition system M=(V,I™ TM FM) and an in-
terpretation for the queries R, T and Rank satisfying all Eqs. (A.1)~(A.7). Then
there exist a funnel-loop for M.

Proof. We first show that, R(c, V) and T'(V, V") correspond to a funnel and
then show that such funnel corresponds to a funnel-loop of length one. We define
a funnel fnl=(S(V),Tfu(V,V’),D(V),Rr(V)), where (i) S(V)=3c : R(c,V),
(iv) Tru(V,V)=T(V, V') A(D(V') <+ RE(V) = 0), (ili) D(V)=3c: cA R(c,V)
and (iii) RF(V) is a ranking function witnessing the well-foundedness of relation
Rank(V,V’). RF is such that RF(V) = 0 for all V' such that there exist no V’
making —c¢ A R(c, V) AT(V, V') AACR(¢/, V') hold:

Ve,V,d : =3V i ¢ AR(c, V)ANT(V, VYA ANR(, V")) = RF;(V) =0

and in all other cases (R(c,V) AT(V,V') A R(c,V’) holds for all V, V') the
following must hold:

YV,V': (me A R(e, VY AT(V,V') A R(c, V")) = RE(V) > Rr(V') + 1

These two constraints allow for many different interpretations of RF. Every
such interpretation satisfies our requirements and it is sufficient for such set
to be non-empty. The well-foundedness of Rank implies, by Eq. (A.6), that
¢ A R(e, V) ANT(V, V') A R(e, V') is well-founded. Therefore, there must exist
some V such that RF(V) = 0: in particular all the states in —¢ A =R(e, V)
and all the states in —¢ A R(¢, V) for which T does not admit any successor
in the same region. Since ~¢ A R(c, V) AT(V,V’) A R(c, V') is well-founded it
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cannot allow for any infinite chain of states, hence it cannot allow any loop of
states. Therefore, the constraints above do not contain any circular dependency
in the definition of the assignments to the RF(V) and there exists at least one
interpretation for RF.

We now show that fnl satisfies all hypotheses required by Def. 1.

F.1

F.2

F.3

F.4

follows directly from Eq. (A.4) and the fact that RF = 0 implies that T
does not admit any successor in —c¢ A R(c, V'), hence it must admit some
successor in ¢ A R(¢, V), which by definition is in D.

By construction S contains all states of 3¢ : R(c,V). Eq. (A.2) ensures
that this is an invariant, hence Hyp. F.2 holds.

By construction, RF assigns decreasing integers to the chains described by
the relation —¢ A R(c, V) AT(V,V') A R(c,V'). Therefore, at every such
step RF must decrease and Hyp. F.3 holds.

Eq. (A.2) and the well-foundedness of =¢A R(c, V)AT(V, V"), ensures that
from a state in ~c A R(¢, V') in a finite number of T steps we must reach a
state in ¢ A R(c, V). We defined RF such that RF = 0 in the states whose
T successors are in ¢ A R(c, V), hence in D. Therefore, Hyp. F.4 holds.

We now show that fnl is a funnel-loop: it meets all hypotheses of Def. 2

FL.1 trivially holds since fnl is the only funnel.

FL.2 We defined S as the union of ¢ A R(¢, V) and —¢ A R(c,v) and D as

¢\ R(c,V). Therefore D — S and Hyp. FL.2 holds.

Finally, we show that this funnel-loop represents at least one fair path of M
by showing that it meets all hypotheses of Th. 1.

FF.1 holds since Eq. (A.1) ensures that R(c,V) has a non-empty intersection

with the initial states T™.

FF.2 holds since Eq. A.5 ensures that every state in cA R(c, V) satisfies FM (V).

We defined D=R(T,V), hence D — F™ and Hyp. FF.2 must hold.

FF.3 follows directly from Eq. (A.3).

Appendiz B.6. E-CHC encoding of funnel-loop search is complete

Theorem 8. Let floop be a funnel-loop of length one for a tramsition system
M=V, IM TM FM)_ Then, there exists an intepretation for the query symbols
R, T and Rank satisfying all Egs. (A.1)—(A.7).
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Proof.  Given a floop of length one, we define an interpretation for the
query symbols R, T" and Rank for the E-CHC. Let fnl=(S,T¢n;, D, RF) be the
funnel of floop. By Th. 1 there exists a finite sequence of states 7 such that: it
starts from an initial state of M, follows the transition relation of M and ends
in a state in the source region S. Without loss of generality we assume 7 does
not contain any state in S other than the last one. In the following we write
(V) for the predicate that holds iff V' is in 7w and 7(V,V”’) for the predicate
that holds iff V' and V' are two consecutive states in w. We define the inter-
pretation for the queries as follows: (i) R(c, V)=(x(V)V S(V)) A (c + D(V)),
(it) TV, V)=m(V,V) V (S(V) A T (V, V")) and (iii) Rank(V,V')=n(V, V')V
Rr(V’') < RF(V). We now show that this interpretation satisfies all Egs. (A.1)—
(A.7).

(A.1) By construction —¢ A R(c, V') contains all states in m. By hypothesis, the
first state of 7 is an initial state of M. Therefore, Eq. (A.1) holds.

(A.2) R(c,V) contains all states of m and of S. T either follows the transitions of
7 or, once it reaches S follows the transition relation of fnl. By hypothe-
ses F.2, F.4, FL.1 and FL.2 such transitions must remain in S. Therefore,
from every state not in S and not in 7 T is false and the left-hand-side
of Eq. (A.2) is false; otherwise, every T transition must remain within
R(c,V) and Eq. (A.2) is true.

. (A.3) Every step in 7 is also a step in M and by Hyp. FF.3 every step of

floop underapproximates the transition relation of M. Therefore, T'(V, V")
underapproximates T and Eq. (A.3) holds.

(A.4) Since Hyp. F.1 must hold for fnl and every state in 7 must admit a suc-
cessor until a state in S is reached, by construction T'(V, V') always allows
from some successor state in each region R(V,c). Therefore, Eq. (A.4)
holds.

(A.5) By Hyp. FF.2 the destination region D underapproximates the fair states.
By construction cAR(c, V') is equivalent to such region. Therefore, Eq. A.5
holds.

(A.6) holds by construction of the interpretation for Rank.

. (A.7) holds since 7 is a finite sequence of states and each RF is a ranking function

with respect to Tf,; and the corresponding S.

O
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