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Abstract

Action-based Computation Tree Logic with Unless operator (ACTLW) is a
propositional action-based branching-time temporal logic interpreted over la-
belled transition systems. It is at least as expressive as ACTL introduced by R.
De Nicola and F. Vaandrager in 1990, while it is a more straightforward exten-
sion of CTL, preserving elegant equivalences and the simplicity of fixed-point
characterisations. This paper discusses the algorithms for symbolic BDD-based
global and bounded model checking of ACTLW formulae. Special attention is
given to the formal definitions of the involved concepts and to the implemen-
tation aspects, including the introduction of the notion of inevitable satisfac-
tion, essential for bounded ACTLW model checking, and the concept of viable
witnesses and counterexamples for ACTLW, needed for the generation of diag-
nostics. The applicability of the algorithms is illustrated and their efficiency
evaluated by verifying various models of a simple railway crossing specified with
CCS.
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1. Introduction

A concurrent system is composed of components which are executed concur-
rently and communicate with each other. Such systems appear within technical
and non-technical fields, e.g. in electronics, telecommunications, logistics, and
biology. For example, having road traffic in mind, the components are cars,
pedestrians, traffic signalling etc. Various statistical methods are used for plan-
ning and optimisation of concurrent systems. However, these approaches cannot
be used rigorously for safety assurance, because hazards, errors, and incidents
(e.g. road accidents) are not average events, and mostly not even a consequence
of the average behaviour of a systems’ components.

Model checking is a formal method for algorithmic verification of systems.
A model checker gets a structure being a model of a system and then checks
automatically whether a given proposition expressed as a temporal logic formula
is valid in it. For example, if the traffic lights at a crossing are green for the
pedestrians, then they should be red for the cars in all possible scenarios.

Regarding the structure representing a system, hardware and software sys-
tems can both be modelled successfully without the explicit notion of actions,
e.g. with a state-based model such as a Kripke structure. On the other hand,
action-based models may represent the behaviour of concurrent systems more
simply. For example, a car passing the crossing can be represented by a single ac-
tion car-cross, instead of two states car-inside and car-outside. The relationship
between state-based and action-based semantic models is well explored in [32].
This paper bases on action-based formalisms. They are not a new idea, rather
the opposite. Dynamic logic was developed back in 1974. The process lan-
guage CSP (Communicating Sequential Processes) was described in 1978, CCS
(Calculus of Communicating Systems) was introduced around 1980, ACP (Al-
gebra of Communicating Processes) arose in 1982, and the action-based formal
specification language LOTOS (Language Of Temporal Ordering Specification)
became an ISO standard for protocol specification in 1990.

Regarding the proposition to be verified with model checking, different types
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of temporal logics exist, which can be classified into linear-time and branching-
time logics, and also into state-based and action-based logics. If a particular
temporal logic lacks the notion of action, like the popular Linear Temporal Logic
(LTL) and Computation Tree Logic (CTL), model checking over action-based
models cannot be implemented directly. The model representing a system must
be transformed into a proper Kripke structure [I5] 23] [26]. Hence, there has al-
ways been a great interest in studying action-based property specifications. The
modal p-calculus originated back in 1969 with D. S. Scott and J. de Bakker, and
was elaborated by D. Kozen in 1983. Action-based temporal logics originated
in a simple modal logic called process logic, introduced in 1985 by M. Hennessy
and R. Milner. This formalism is, nowadays, known as Hennessy-Milner Logic
(HML). In 1990, R. De Nicola and F. Vaandrager extended HML to obtain a
propositional branching-time temporal logic called Action-based Computation
Tree Logic (ACTL) [23] defined over labelled transition systems. In 2008, this
work was enhanced by the introduction of Action-based computation tree logic
with unless operator (ACTLW) [22]. Compared to ACTL, the new logic is a
more straightforward extension of CTL, preserving elegant equivalences and the
simplicity of fixed-point characterisation.

The paper is organised as follows. Section [2| briefly overviews the related
work. Section [3| makes the paper self-contained by recalling important terms,
definitions, and theorems. It also introduces syntactic abbreviations to enable
the usage of CTL patterns for expressing properties in ACTLW, diagnostic
paths, the notions of inevitable satisfaction and inevitable dissatisfaction, and
bounded semantics. Section [4] is all about the implementation of regular and
bounded model checking by using fixed-point characterisation of ACTLW oper-
ators. It improves the BDD-based symbolic algorithms given in [22] Section
defines linear witnesses and counterexamples for ACTLW. The notions of viable
witnesses and counterexamples are proposed and illustrated with examples. An
efficient algorithm for the generation of viable witnesses and counterexamples,
based on the construction of diagnostic paths, is also discussed. Finally, Section

[6] reports on using a prototype ACTLW model checker to verify various mod-
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els of a railway crossing. Regular and bounded ACTLW model checking are
demonstrated, and the usefulness of diagnostics is shown. All the models are

given by using a CCS-like process algebra.

2. Related work

Since its introduction [22], ACTLW has raised the interest of researchers,
who found it usable either directly or as a part of richer formalisms. For ex-
ample, it is used as a basis for the definition of a temporal logic with epistemic
operators ACTLW-ER [I], temporal logic interpreted over weighted modal tran-
sition systems WCTL [I6], temporal logic interpreted over constrained labelled
transition systems CACTL [I4], and temporal logic interpreted over fuzzy fi-
nite automata FACTL [25]. ACTLW also influenced the definition of temporal
logics UCTL [3] and SocL [2, 3], which are both very expressive action- and
state-based logics capable of describing properties of complex systems, e.g. the
ones specified as a set of concurrently executing UML state machines and by
UML 2.0 activity diagrams.

Symbolic model checking is an industrial strength computational technique.
There are many books covering the basics and advanced topics, for example
[12] to mention a recent one. Witnesses and counterexamples are recognised as
a main advantage of model checking. The pioneering work on linear witnesses
and counterexamples for branching-time logics was done in [9] and [30]. Viable
witnesses and counterexamples for ACTL were introduced in [2I]. That work,
however, was influenced by [L1].

The concept of bounded semantics was first proposed in [4]. Symbolic
Bounded Model Checking (BMC) has drawn attention as a SAT-based model
checking method for LTL [10]. Efficient BDD-based bounded state traversal was
first discussed in [7]. In [27], the BMC was extended to the universal fragment
of CTL. Recently, bounded semantics for the full set of CTL has been presented
[33], but, to our knowledge, no attempts exist to implement BDD-based BMC
for the full logic on a par with ACTLW.
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CCS is an old but still a worthwhile formalism, which has recently gained
popularity as a valuable tool in modelling biological and biochemical systems
[28, 29]. Other on-going projects based on model checking CCS specifications
include detecting software malware behaviours [19] and model checking software
product lines [I§].

The EST tool used to obtain the results for this paper is a rather academic
model checker. CADP from INRIA, mCRL2 from Technische Universiteit Eind-
hoven, and CWB-NC from SUNY at Stony Brook are more advanced, matured,
and well-known tools for analysing concurrent software systems described with
a process algebra. Among other interesting solutions for model checking action-
based models, let us also mention the Eclipse plug-in eTAPAs and the commer-
cial tool FDRA4.

Formal verification of a railway crossing and railway signalling has been
addressed many times [5]. In this paper, we refer to the problem as formulated
in [6] and [24]. Some recent publications on this topic involving model checking

method are [§], [I7], and [20].

3. Definitions

Definition 1. (Labelled transition system) A Labelled Transition System
(LTS) is a quadruple M = (S, A+, , Sinit) where:

e S is a non-empty set of states;

e A, is a non-empty set of actions containing observable actions and an

unobservable action 7;
e ) CS x A, x 8 is the transition relation;

e S;,i: 18 the initial state.

Set of actions A, is called an alphabet. In contrast to [23], unobservable
action 7 is here defined to be in the alphabet. LTS M = (S, A, J, sinit) i finite
iff S and A, are finite sets.
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A triple (s,a,s’) € ¢ is called a transition with action o (shortly, an -
transition) from state s to state s’. A 7-transition is called an internal transition.
A transition that starts and ends in the same state is a loop. If (s,,s') € §
exists, then state s’ is a successor or, more precisely, an a-successor of state s,
and state s is a predecessor of state s’. A state without successors is called a
deadlocked state.

A path 7 in an LTS is a finite or infinite alternating sequence of states
and actions sg, a1, S1, a2, So, ... such that it starts in a state and, for any two
successive states s; and $;11, (8i,ai+1,8i+1) € 6. We use notation 7 (i) for the
identification of particular states on the path 7 in such a way that 7(0) is the
first state on 7 and 7w(i+1) is the state on the path 7 immediately after the
state m(i). We use notation m; for the identification of particular actions on the
path 7 in such a way that ; is the action between states w(i—1) and m(¢). The
number of actions on a finite path 7 is called the length of w. The sequence
of actions on the path 7 is denoted by act(w). A path with one state and no
transitions is an empty path. A path with at least one transition that starts
and ends in the same state is a cycle. Infinite paths and paths ending in a
deadlocked state are denoted as fullpaths. A state where an infinite path starts
such that all transitions on this path are internal transitions is a divergent state.

Let M = (S, A;, 9, Sinit) and M’ = (8, A, ¢, Sinit) be two LTSs with the
same alphabet and the same initial state. If S C &’ and for all non-deadlocked
states s € S, (s,a,8') € § & (s,a,s') € §, then M’ is a prolonged LTS of
M. Informally, a prolonged LTS M’ is obtained from M by extending it with
additional transitions and states in such a way that none of the additional
transitions starts in a non-deadlocked state. For any LTS M, a prolonged LTS
always exists, i.e. M itself is a prolonged LTS of M. The set of all LTSs that
are prolonged LTS of M is denoted by M~ .

Definition 2. (Action-based CTL with unless operator [22]) Let M =
(S, A-, 6, sinit) be an arbitrary LTS. The syntax of ACTLW over M is defined

by the following grammar, where o € A, is an arbitrary action, y is an action
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formula, ¢ is a state formula, v is a path formula, E and A are path quantifiers,

and U and W are strict until and unless operators, respectively:

X == al=x| xVx
o u= true| @ | Ve | Ey | Ay
vou= {xdeU{xtel | xde W {x}¢l

A well-formed state formula is called an ACTLW formula. The semantics of
ACTLW over M is given by inductive definitions of the satisfaction of formula
X by an action a € A, (a & x), formula ¢ by a state s € S (s Em ), and
formula v by a fullpath 7 (7 |=aq ) with the following rules:

aEa iffa=qo
af=—x iffalsx;
aExVvx iffalxorapx;
s Eam true  always;
s Em e s v g
skEvmeVe i s v pors v ¢
s Em Ev  iff a fullpath 7 exists in M such that 7(0)=s and © = y;
s Em A~y iff for all fullpaths 7 in M, 7(0) = s = 7 |=m 7;
™ Em {x}e U {x'}¢] iff there exists i > 1 such that 7(¢) is a state on m,
m | x' and w(i) Eam ¢ and
for all j, 1< j <i-1, 7; | x and 7(j) = 93
T Em [de WX} iff m = [{xbe U {x'}¢'] or for all i>1 such that
(1) is a state on 7, m; = x and 7(i) Em ¢;

In action formulae, we write true for aV -« where o € A, is some arbitrarily
chosen action. Moreover, in action and state formulae false stands for —true.
We will write x Ax’ for =(—xV—x’) and ¢ A’ for =(—pV —¢'). For convenience,
other standard Boolean operators can be derived and used as well. When LTS
M is clear from the context, we write s = ¢ instead of s F=aq . We say that
ACTLW formula ¢ holds in state s of LTS M iff s Ep . We say that LTS
M satisfies ACTLW formula ¢ (M E ¢) iff ¢ holds in the initial state of M.



e« Finally, a transition (s, «,s’) is called a x-transition iff & = x, and it is called
s a (X, @)-transition iff « = x and s |E ¢. We call U and W strict operators
s because the satisfaction of formula v by a fullpath 7 does not depend on the
67 properties of state m(0).

168 Derived ACTLW operators are introduced in a similar way to CTL:

EX{x} ¢ £ E[{false}false U {x} ¢] ~AX{x} ¢ = Al{false}false W {x} ]
w  EF{x} ¢ 2 E[{true}true U{x}y] AF{x}¢ = Al[{truc}true U {x} ¢]

EG{x} ¢ = E[{x}¢ W {false} false] AG{x}¢ = Al{x}¢ W {false} false]
w  Theorem 1. (Equivalences of ACTLW operators [22])
E[{x} ¢ W{X}¢'| =E[{x} o U {X'} ¢ VEG {x}¢
Al e U} ¢ = AlX} e WX} P IAAF X}y O

w2 Corollary 1. The set {EU,EG, AW, AF} is an adequate set of ACTLW op-

171

w3 erators, i.e. they are sufficient to express all the other ACTLW operators. [

174 Efficient ACTLW syntactic abbreviations can be introduced by writing {x}
s instead of {x} true and ¢ instead of {true} ¢. By using these abbreviations,
e the syntax of ACTLW resembles CTL syntax closely, while equivalences given
wr for CTL can be adapted directly to ACTLW. Here are some examples (see also
ws [22)):

EX{x} 2 EX{x} true EX ¢ £ EX{true} ¢

E[{(}}U{xX}] £ E[{x}true U {x'}true] E[pUy'] £ E[{truc} ¢ U {true} ¢']
w  EX{x} = -AX{-x} EX ¢ = 2AX —p

EF{x} = ~AG{-x} EF ¢ = -AG —p

E{x}W{X'} =E[{x} U{X'}VEG{x} E[pW¢]=E[pUy|VEGep

180

181 Hennessy-Milner operators, which are often used in ACTL, can also be in-
12 troduced consistently in ACTLW. For ACTLW formula ¢, strong variants of

183 these two operators are defined as:

196 <x>¢=2EX{x} o [X] ¢ £ “EX {x} ¢
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Using translation function actl2actiw defined in [22], all ACTL formulae can
be rendered by ACTLW formulae. For example, ACTL formula 3(¢, U, ¢)
is equivalent to ACTLW formula actl2actiw (@) A E [{x V 7} acti2actlw (¢)
U{x'A—7}acti2actlw (¢')]. Hence, ACTL model checking can be implemented
via ACTLW model checking. Moreover, non-strict ACTL operators can be con-
sidered as derived ACTLW operators and mixed with other ACTLW operators.
Using non-strict ACTL operators is especially beneficial in the formulae involv-
ing path operator A. For example, a widely used ACTL formula VG [x] ¢
expresses the property that globally, after each appearance of action a = X,
the reached state satisfies formula . ACTLW formula AG [x] ¢ looks similar,
but it is not equivalent to it because AG is a strict operator and ignores the
satisfaction of subformula [x] ¢ in the first state. Non-strict ACTL operator VF

is useful in practical examples for the same reason.

Theorem 2. (ACTLW formulae in deadlocked state [22]) In a dead-
locked state, formulae AX {x} ¢, EG{x} ¢, AG{x} e, E[{x}e W{X'}¢'], and
Al{x}te W {xX'} ¢] hold for any x and X' (including x = false and X' = false)
and for any ¢ and ¢’ (including ¢ = false and ¢’ = false), while EX {x} ¢,
EF {x} ¢, AF {x} v, E[{x}¢ U {x'} ¢'], and A[{x}» U {X'} ¢] do not hold
for any x and X' (including x = true and X' = true) and for any ¢ and ¢’
(including ¢ = true and @' = true).

Proor. For a path 7 started in a deadlocked state, there does not exist ¢ > 1
such that 7 (¢) is a state on m. Thus, according to Deﬁnition ACTLW formulae
based on temporal operator W (AX, EG, AG, EW, and AW) are always
satisfied, while ACTLW formulae based on temporal operator U (EX, EF,
AF, EU, and AU) are never satisfied. O

In a system with deadlocked states, ACTLW is capable of detecting and
distinguishing deadlocked and divergent states. The following patterns can be

used (already given in [22], however, the last formula there is incorrect):

e The state is a deadlocked state: AX {false}
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e In a strict future, a reachable deadlocked state exists: EF AX {false}
e The state is a divergent state: EX {true} A EG {7} EX {true}

e In a strict future, a reachable divergent state exists: EF (EX {true} A
EG {7} EX {true})

Definition 3. (Diagnostic paths for ACTLW operators)

Let M = (S, A, 0, Sini+) be a finite LTS, and ¢ an ACTLW formula in which
the outermost operator is one of the ACTLW operators. Diagnostic path dgnpth
for formula ¢ in a state s € S is a path in M which begins in state s and is

formed as follows:

o If p=E[{x1}¢1 U{x2} 2], then dgnpth is a path consisting of a sequence
of zero or more (x1, 1 )-transitions which are not ()2, ¥2)-transitions, fol-

lowed by a (x2,12)-transition;

o If p=EG {x1} 91, then dgnpth is a path consisting of a sequence of zero
or more (x1,%1)-transitions finished in a deadlocked state or followed by

a cycle of (x1,11)-transitions;

o If o=A[{x1}11 W{x2}12], then dgnpth is a path consisting of a sequence
of zero or more (x1, 1 )-transitions which are not ()2, ¥2)-transitions, fol-
lowed by a transition which is neither a (x1,1)-transition nor a (x2,%s2)-

transition;

o If o = AF {x1} 91, then dgnpth is a path consisting of a sequence of
zero or more transitions which are not (xi,%1)-transitions, finished in
a deadlocked state or followed by a cycle of transitions which are not

(x1,%1)-transitions.

Diagnostic paths are a convenient mechanism in algorithms for generating
witnesses and counterexamples. Please note that they are defined for the in-
dividual operators and not for the composed ACTLW formulae. For a given
formula, several different diagnostic paths can exist in the given state. In prac-

tice, the shortest one is the best.

10
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Theorem 3. ACTLW formulae o=E[{x1}¥1 U {x2} 2] and o=EG {x1} 1,
respectively, hold in a state s in an LTS M iff a diagnostic path exists in s for
formula . ACTLW formulae o = A[{x1}¢1 W {x2} ¢2] and o =AF {x1} ¢1,
respectively, do not hold in a state s in an LTS M iff a diagnostic path exists

in s for formula .

PROOF. By observing the definitions of ACTLW operators. Formula s =
E[{x1}%1 U {x2} ¥2] holds in s iff a fullpath 7 exists, starting in s, such that
for some ¢ > 1, 7(i) is a state on m, m; = X2, and 7(i) Eaq ¥e, and for all 7,
1<j<i-1, 7 = x1 and 7(j) = 1. Formula s |= EG{x1}¢; holdsin s iff a
fullpath 7 exists, starting in s, such that for all ¢ > 1, if 7(4) is a state on 7, then
m = x1 and 7(i) Eam 1. Formula s f= A[{x1}¥1 W {x2} ¢2] holds in s iff a
fullpath 7 exists, starting in s, such that for some ¢ > 1, 7 () is a state on 7 and
i = x1 or w(i) a1, and for all 4 > 1, if 7(¢) is a state on 7, then m; = x2,
(1) Fam 2, or there exists j, 1 < j < i—1, such that m; = x1 or 7(j) Fm ¢r.
Formula s & AF {x1} 1 holds in s iff a fullpath 7 exists, starting in s, such
that for all ¢ > 1, if 7(4) is a state on 7, then m; & x1 or w(i) FEm ¢1. The
fullpaths, or initial parts of the fullpaths, derived from Definition [2| correspond
to diagnostic paths stated in Definition O

Whereas the definitions and theorems given so far are sufficient to found
regular model checking, they are short in the case of BMC. During a stepwise
composition of a system, it must be known in every step whether the property
holds for the complete system, does not hold, or rather the system needs to
be composed further in order to be able to take the decision. The semantics
given in Definition [2| is not adequate to answer this question (see the example
in Section @ Thus, we enhanced the semantics with the notions of inevitable
satisfaction and dissatisfaction, which go along with a typical state-space search
algorithm, where in every step, the obtained LTS is a prolonged LTS of the one
obtained a step before. The resulting bounded semantics is capable to be a basis

for symbolic BMC.

11
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Definition 4. (Bounded semantics for ACTLW) Let M =(S, A, d, Sinit)
be an LTS and ¢ an ACTLW formula. The inevitable satisfaction of ¢ by M
(M EY¢) and inevitable dissatisfaction of ¢ by M (M =2 ¢) is determined by
inevitable satisfaction of ¢ in its initial state, i.e. M EY@ iff s;n: E% o, and
inevitable dissatisfaction of ¢ in its initial state, i.e. M E?p iff i E% o,
respectively, where the inevitable satisfaction of state formula ¢ in a state s
(s E% @), the inevitable dissatisfaction of state formula  in a state s (s =% ),
the inevitable satisfaction of path formula ~ by a fullpath = (7 =% ), and the
inevitable dissatisfaction of path formula ~ by a fullpath 7 (7 =9, 7) are defined
inductively with the following rules:
s EW true  always;
s E% true  never;
sEM e iff s
sEW e iff s 9 g
sEMe Ve i s e or s =M@
sEWM eV iff sEW @ and s Ev ¢
sEWME~Yy iff a fullpath 7 exists in M such that 7(0)=s and 7% ;
sE% E~ iff for all fullpaths 7 in M, 7(0) = s = 7 =% ;
sEWM A~y iff for all fullpaths 7 in M, 7(0) = s = 7 =W 7;
sE% Ay iff a fullpath 7 exists in M such that 7(0)=s and 7% ;
TEWM [{x} e U{x'}¢’] iff there exists i >1 such that 7 (i) is a state on m,
m = x" and 7(7) EW ¢
and for all j, 1<j<i—1, m; = x and 7(j) = ;
T E%m [{x}e U {x'}¢'] iff 7 is not an empty path, and for all i >1 such that
m(i) is a state on w, m; & ¥’ or (i) E% ¢, and if
7(7) is a deadlocked state, then also m; = x or

(1) E% ¢, or there exists j, 1<j<i—1, such that

i Ex or w(5) E0m v

12
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TEWM{x e W {X'}¢'] it =W [{x}p U {X'}¢] or 7 is an infinite path
and for all i>1, 7; = x and 7(2) % ¢;

TE% {x e WX} iff 7 E% [{x}e U {x'}¢'] and there exists i >1

such that 7(7) is a state on 7 and

i e x or m(i) Bl .

Theorem 4. (Inevitable satisfaction and inevitable dissatisfaction) If
ACTLW formula ¢ is inevitably satisfied by LTS M, then all prolonged LTSs of
M satisfy ¢. If ACTLW formula ¢ is inevitably dissatisfied by LTS M , then
none of the prolonged LTSs of M satisfy .

PROOF. We must show that for every LTS M’ € M~ $init E © = Sinit Emv
©, and Sinit E% 1 © = Sinit ermr - The proof is a straightforward application

of the following two lemmas.

Lemma 1: For every state s in every LTS M, sEW e = s Fm ¢ and
sEOQ o = s o

Lemma 2: For every state s in every LTS M, if s =% o, then for every M’ e
M=, s ENW @, and if s E% @, then for every M’ e M, s EOW .

Both lemmas can be proved by induction on the structure of formula ¢, but
the proof is lengthy. Thus, here, we only give the most interesting parts of the
proof of Lemma 2. The complete proof is given in

To prove the first assertion of Lemma 2 for ¢ =—}, suppose that s =% —9.
By Definition 4] s =%,4. By the induction hypothesis, for every M’ € M>,
s E% ¥ and hence, s =% 0.

To prove the first assertion of Lemma 2 for ¢ = 9V, suppose that s =% ¥V
¥'. By Definition[d] s =" ¢ or s =% ¢'. By the induction hypothesis, for every
M e M>, sEW Y, or for every M’ € M~ s EY% . From this, for every
M eM?, sEW ¥ or s EW ¥ (but not vice versal) and thus s E% 9V &'.

To prove the first assertion of Lemma 2 for ACTLW operator EU, suppose
that s =% E [{x}Y U {x'}¥']. By Definition |4} a fullpath = starts in s in M
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such that, for some i >1, 7 (i) is a state on 7, m; =X/, 7(1) E%W ¢, and for all
Jj, 1 <j<i-1, m = x and 7(j) E% Y. By the definition of the prolonged
LTS, state s and path 7 also exist in every M’ € M~ (but © may not be a
fullpath there). By the induction hypothesis, for every M’e M~ w(i) E% 9’
if (i) EYW ¥ and also 7(j) E%W 9 if 7(j) E% 9. Now, let us observe fullpath
7’ starting in s in M’ such that 7 is a prefix of 7’. Obviously, such 7’ always
exists, and the assertions required for s =%y E [{x}¥ U {x'}?¥'] are valid for it.

To prove the second assertion of Lemma 2 for ACTLW operator EU, suppose
that s =% E [{x}Y U {x'}¥']. By Definition |4 for all fullpaths 7 which start
in s, 7 is not an empty path, and for all ¢>1 such that 7 (i) is a state on 7, (a)
i = X' or w(i) E% ¥, and if 7(4) is a deadlocked state, then also m; £ x or
7(i) E% ¥, or (b) there exists j, 1<j<i—1, such that m; = x or 7(j) % .
By the definition of the prolonged LTS, state s also exists in every M’ e M~
and for every fullpath 7’ starting in s in every M’ € M~ a path 7 exists in
M such that 7 is the same as 7’ or 7 is a prefix of 7/, and 7 is a fullpath in
M. If 7 is not an empty path, then 7’ is not an empty path either. By the
induction hypothesis, for every M’ e M~ (i) E% 9" if 7(i) E% ¢, and also
7(5) E% 9 if w(5) E% 9. If 7 is an infinite fullpath in M, then 7’ =7 and the
assertions required for s =0 E [{x}¥ U {x'}¥'] are clearly valid for it. Now,
suppose that 7 is a finite fullpath in M, and that for every state on it, (a) or (b)
is valid. Moreover, let (a’) and (b’) denote assertions analogous to (a) and (b),
respectively, required for s E% E [{x}¥ U {x'}?¥]. Obviously, (a’) or (b’) is
valid for all those states on path «’ that are also states on path . Furthermore,
if (b) is valid for some state on 7, then (b’) is valid for every state on 7’ that is
not included in 7. On the other hand, if (a) is valid for every state on 7, then,
again, (b’) is valid for every state on 7’ that is not included in 7 because it is

preceded by a state that is a deadlocked state on 7. O

An LTS without deadlocked states either inevitably satisfies or inevitably
dissatisfies an ACTLW formula. On the other hand, if LTS M contains dead-

locked states, it can also appear that it neither inevitably satisfies nor inevitably
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dissatisfies a particular ACTLW formula . This happens because the negation
of MEYp (i.e. MEVp) requires that some (but not necessarily all) of pro-
longed LTSs of M do not satisfy ¢ and, therefore, M E?¢p & M EYp. Also,
the negation of M E=2¢ (i.e. M9 p) requires that some (but not necessarily
all) of prolonged LTSs of M satisfy ¢ and, therefore, M Ep ¢ M % . On
the other hand, M E"p & M E%—p and M E%¢ & M EY—p. Furthermore,
M EYtrue holds for all M, while M =% true does not hold for any M. Finally,
for M consisting of a single deadlocked state formula ¢true is the only inevitably
satisfied ACTLW formula, while formula —true is the only inevitably dissatisfied
ACTLW formula.

Example 1. Let us have two LTSs with sg being the initial state, as shown in

Fig. [} Please note that the right LTS is a prolonged LTS of the left one.

@“f @“f.\’ o

Figure 1: (a) LTS M containing two deadlocked states and (b) LTS M’ which is one of the
prolonged LTSs of M

1. M EG {a} and M EYEG {a}, and M £ EG {a}
Path sg, a, s1, a, s5, a, s1, ... exists, containing only a-transitions. This can-
not be changed by adding new transitions, thus EG {a} is inevitably sat-
isfied by M.

2. M £ EF {b} and M £V EF {b}, and M }£? EF {b}
There is no b-transition in M, Notwithstanding this, a prolonged LTS
(e.g. the given one) may satisfy EF {b}.

3. M £ AF {b} and M }£Y AF {b}, and M =0 AF {b}
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Path sg,a, s1,a, s5, a, s1, ... exists, which does not contain any b-transition.
This cannot be changed by adding new transitions, and, thus, AF {b} is
inevitably dissatisfied by M .

4. MEAG{aVc}and MEYAG {aVc}, and M EY AG {a V ¢}
All transitions in M are a-transitions or c-transitions. Notwithstanding

this, a prolonged LTS (e.g. the given one) may not satisfy AG {a V c}.

Example 2. Let us observe LTS M given in Fig. [[h. ACTLW formula
p=<a><c>AX{false} V<a><c>-AX{false} is not inevitably satisfied
by it, because neither < a >< ¢> AX {false} nor <a><c>-AX{false} is
inevitably satisfied by it. However, all prolonged LTSs of M satisfy . This
example demonstrates why the converse of Theorem [4] is not true. Neverthe-
less, such cases, in which all prolonged LTSs of M satisfy ¢ but this is not
detected with the notion of inevitable satisfaction, are rare, and they do not

limit practical usability of the BMC approach which is based on Theorem [4]

4. Symbolic model checking algorithms

ACTLW model checking is a problem of finding out whether an LTS M
satisfies ACTLW formula ¢. This is a decidable problem for finite LTSs. The
global model checking algorithm calculates the set of all states of LTS M where
ACTLW formula ¢ holds and then checks whether the initial state of M belongs
to this set. A modification of this (unbounded) approach is BMC. There, only
paths with a maximal length of k& are being checked. Due to the bounding,
BMC is more of a falsification than a verification of properties. Nevertheless,
the bound can be incremented successively until the result is obtained.

We start by describing the general idea of the ACTLW model checking algo-
rithms. Despite many operators and abbreviations, the syntax of ACTLW can
be managed easily by using the simple BNF-style rules in Fig. [2| (to be extended
for a more complex parser allowing derived Boolean operators, Hennessy-Milner

operators, and ACTL operators). Regarding the semantics, the algorithms can
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be derived from fixed-point characterisations of ACTLW operators in a similar
way to CTL [12]. Any adequate set of ACTLW operators could be the basis.
However, the implementation based on operators EU, EG, AW, and AF is
advantageous over the straightforward implementation via operators EU, EW,
AU, and AW. Besides having less parameters, operators EG and AF also
have a nice property that their linear witnesses and counterexamples, respec-
tively, are always fullpaths in the given LTS, while a linear witness for EW and
a linear counterexample for AU can be a fullpath or just a part of a fullpath,
which increases the implementation complexity. Finally, all the operators can
be resolved either with determining the least or the greatest fixed point. For
operators EU and AF we can start with the empty set of states (least fixed
point) and, during the calculation, add more and more valid states, or we can
start with the set of all states (greatest fixed point) and, during the calculation,
remove them in such a way that less and less invalid states remain in the set.
For operators EG and AW we can start with the empty set of states (least
fixed point) and, during the calculation, add more and more invalid states, or
we can start with the set of all states (greatest fixed point) and, during the

calculation, remove them in such a way that less and less valid states remain in

the set.
<ACTION> ::= ’FALSE’ | ’TRUE’ | ’TAU’ | visible_action | ’(’ <ACTION> ’)’ |
’NOT’ <ACTION> |

<ACTION> ’AND’ <ACTION> | <ACTION> ’OR’ <ACTION>

<ACTLW> ::= ’FALSE’ | ’TRUE’ |
>(? <ACTLW> ’)’ | ’NOT’ <ACTLW> | <ACTLW> ’AND’ <ACTLW> |
<ACTLW> ’OR’ <ACTLW> | ’E’ ’[’ <PART> ’U’ <PART> ']’ |
’A’ 7 [’ <PART> ’U’ <PART> ’]’ | ’E’ ’[’ <PART> ’W’ <PART> ’]’ |
’A’> ’[> <PART> W’ <PART> ’]’ | ’EX’ <PART> | ’AX’ <PART> |
’EF’ <PART> | ’AF’ <PART> | ’EG’ <PART> | ’AG’ <PART>

<PART> ::= ’{’ <ACTION> ’}’ <ACTLW> | >{’ <ACTION> ’}’ | <ACTLW>

Figure 2: Syntactic rules for a simple ACTLW parser
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For bounded ACTLW model checking we assume that the system is given
as a set of components which are not composed yet. The main goal is to avoid
creating the full composition, and instead, create only a part of it which allows
to take the decision about the satisfaction of the given ACTLW formulae. The

proposed algorithm has the following structure:

e The composition is created step by step, such that the LTS obtained in
step k is a prolonged LTS of the one obtained in step k — 1. In step 1, the
set of reached states contains only the initial state of the system. In step
k, all those, and only those, states of the system are contained in the set
of reached states which are reachable from the initial state with at most

k — 1 transitions.

e After each composition step, inevitable satisfaction and inevitable dissat-
isfaction are checked for the subsystem consisting of all the reached states
and transitions; if inevitable satisfaction or inevitable dissatisfaction of the
ACTLW formula is confirmed, then, according to Theorem [ the result is

known and the algorithm terminates.

e If the system is fully composed and the definite answer about the satisfac-
tion of the ACTLW formula is still not obtained, then the regular model

checking is applied to obtain it.

Further in this section we discuss the details of the BDD-based implemen-
tation of symbolic model checking. With symbolic model checking, the states
and actions of the LTS are encoded with Boolean vectors, while sets of states,
sets of actions, and transition relations are represented with Boolean functions
called characteristic functions. BDD-based symbolic model checkers use Binary
Decision Diagrams (BDDs) to manipulate Boolean functions, and use fixpoint
computation to check the satisfaction of a given temporal formula by a given
LTS. We write ¢f S(r) to denote the characteristic function of set of states S
encoded with variables rg,r1,..., ¢f A(a) to denote the characteristic function

of set of actions A encoded with variables ag,aq, ..., and ¢fd(r,a,s) to de-
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note the characteristic function of transition relation  encoded with variables
70, T1y e G0, Q15 ---, S0, S1,--.. In this section, we present only the main algo-
rithms, the generation of diagnostics is covered in Section [f] We start by two

theorems.

Theorem 5. (Fixed-point characterisation of ACTLW operators [22])
Let M = (S, A;,0, Sinit) be an LTS, and let Sy denote the set of all deadlocked
states in M. For action formula x let |x| denote the set of actions a such that
a = x. For state formula ¢ let |p|pm denote the set of states p in M such that
p Em . Furthermore, for set of actions A and set of states P let || A,P ||m
denote the set of transitions (p,a,p’) in M such that a€ A and p' € P. Finally,
let ®3 and Oy be functions 25*A %S — 25 over M = (S, A;, 8, 8init) such
that, for TC4, pe ®3(T) iff Jac A ' €S .(p,a,p’) €5 A (p,a,p’) €T and
pe®Y(T) iff Vae A, Vp' €S . (p,a,p’) €6 = (p,a,p’) €T. Then, satisfaction
of ACTLW operators EU, EG, AW, and AF can be characterised with the
following expressions, where 1fp and gfp denote the least and the greatest fized
points, respectively.
[E{x} e UX} ¢l =
=1p Z. 3(|[IX'|, 1" Im v U ([lIx]; [ v v N[ A7, Z ) =
=1p Z. (2a(||IX']; [¢'ImIlrm) U @a(llIx]; [lm v N IJA7, Zlm) )
BG{x} el = g 2 . (@a(llIx) llaa e 1114, Z n) US2)
[Al{x}e WX} ¢l =
= gtp 2. B (ll1x'} ¢! la e U (11 ol e 0 1A Z ) =
=S8 —1Up Z.2a(3 — (I[IX'I, [¢" v llv U ([1x]; [lat [ O A, (S = Z) [Im) =

=8S—1Up Z.(23((6 = [IIX'I; [ I llm) N (6 = [TIx]s [eola llae)) U

D3((0 — [IXI, 19" m lm) N[ A=, Z]|m) )
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|AF{x} ¢lm =
=1Up Z. (v(|lIx], [elmllm Ul[A-, Z]lm) — Sa) =
=S—gfpZ.(®3(6 — (lIxl, [elm M UA-, (S = Z) [Im)) U Sa) =
=S —gfp Z.(®3((6 — [lIxl, [elmllrm) NIIA7, Z|lm) U Sa) O

We do not have a complete proof for Theorem We have obtained it by
starting with formulae deducted from Definition [2| and reorganising them to
show the symmetry between operators EU and AW and between operators
EG and AF. Please note that for any z,y C 4, ®3(z) = S — dy(d — x),
Oy(z) =S—P3(d—x), P3(zUy) = @3(x)UP3(y), and Dy (xNy) = Py (z)NPy(y).
Moreover, Ifp Z . f(Z) = S —gfp Z . (S — f(S§— Z)) and gfp Z . f(Z) =
S-UpZ.(S—f(S—2)) (Park’s dual fixpoint theorem for monotone functions on
complete Boolean lattices), and for any 2CS: § — || A7, (S —2) ||m = || Ar,y 2| M-

Theorem 6. (Fixed-point characterisation of ACTLW operators re-
garding bounded semantics) Let us use the premises from Theorem@ and
let |@|%; and \<p|jq\),( denote the set of states p in M such that pE=9nm @ and
p E v, respectively. Then, inevitable satisfaction and inevitable dissatisfac-
tion of ACTLW operators EU, EG, AW, and AF can be characterised with
the following expressions, where Ifp and gfp denote the least and the greatest

fixed points, respectively.
[E[{x}¢ U X} ¢k =
=1p Z . (3(/l[x'|,1¢"[Xellr) U @a(llx]s [l [lm N[ A7, Z )
B UL} =
=S —1p Z. (23(/IX'|, 5= 1| In) U @s([[Ix], S = 2l R [t NV [ A7, Z [lae) U Sa)
IEG{x} ¢|{ = gfp Z . ®3(/[Ix], ¢l Xl N [[A-, Zlm)

IEG{x} ¢l =S —gfp Z . &3(/lIxl, S~ Il Il N [[ A7, Z]n)
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A WX} 115 =
= gfp Z. (Sv(llIX'|, 1" X v U (lIxL el v 0 1Az, Z [ m)) = Sa) =
=S—1p Z.(23((6 —[|IX']: 1" X [lm) 0 (6 =[xl [l R llae)) U
D3((6 = I[IX1 19 [Xelm) N[ A7, Z[lm) U Sa)
[Ale WX} ¢l =
=8 —gfp Z. ou(|lIX': S ¢4l U (lxl: S=1elfa v N 1A, Z[Im)) =
=1p Z. (D3((5 — 11X, S 1¢'[Re [lv) N (8 = Il1x], S = lep| R lna)) U
467
B3((0 — [[IX'|,S= 19" 1R ) N1 A7, Z][a) )
|AF{x} [ =
=1fp Z. (Pv(llIx] el %l U IA- Zlm) — Sa) =
=S —gfp Z. (®3((0 — [lIxl el %4 llv) N[ A7 Z |lv) U Sa)
|AF{x} olf =
=8 —1tp Z. ®y(|l|x], S~ le|Rllm UIlA- Z ) =
= gfp Z. ®3((8 — || IxI, Sl X lln) N[ A7, Zln) 0
468 Theorem [f] is obtained from Definition [4] in the same way as Theorem [f is
ws obtained from Definition[2} Again, the formal proof is left out for further work.
wo Please note that the consistency of Theorems [f] and [6] has been confirmed by
an examples examined with a prototype model checker.
a2 Now, we are ready to present algorithms for the regular model checking.
a3 Let LTS M = (S, A;, 9, sinit), and let A, =, 3, and V be standard Boolean

an operators. Here are functions EX and AX for calculating ®5 and ®y used in

a5 Theorem [5| for an arbitrary § and T°C9:

e EX (c¢fd(r,a,s),cfT(r,a,s) ) { return 3a3s. (cfd(r,a,5) A ef T(r,a,5)); }

. AX (efd(r,a,5), cfT(r,a,5) ) { returnVaVs. (cfd(r,a,s) = cfT(r,a,5)); }

as If ¢fT(r,a,s) = cfo(r,a,s) AO(a,s) for some O(a, s), then &5 and Py can be calcu-

a9 lated directly by using O(a, s):
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EX (efd(r,a,8), cfd(r,a,s) A O(a,s)) { return Ja Is . (cfd(r,a,s) A O(a,s)); }
AX (efd(r,a,8),cf6(r,a,8) AO(a, 5)) { return Va Vs . (cfi(r,a,5) = O(a, s)); }

Evidently, we propose the usage of the adequate set of operators {EU, EG, AW,
AF'}. All the other operators are derived from them. Operators EX and AX, however,
can be implemented more directly . Let |[EX[{x} ¢]|m and |[AX[{x} ¢]|m be the sets
of states of M in which formula EX[{x} ¢] and AX[{x} ¢] holds, respectively, and let

r — s denote variables’ substitution, such that each r; is substituted with s;. Then:

cf |IEX[{x} ¢llm = EX(cf (1, a,5), cf 6(r,a,s) A (ef x(a) A ef o(r))r—s)

cf [AX[{x} ¢llm = AX(cfd(r, a,5), cf 6(r,a,5) A (ef x(a) A ef (r))r—s)

Now, we give algorithms for resolving ACTLW operators from the chosen adequate
set which, in fact, are an iterative calculation of the fixed points from Theorem [5 In
order to make the code clearer, we introduce function NEXT, which corresponds to
the calculation of ®5 over a particular LTS. It produces the result by combining the

given formula cf § and the given formula © with function EX:
NEXT (¢fd(r,a,s),0(a,r)) = EX (cfd(r,a,s), cfd(r,a,s) ANO(a,1)r—s)-

The algorithm for resolving operator EU (Fig. takes transition relation 94,
two sets of states where formulae ¢ and ¢’ hold, respectively, sets of actions for which
action formulae x and respectively x’ hold, and returns the set of states where formula,
E[{x}» U {x'} ¢'] holds — in fact, it takes and returns the characteristic functions of
these sets. This algorithm was already given in [22], but it is repeated here in order to
keep the paper self-contained. Because 1fp is calculated, the fixed points’ calculation
starts with an empty set. Therefore, the set ||.A-, Z||rm is also empty, and Z is equal
to the set ®3(|||x’|, | |m |Im) in the first step. The set ||| x|, |¢|m ||m is pre-calculated
and stored into variable functl. The algorithm for resolving operator EG is given
in Fig. It is derived in a similar manner, and it is significantly simpler than the
algorithm for resolving operator EW described in [22].

The algorithms for resolving operators AW and AF resemble those for resolving
operators EU and EG, respectively. To resolve operator AW, the first two lines of
the algorithm in Fig. [3| (the result will be the set of invalid states!) should be changed

to become:
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Resolve EU ( ¢fd(r,a,s), cfx(a), cfe(r), cfx'(a), cf¢'(r))

{
functl = AND (cf x, cf ¢);

funct2 = NEXT (¢f 6, AND (ef X', ef ¢'));

Z = funct2;
last = 1;
while (Z 1= last) {
last = Z;
Z = OR(funct2, NEXT (cfd, AND (functl, Z)));
}

return Z;

Figure 3: An efficient algorithm for resolving operator EU

Resolve EG ( ¢fd(r,a,s), cfx(a), cfe(r))

{
funct = AND (cf x, cf ¢);
Z =1;
last = 0;
while (Z!= last) {
last = Z;
Z = OR(cf Sa, NEXT (¢f 6, AND (funct, Z)));
}
return Z;
}

Figure 4: An efficient algorithm for resolving operator EG

functl = NOT (AND (¢f X', ef ©'));
funct2 = NEXT (¢f 6, AND (functl, (NOT (AND (cfx, cf¥)))));

Resolving operator AF can be done with the algorithm in Fig. [4] (the result will be a

set of invalid states!) where the first line is changed to become:
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funct = NOT (AND (cf x, cf ¢));

The algorithms for calculating the set of states where the given ACTLW formula
is inevitably satisfied or inevitably dissatisfied can be derived by following Theorem [f]
in the same way as the results from Theorem [5] are followed to obtain the global model

checking algorithms.

5. Witnesses and counterexamples

In practice, a structure which suffices as a proof that a system satisfies or does
not satisfy a given temporal logic formula is called a witness or a counterezample, re-
spectively. Because ACTLW formulae express properties regarding actions in an LTS,
witnesses and counterexamples for this logic are defined as structures over actions. For
some ACTLW formulae, witnesses and counterexamples can be as simple as sequences

of actions.

Definition 5. (Linear witness and linear counterexample for ACTLW) A
sequence of actions 7 is a linear witness for ACTLW formula ¢ iff M |= ¢ for every
LTS M that includes a fullpath 7 starting in its initial state, such that act(m) = 7.
A sequence of actions 7 is a linear counterexample for ACTLW formula ¢ iff n is a
linear witness for —p. For a state s in an LTS M, a sequence of actions 7 is a linear
witness for s Eaq @ iff 1 is a linear witness for ¢ and there exists a path « in M, such
that s = 7(0), n = act(w), and 7 is a fullpath in M, or every sequence of actions such
that n is its prefix is a linear witness for ¢. For a state s in an LTS M, a sequence of

actions 7 is a linear counterexample for s Eaq @ iff 77 is a linear witness for s = .

The satisfaction of ACTLW formulae which are tautologies or contradictions does
not depend on the LTS over which they are interpreted. Hence, for such cases, we
cannot maintain that the inclusion of a particular path determines their satisfaction.

Therefore, a notion of trivial linear witness and counterexample is introduced.

Definition 6. (Trivial linear witness and trivial linear counterexample for
ACTLW) If ACTLW formula ¢ is a tautology, then an empty sequence of actions
is a (trivial) linear witness for ¢, and also for s = ¢ for every state s in every LTS

M. If ACTLW formula ¢ is a contradiction, then an empty sequence of actions is a
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(trivial) linear counterexample for ¢, and also for s |=a1 ¢ for every state s in every

LTS M.

Definition 7. (Linearly confirmable and linearly refutable ACTLW formu-
lae) ACTLW formula ¢ is linearly confirmable iff for each LTS M, such that M ¢,
there exists a linear witness for M. ACTLW formula ¢ is linearly refutable iff for
each LTS M, such that M}~ ¢, there exists a linear counterexample for M = .

Theorem 7. (Existence of linear witnesses and counterexamples for ACTLW)
If the syntax of ACTLW formulae ¢ and ¥ is as defined by the following grammar,

where a € Act,, then o is linearly confirmable and 9 is linearly refutable.
xu=al-x|xVx
pu=true | =9 | ¢V | E[{x}true U {x} ¢] | E[{x}false U {x} ¢] | EG{x}true
V== | A[{x}0 W {x} true] | A[{x}d W {x} false] | A[{x}false W {x} ] |

AF{x}true

PRrROOF. By induction on subformulae. Suppose that formulae 1 and 2 are linearly
confirmable, and formula ¢; is linearly refutable. It is straightforward to see that for-
mulae true, =1, and 1 V @2 are also linearly confirmable, and formula = is linearly
refutable. Others are consequences of Theorem For example, for each LTS M, M |=
E[{x1}true U {x2} o1] iff there exists a diagnostic path in M consisting of a sequence
of zero or more y1-transitions finished by a y2-transition to a state where ¢ holds. A
concatenation of the sequence of actions on this path and a linear witness for ¢, is a
linear witness for E[{x1}true U {x2} 1], which implies that E[{x1 }true U {x2} 1] is
linearly confirmable. For each LTS M, M = A[{x1}Y1 W {x2} true] iff either there
exists a diagnostic path consisting of a sequence of zero or more transitions which are
not ye-transitions such that the last transition is not a yi-transition, or there exists
a diagnostic path consisting of a sequence of zero or more transitions which are not
Y2-transitions finished in a state where 91 does not hold. In the first case, the sequence
of actions on the identified path is a linear counterexample for A[{x1}91 W {x2} true].
In the second case, a concatenation of a sequence of actions on the identified path and
a linear counterexample for ¥, is a linear counterexample for A[{x1}%1 W {x2} true].
Hence, in both cases, A[{x1}U1 W {x2} true] is linearly refutable. Others are similar.
O
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Further, we restrict ourselves to the set of ACTLW formulae that are linearly
confirmable or linearly refutable, respectively, which includes the ACTLW formulae
given in Theorem [7]and the derivable ones: EX{x} ¢, EF{x} ¢, E[{x}true W {x} ¢],
AX{x} Y, AG{x} p, and A[{x}¥ U {x} true]. Moreover, E[{false}p U {x} ¢],
A[{x}9 W {false} ], and A[{false}d W {x} 9] are also derivable. They are equivalent
to E[{false}false U {x} ¢|, A[{x}¥ W {false} false], and A[{false}false W {x} 9],
respectively, which are covered by the given grammar. For the sake of completeness
(i.e. to show the duality between EU and AW) please note that ACTLW formula
E[{x}e U {x} false] is not listed in Theorem m because it is always false, and not

because it has non-linear witnesses.

Example 3.

Let us take the LTS M’ in Fig. [lp and ACTLW formula ¢ = EF{a}EF{c}true, which
holds in this LTS. The syntax of this formula meets the grammar given in Theorem 7]
and, thus, it is linearly confirmable. In fact, many paths 7 exist, starting in the initial

state of M’, such that act(r) is a linear witness for . For example:

1. so, a, s1, c, S3

2. Sso, a, S2, a, S4, b, sg, C, S7

3. So, a, S1, a, Ss, a, Si, C, S3

4. so, a, S2, a, sS4, b, s6, ¢, s7, C, S7

5. so, a, s1, ¢, S3, a, S4, b, S¢, C, S7

6. so, a, S1, C, 83, @, 54, b, 56, b, S¢
The correspoding linear witnesses are sequences of actions 1 = a, ¢, 72 = a, a, b,
¢, 13 =a,a,a,¢ Na=a,a, b cc N5 =a,c a,b, c, andns = a, ¢, a, b, b. While
the usefulness of the third, fourth, and fifth ones is debatable, the last one is clearly
redundant. It differs from the first one only in that, at the end, it contains extra actions
which do not contribute anything to the explanation of the formula satisfaction. To
express this fact more formally, we claim that, for a sequence of actions 7, which is
a linear witness or counterexample for M |= ¢, any sequence of actions such that
7 is its prefix is also a linear witness or counterexample for M = ¢, respectively.

Hence, linear witnesses or counterexamples can be extended arbitrarily, even with

actions which are not linked to the satisfaction of the formula in any way. In practice,
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we want to avoid linear witnesses and counterexamples with unusable suffixes, and,
therefore, the notions of viable witnesses and viable counterexamples are introduced.
The same idea is used for ACTL in [2I], but please note the subtle differences. In
particular, we consider the fourth and fifth sequences of actions from Example 3 to be

viable witnesses.

Definition 8. (Viable witness and viable counterexample for ACTLW) Let ¢
and ¥ denote ACTLW formulae of the form given in Theorem|[7] A sequence of actions
7 is a viable witness (V-witness) for ¢ or a viable counterexample (V-counterexample)

for 99, respectively, iff:
e p=true and 7 is an empty sequence of actions;
e o=— and n is a V-counterexample for ;
e v =11 Vs and 1 is a V-witness for ¥; or a V-witness for o;

o o=E[{x1}true U{x2} ¥2] and there exists i> 1, such that formula x; holds for
all actions in 7 until the (¢—1)th action, inclusive, formula x2 holds for the ith

action in 7, and 7 without the first ¢ actions is a V-witness for s;

e o=E[{x1}false U {x2} 2], and formula x> holds for the first action in 1, and

n without the first action is a V-witness for ¥s;

e 0o =EG{x1}true and 7 is an empty sequence of actions, or 7 is a finite or an

infinite sequence of actions such that formula x: holds for all actions;
o Y=—1; and 7 is a V-witness for ¢1;

o 9=A[{x1}¥1 W {x2} true] and

— 7 is a finite sequence of actions where formula x; holds for all actions

except the last one and formula x2 does not hold for any action, or

— there exists ¢ > 1, such that formula x holds for all actions in 7 until the ith
action, inclusive, formula x2 does not hold for any action in 7 until the ith
action, inclusive, and n without the first ¢ actions is a V-counterexample

for 1;
o J=A[{x1}¥1 W {x2} false], and

— n is a finite sequence of actions where formula x; holds for all actions

except the last one, or

27



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

— there exists ¢ > 1, such that formula x1 holds for all actions in 7 until the ith
action, inclusive, and 7 without the first 7 actions is a V-counterexample

for 1;
o 9=A[{x1}false W {x2} 2], and
— 1 consists of one action, such that formula x2 does not hold for it, or

— formula x2 holds for the first action in 7, and 1 without the first action is

a V-counterexample for 2;

e ¥ = AF{x2}true and 7 is an empty sequence of actions, or n is a finite or an

infinite sequence of actions where formula x2 does not hold for any action.

Viable witnesses and counterexamples are in line with Deﬁnitionsand@, i.e. they
are linear witnesses and counterexamples, respectively. As demonstrated by the fourth
and fifth sequences of actions in Example 3, viable witnesses and counterexamples are
not guaranteed to be minimal in the sense that any prefix of them is not a viable
witness or counterexample, respectively.

Obtaining an algorithm for the generation of viable witnesses and counterexamples
is straightforward because of the constructive definition. The algorithm is based on

the construction of diagnostic paths for ACTLW:

1. Global model checking is carried out, which evaluates the formula and all its

subformulae.

2. The needed diagnostic paths are constructed regarding the formula and the

results of global model checking.

3. A viable witness or counterexample, respectively, is the sequence of actions on

the path obtained by concatenation of the constructed diagnostic paths.

To explain the second step more precisely, let ¢ denote an ACTLW formula which
holds in state s, and ¥ an ACTLW formula which does not hold in state s. The

following procedure identifies the needed diagnostic paths:
e If p=true, then an empty path is constructed;
e If p=—11, then a diagnostic path for v is constructed in state s;

o If p=1)1 V1 and 91 holds in state s, then a diagnostic path for 1, is constructed
in state s; if 91 does not hold in state s, a diagnostic path for v is constructed

in state s;
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o If p=E[{x1}true U {x2} ¥2] or ¢ = E[{x1}false U {x2} ¥2], then diagnostic
path dgnpth for ¢ is constructed in state s and, afterwards, a diagnostic path

for 12 is constructed in the last state of dgnpth;
o If p=EG{x1}true, then diagnostic path dgnpth for ¢ is constructed in state s;
e If ¥=-1)1, then a diagnostic path for ¢ is constructed in state s;

o If 9=A[{x1}¢1 W {x2} true] or 9=A[{x1}¢¥1 W {x2} false], then diagnostic
path dgnpth for 1 is constructed in state s and, afterwards, if action formula x1
holds for the last action on dgnpth, a diagnostic path for ¢ is constructed in

the last state of dgnpth;

o If 9=A[{x1}false W {x2} 12], then diagnostic path dgnpth for ¥ is constructed
in state s and, afterwards, if action formula x2 holds for the last action on

dgnpth a diagnostic path for ¥ is constructed in the last state of dgnpth;
o If 9=AF{x2}true, then diagnostic path dgnpth for 9 is constructed in state s.

For an LTS and an ACTLW formula, several different viable witnesses or coun-
terexamples can exist, and the given algorithm returns only one of them. Among other
factors, the result depends on the choice of one diagnostic path in each step. If the
finite diagnostic path is preferred over the infinite one in the cases where both of them
exist, then the resulting viable witness or counterexample will be minimal in the sense
that any prefix of it is not a viable witness or counterexample, respectively, though

not necessarily the shortest one.

Example 4. Let us consider LTS M in Fig. [1p and formula ¢ = EG {a} true, which
holds in it. A diagnostic path for ¢ consists of a sequence of zero or more a-transitions
finished in a deadlocked state or followed by a cycle of a-transitions. Hence, the finite
path n1 = so, a, s2, a, s4 and the infinite path 72 = so, a, s1, a, ss, a, s1, ... (it ends
with a cycle) are both diagnostic paths for ¢. Because ¢ does not include subformulae,
the finite sequence of actions on path 7; and the infinite sequence of actions on path 7,
are both viable witnesses for M =¢. It is up to the implementation which of them will

be reported, but the finite diagnostic path is preferred to assure the minimal result.

Example 5. Let us take formula ¢ = EF {true} EX {a} EG {b} true, which holds in
the LTS M’ in Fig. . In the first step, global model checking is carried out. In the

second step, diagnostic paths are constructed, as shown in Fig. In the third step,
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the viable witness for M’ |= ¢ is generated as a concatenation of the actions on the

infinite path n = so, a, s2, a, s4, b, s, b, se, ... (it ends with a cycle).

[ EF {true} EX {a} EG {b} true ]
dgnpth: (s0)—a—>(s2) ‘

v
[ EX {a} EG {b} true ]
’ dgnpth: (s2)-a—>(s4) ‘

( EG{bv}true ]
dgnpth: (s4)-b—>(s6)-b—>(s6) ‘

Figure 5: Subformulae tree during the generation of viable witness

Example 6. Now, let us take formula 9=AG {a} true=A[{a}true W {false} false],
which does not hold in the LTS M’ in Fig. . A diagnostic path for this formula
consists of a sequence of zero or more a-transitions followed by a transition which is
not an a-transition. One of the corresponding paths in the given LTS is n = s, a, s1,

¢, s3. The sequence of actions on this path is a viable counterexample for M’ =4.

Example 7. For another example, let us take formula ¥ = AG {true} AF {a} true,
which does not hold in the LTS M’ in Fig. . In this case, the shortest diagnostic
path for 9 is path m = so, a, s2, a, s4, which suits because formula AF {a} true does
not hold in state s4. Because action formula true holds for the last action on this
path, a diagnostic path for formula AF {a} true is constructed in state s4. One of
the possible results is the infinite path w2 = s4, b, sg, b, S6, ... (it ends with a cycle).
Finally, a viable counterexample for M’ =9 is an infinite sequence of actions on the

path which is a concatenation of diagnostic paths m and .

The creation of viable witnesses and counterexamples requires the construction of
involved diagnostic paths. Further, we explain how this operation can be performed
by simply tracing fixed-point calculations. The idea is very similar to the algorithm
used in CTL model checker SMV [9]. Suppose that so is an arbitrary state in an LTS,
and that formula ¢ = E[{x1}11 U {x2} %] holds in state so. Let Z° denote the set
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of all states with a (x2,12)-transition, let Z% i > 1, denote the union of Z°~! and the
set of all states with a (x1,%1)-transition to some state from Z°~!, and suppose that
S50 € Z"A(n=0V sy g Z" ). To construct the shortest diagnostic path, we start
with so and trace the path where for all i€[1,n—1], s,€ 2" *\ 2" ! and s, € 2°
(Fig. @) All 2% in this calculation are the intermediate results in the algorithm for

resolving operator EU.

Zn—1
(x1,¢1)
(X2, %2)

(x1,%1)
—(x2,¥2)

S1 Sn Sn+1

Figure 6: Generation of a diagnostic path for operator EU

Suppose that sg is an arbitrary state in an LTS, and that formula ¢ = EG {x1}¢1
holds in state so. To construct a diagnostic path, we start in state so and trace the
path where, for all states s;, s; € [EG{x1} ¥1|m, until a deadlocked state is reached
or state ¢ = s, appears, which is on a cycle of (x1,%1)-transitions. The state ¢ is on

such a cycle if:

celfp Z. s(|[[xala, [Prlae N {e} [ UllDxala [91lae 0 Z ).

An algorithm for detecting a cycle of (x1, 41 )-transitions is shown in Fig.

When a state on a cycle of (x1,1)-transitions is found, the generation of the
diagnostic path continues by tracing the algorithm for detecting a cycle in the following
way. Let Z;, 7 > 1, denote the Boolean function which is the result of the jth step of
iteration in detecting a cycle in state s,,. Moreover, let Zy denote the value of Z before
the first iteration, and Z7 the set of states in the LTS, such that Z; is its characteristic
function. The length of the path forming the shortest cycle is proportional to the
number of iterations needed in the algorithm. To construct this cycle, we start in
state s, and trace the path where, for all j € [1,m— 1], sp4; € 2™\ 2™ 77! and
snpm €2° (Fig. ).

Diagnostic paths for operators AW and AF can be constructed in a similar way.
Suppose that so is an arbitrary state in an LTS, and that formula ¢ = A[{x1}¢¥1 W
{x2}12] does not hold in state sg. Let 20 denote the set of all states without a (x1,%1)-

transition and without a (xz2,12)-transition. Let Z% i > 1, denote the union of Z*~!
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Cycle EG ( ef{c}(r), cfd(r,a,s), cfxi(a), efihi(r))
{
funct = AND (c¢f x1, ef1);

Z = NEXT (cf 8, AND (funet, cf{c}));

last = 1;

while ((Z!= last) && (AND (Z, c¢f{c}) == 0)) {
last = Z,
Z = NEXT (cfd, AND (funct, Z));
Z = OR (last, Z);

}
if (AND (Z, ¢f{c}) == 0) return false; else return true;
}
Figure 7: An algorithm for detecting a cycle for operator EG
mel ZO
(x1,¢1) (x1,¥1)  (xa. 1)

Figure 8: Generation of the cycle for operator EG

and the set of all states with a transition to some state from Z*~*, which is a (x1,%1)-
transition but not a (2, 12)-transition. Suppose that so € Z"A(n =0V so ¢ Z" 7).
To construct the shortest diagnostic path, we start in state sop and trace the path
where, for all i € [1,n—1], s, € Z"7*\ 2" and s, € Z2° (Fig. E[) Please note
that all Z% required in this calculation are the intermediate results in the adapted
algorithm for resolving operator AW given in Fig.

Suppose that sg is an arbitrary state in an LTS, and that formula ¢ = AF {x1} 1
does not hold in state sg. To construct a diagnostic path, we start in state so and
trace the path where, for all states s;, s; € |[AF{x1} ¥1|m, until a deadlocked state
is reached or state ¢ = s, appears, which is on a cycle of transitions which are not

(x1,%1)-transitions. The state ¢ is on such a cycle if:
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Zn—l
(x1,%1)
(x2,%2)

(x1,%1) =(x1,%1)
(X2, %2)

- -
S0 S1
Figure 9: Generation of a diagnostic path for operator AW

celfp Z. D3(((6 = l[Ixulv, [¥1lm llm) N[ Actr, {e} [lv) U

((0 = lxalv, [P lmllng) N [[Actr, Zlm) )-
An algorithm for detecting a cycle of transitions which are not (x1, 11 )-transitions

is the same as given in Fig. m only the first line should be changed to become:
funct = NOT (AND (c¢f x1, ef 91));

When a state on a cycle of transitions which are not (x1,1)-transitions is found,
the generation of the diagnostic path continues in an analogous way as the generation

of the cycle for operator EG (Fig. [10).
mel ZO

_‘(X1a¢1> _‘(Xlaqul) _‘(Xl,’l,[ﬂ)

50 Sn S”+M —=(x1,¢1)

Figure 10: Generation of the cycle for operator AF

Sner

6. The railroad crossing example

The algorithms for ACTLW model checking described in this paper are imple-
mented in EST, a cross-platform BDD-based tool for manipulation of CCS-like speci-
fications. We have studied their efficiency by verifying various models of a crossing of
a road and a railway [0, [24].

The crossing consists of barriers and train traffic lights. The barriers have to be
kept down when the train crosses. The train can cross only if the traffic lights are
green, otherwise it has to stop. In the original variant, the model of this system was

obtained as a parallel composition of three processes, representing the car, the train,
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and the crossing (Fig. . This is a very simplified view of the crossing, as barriers
and traffic lights are not modelled explicitly. Moreover, unlike real crossings, in this
model, the barriers are kept down except when a car actually approaches and tries to
Cross.
CAR = !Car;!goUp;?isUp; !CarEnter; !CarExit; !goDown;CAR
TRAIN = !Train;'!goGreen;?isGreen;!TrainEnter;!TrainExit;!goRed; TRAIN
CROSS = 7goGreen; !Green; !isGreen;?goRed; !Red;CROSS +

?goUp; !Up; !isUp; ?goDown; !Down; CROSS

net S = //(CAR,TRAIN,CROSS)\goRed\goGreen\isGreen\goDown\goUp\isUp

Figure 11: The simple model of the crossing

To construct a more authentic model of the system, we introduce two processes
representing barriers and traffic lights and let the barriers be controlled by requests
stated by the train (Fig. . When the train approaches, it demands lowering, and
when it leaves, it demands raising. Moreover, we add an initialization procedure, such
that the traffic lights turn red and the barriers open before the crossing is started to

serve requests from the car and the train.

BARRIERS = 7goUp; !Up;BUP + ?goDown; !Down;BDOWN

BUP = !isUp;BUP + ?goUp;BUP + 7goDown; !Down;BDOWN

BDOWN = !isDown;BDOWN + ?goUp; !Up;BUP + ?goDown;BDOWN

LIGHTS = 7goGreen; !Green;LGREEN + ?goRed;!Red;LRED

LRED = !'isRed;LRED + 7goGreen;!Green;LGREEN + 7goRed;LRED

LGREEN = !isGreen;LGREEN + 7goGreen;LGREEN + 7goRed;!Red;LRED

CAR = !Car;?7isOpen;!CarEnter;!CarExit;CAR

TRAIN = !Train;!lower;?isGreen;!TrainEnter;!TrainExit;'!'raise;TRAIN

CROSS

!goRed; 7isRed; ! goUp; ?isUp; COPEN

COPEN = 7lower; !goDown;?isDown; !goGreen;?isGreen; CCLOSE
CCLOSE = 7raise;!goRed;?7isRed; !goUp; ?isUp; COPEN

net S = //(CAR,TRAIN,BARRIERS,LIGHTS,CROSS)

\goRed\isRed\goGreen\isGreen\goDown\isDown\goUp\isUp\lower\raise

Figure 12: Second variant of the crossing

With ACTLW we can express various safety and liveness properties. Here, we
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specify 10 properties (the properties nos. 4, 9, and 10 are taken from [24]). We use

non-strict operator VG to avoid the problem of the first transition, as explained in

Section 3.

1.

10.

Safety: Whenever the car enters the crossing, there is no train there (the train is
not able to exit without entering).

VG [|CarEnter] A[{-!TrainExit} W {{TrainEnter}]

Safety: Whenever the train enters the crossing, there are no cars there (the car is
not able to exit without entering).

VG [[TrainEnter] A[{-!CarEzit} W {!{CarEnter}]

Safety: Whenever the car enters the crossing, the train is not able to enter unless
the car exits, and vice versa.
VG ( ([!|CarEnter] A[{-!TrainEnter} W {ICarExit}]) A

('TrainEnter] A[{=!CarEnter} W {TrainExit}]))

Safety: Whenever the car can enter the crossing, the train cannot enter unless the

car does it, and vice versa.

VG ((EX{!CarEnter} —> A[{-TrainEnter} W {ICarEnter}]) A
(EX{!TrainEnter} —> A[{-!CarEnter} W {!TrainEnter}]) )

Safety: It is never the case that both the car and the train are able to enter the
crossing.

VG =(E[{r} U {{CarEnter}] ANE[{r} U {{TrainEnter}])

Safety (no deadlock): There is no reachable deadlock state.

VG EX {true}

Liveness (no livelock): There is no reachable divergent state.

VG —(EX {true} ANEG {7} EX {true})

Liveness (no starvation): Whenever the car approaches the crossing, it eventually
enters.

VG [!|Car] A[{—=!Car} U {!CarEnter}]

Liveness (no starvation): Whenever the train approaches the crossing, it eventually
enters.

VG [\Train] A[{-Train} U {!{TrainEnter}]

Liveness (fairness): Cars and trains will never stop approaching the crossing.

VG ((AF {ICar}) A (AF {!Train}))
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The model checker confirms the known results that the original model of a crossing
is safe and without deadlock and livelock states, while it is not fair and it does not
prevent starvation. On the other hand, for the second variant of the crossing, only
properties nos. 6 and 7 are valid! This crossing does not only express unfairness and
starvation but it is also unsafe! Fig. shows viable counterexamples generated by
EST El From them, it is not hard to reveal the problem. The given system is just
a naive solution of a mutual exclusion problem. The car may drive into the crossing
when the barriers are open, but then it does not leave the crossing (it does not perform
action CarExit). Because the process representing the crossing does not examine the
dangerous area, the barriers may lower before the car exits and therefore a collision
can occur (for details see. The invalidity of formulae nos. 4 and 5 cannot
be explained by a linear counterexample, because they involve problematic implication
and conjunction, respectively.

In order to obtain a safer crossing, we construct the third model by following
Peterson’s mutual-exclusion algorithm (Fig. . In this algorithm, each process
which wants to enter the critical section first generously gives precedence to the other
one [22]. The specification of the barriers and the traffic lights remained unchanged.

The introduction of actions carIn, carOut, trainIn, and trainOut prevents ap-
proaching or leaving the crossing silently. The decision about entering is not simply
based on the state of the barriers and the traffic lights any more. In the case of the
simultaneous approaching, the crossing follows the principle first detected first served
and, thus, the car and the train must wait for the safe situation (actions carSafe
and trainSafe). The model checker showed that, in the third model, all the stated
properties are valid except for the last one. The unfairness of the model is due to the
environment, which does not make any restriction to prevent the path on which only
the car or the train enters the crossing all the time.

The example shows that viable counterexamples are of good use during the mod-

elling of concurrent systems. Although for an arbitrary ACTLW formula a linear

2For the compatibility with the existing ACTL model checkers, EST requires that ACTL
operators JF, 3G, 3U, VF, VG and VU are specified as EF, EG, EU, AF, AG, and AU, respec-
tively, while ACTLW operators are written as EEG, EEF, EEU, EEW, AAG, AAF, AAU, and AAW. It
would be more intuitive to denote e.g. strict ACTLW operator AG with AGG or AGX but this

implementation detail is delegated to the tool maintainers.
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AG [!CarEnter] AA[{NOT !TrainExit} W {!TrainEnter}] ==> FALSE
@@ VC: (Car!)(Train!) (Red!) (Up!) (Down!) (Green!) (TrainEnter!)

(CarEnter!) (TrainExit!)

AG [!TrainEnter] AA[{NOT !CarExit} W {!CarEnter}] ==> FALSE
@@ VC: (Car!)(Train!) (Red!) (Up!) (CarEnter!) (Down!) (Green!)

(TrainEnter!) (CarExit!)

AG ((['CarEnter] AA[{NOT !TrainEnter} W {!CarExit}]) AND
(['TrainEnter] AA[{NOT !'CarEnter} W {!TrainExitl}])) ==> FALSE

@@ VC: (Car!) (Red!) (Up!) (CarEnter!) (Train!) (Down!) (Green!) (TrainEnter!)

AG ['Car] AA[{NOT !Car} U {!CarEnter}] ==> FALSE
@@ VC: (Car!)<<(Train!) (Red!) (Up!) (Down!) (Green!) (TrainEnter!)

(TrainExit!) (Red!) (Up!) (Train!)>>

AG [!Train] AA[{NOT !Train} U {!TrainEnter}] ==> FALSE

@@ VC: (Train!)(Car!) (Red!) (Up!)<<(CarEnter!) (CarExit!) (Car!)>>

AG ((AAF {!Car}) AND (AAF {!Train})) ==> FALSE
@@ VC: (Train!) (Red!) (Up!)<<(Down!) (Green!) (TrainEnter!) (TrainExit!)

(Red!) (Up!) (Train!)>>

Figure 13: Viable counterexamples for the second variant of a crossing generated by EST (for

clarity, instances of action 7 are deleted from them).

witness or counterexample may not exist, they are feasible and meaningful for many
interesting properties. We continue with an analysis of the algorithm for bounded
ACTLW model checking from Section First, we show that inevitable satisfaction
and inevitable dissatisfaction are appropriate solutions for the problem of BMC com-
pleteness. Afterwards, we study the efficiency of prototype model checker.

In order to illustrate the problem of BMC completeness, we have implemented a
customised algorithm, where some tests are performed after each composition step.
More precisely, we first perform regular model checking and report the result. After-
wards, we check whether the formula is inevitably satisfied or inevitably dissatisfied,

and terminate if one of those two results is positive.
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CAR = 7carInit;CREADY

CREADY = !carln;!Car;7carSafe;!CarEnter;!CarExit;!carOut;CREADY

TRAIN = ?trainInit;TREADY

TREADY = !trainIn;!Train;?trainSafe;!TrainEnter;!TrainExit;
'trainOut ; TREADY

CROSS

'goRed; 7isRed; !goUp; ?isUp; !carInit; !trainInit ; COPEN
COPEN

?carWait;!car0OK;COPEN + 7carFirst;COPEN + ?7trainFirst;CCLOSE
CCLOSE = ?7trainWait;!trainOK;CCLOSE + 7carFirst;COPEN +
?trainFirst;CCLOSE

C = 7trainWait;!trainOK;C +
?carIn;!trainFirst;!carWait;?carOK; !goRed;?isRed; !goUp;?isUp;
lcarSafe;7carQut;C

T = 7carWait;'!carOK;T +
?trainIn;!carFirst;!trainWait;?train0K; !goDown;?isDown; !goGreen;
7isGreen; !trainSafe;7trainOut;T

net CROSS1CAR = //(CROSS,C,T)\carFirst\trainFirst\carWait\trainWait

\carOK\trainOK
net S = //(CAR,TRAIN,BARRIERS,LIGHTS,CROSS1CAR)
\goRed\isRed\goGreen\isGreen\goDown\isDown\goUp\isUp\carInit

\trainInit\carIn\carOut\carSafe\trainIn\trainOut\trainSafe

Figure 14: Third variant of a crossing incorporates Peterson’s mutual-exclusion algorithm

For checking properties nos. 4, 6, and 9 in the second variant of the crossing

example, the following output was obtained:

ACTL/ACTLW model checking F4 on composition S (customised BMC)

[1] [TRUE] [2] [TRUE] [3] [TRUE] [4] [TRUE] [5] [TRUE] [6] [TRUE] [7] [TRUE] [8]
[FALSE] [9] [FALSE] [10] [FALSE] [11] [FALSE] [12] [FALSE] [13] [FALSE] [14]

[FALSE] [15] [FALSE] [16] [FALSE] [17] [FALSE] [System partially composed,

FINAL DEPTH 17] ==> INEVITABLY FALSE

ACTL/ACTLW model checking F6 on composition S (customised BMC)

[1] [FALSE] [2] [FALSE] [3] [FALSE] [4] [FALSE] [5] [FALSE] [6] [FALSE] [7] [FALSE] [8]
[FALSE] [9] [FALSE] [10] [FALSE] [11] [FALSE] [12] [FALSE] [13] [FALSE] [14] [FALSE]
[15] [FALSE] [16] [FALSE] [17] [FALSE] [18] [FALSE] [19] [FALSE] [20] [FALSE] [21]
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[FALSE] [22] [FALSE] [23] [FALSE] [24] [FALSE] [25] [FALSE] [26] [FALSE] [27]
[FALSE] [28] [TRUE] [System partially composed, FINAL DEPTH 28]

==> INEVITABLY TRUE

ACTL/ACTLW model checking F9 on composition S (customised BMC)

[1] [FALSE] [2] [FALSE] [3] [FALSE] [4] [FALSE] [5] [FALSE] [6] [FALSE] [7] [FALSE]
[8]1 [FALSE] [9] [FALSE] [10] [FALSE] [System partially composed,

FINAL DEPTH 10] ==> INEVITABLY FALSE

These traces testify that, for an arbitrary ACTLW formula, regular model checking
does not support making the final decision before the system is fully composed. The
first and third traces also show that a formula may be inevitably satisfied or inevitably
dissatisfied long before the system is fully composed, and it is expected that each
further step is more complex as the system becomes larger. Although the second trace
shows that, in the worst case, the concepts of inevitable satisfaction and dissatisfaction
cannot prevent the need for the full composition (28 steps means constructing the
complete composition), bounded ACTLW model checking may be beneficial for a large
class of ACTLW formulae, far beyond the checking of the existence of critical actions,
e.g. EF {x}.

To observe the time and space complexity of bounded ACTLW model checking, we
extended the presented model to take into account more than one car. The resulting
specifications are not the point of this paper, but, for the sake of completeness, they
are given in ACTLW formulae adapted for the model with three cars
are given in In Table [l two different scenarios are compared: the
scenario with full composition calculated in the first step and regular model checking
used afterwards, and the scenario where the composition is only prepared in the first
step and then BMC is performed. The results were obtained on an Intel Core i5-
4250U clocked at 1.2 GHz by using the non-GUI version of EST 2nd Edition v6.3.
The experiment shows that BMC finds results faster because only a fraction of the
state space must be explored. This supports the claim that if the critical situation is
manifested early enough, then BMC outperforms the regular model checking. More
experiments and comparisons would be of great interest because the efficiency of BDD-
based model checkers depends highly on various internal parameters, for example, the
quality of hashing functions and dynamic reordering. Nevertheless, the presented

results show that bounded ACTLW model checking is worth studying.
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Table 1: Time and space consumption of regular and bounded model checking for the system

given in Fig. [C.17

4 cars 6 cars 8 cars
Full composition states 151819 69058871 3055493743
Full composition transitions 654691 395687619 183118917699
Full composition BDD nodes 78036 497015 1326674
Full composition (FC)
time 1.11s 30.64 s 1056 s
memory for BDD 55 MiB 582 MiB 5715 MiB
FC 4 MC property no. 9
time 1.44 s 34.21 s 1137 s
memory for BDD 55 MiB 582 MiB 5715 MiB
FC + MC property no. 10
time 1.30 s 31.82 s 1957 s
memory for BDD 55 MiB 582 MiB 5715 MiB
Prepare composition (PC)
time 0.01s 0.02 s 0.02 s
memory for BDD 26 MiB 26 MiB 26 MiB
PC + bounded MC property no. 9
time 4.11 s 15.58 s 176 s
memory for BDD 67 MiB 180 MiB 625 MiB
composition steps 37/61 41/88 45/119
composition states 11875 89393 21076891 (0.69 %)
composition transitions 37583 303735 129293547 (0.07 %)
composition BDD nodes 66019 301863 1233374 (93 %)
PC 4+ bounded MC property no. 10
time 1.84 s 3.54 s 31 s
memory for BDD 42 MiB 81 MiB 271 MiB
composition steps 33/61 35/88 37/119
composition states 6175 15681 3575866 (0.12 %)
composition transitions 19061 50134 22102960 (0.01 %)
composition BDD nodes 51864 134680 377626 (28 %)
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7. Conclusion

ACTLW stands for action-based CTL with unless operator. It is a propositional
branching-time temporal logic defined over LTSs. ACTLW combines nice features of
CTL (simple and efficient model checking algorithms) and ACTL (direct verification
of action-based models). In ACTLW, the unless operator is vital as it is not derivable
from the other ones. The same is true of using the strict variants of temporal operators,
which are generally not derivable from the unstrict ones (as shown in the paper,
the opposite is possible). The symmetry between CTL and ACTLW arises in many
aspects, e.g. a set of four ACTLW operators is an adequate set of operators, which
is exactly twice the size of the adequate set for CTL, where two strict operators are
enough.

From the practical point of view, ACTLW is an attractive formalism, since it en-
ables reasoning about models with deadlocked states. In such models, ACTLW is
capable of detecting and distinguishing divergent and deadlocked states. Moreover,
ACTLW, as presented in this paper, is also a rather flexible formalism. If different
notations are used for ACTL and ACTLW operators, both logics can be used simul-
taneously. Furhtermore, elegant abbreviations, by using Hennessy-Milner operators
and by omitting constant true from the formulae, result in a framework in which CTL
patterns can be reused for expressing the properties. For example, ACTLW formula
VG [|Car] A[{=!Car} U {ICarEnter}] used in this paper looks very similar to a CTL
formula, and it also has an analogous meaning as its CTL counterpart.

The main contributions of this paper are symbolic algorithms for ACTLW model
checking. Global and bounded model checking are both considered. The main idea
of bounded ACTLW model checking is to create the composition step by step, and
perform model checking after each individual step. The paper introduces the notions
of inevitable satisfaction and inevitable dissatisfaction to support this approach. They
allow meaningful results for partially composed systems for a large class of ACTLW
formulae, far beyond those checking trivial safety and liveness properties. The results
of the prototype implementation show that, in some scenarios, bounded ACTLW model
checking outperforms regular ACTLW model checking considerably.

Another thoroughly explored topic is linear witnesses and counterexamples for
ACTLW. In contrast to the previous work on ACTL, this paper gives formal defi-

nitions. For practical purposes, special linear witnesses and counterexamples, called
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viable witnesses and viable counterexamples, respectively, are then identified in a
similar way to ACTL. Please note that, in contrast to the original definition, viable
witnesses and viable counterexamples are here defined as sequences of actions instead
of paths, which is more appropriate for an action-based approach. Finally, the pa-
per proposes a method for generation of viable witnesses and counterexamples which
is based on the observation that, in an ACTLW formula containing several ACTLW
operators, each subformula contributes a part of the result. These parts are called di-
agnostic paths, and are obtainable directly by tracing the course of the model checking
algorithm. Although not feasible for an arbitrary ACTLW formula, viable witnesses
and counterexamples turned out to be able to explain the result for many of the given
examples.

The practical part of this paper illustrates the use of ACTLW model checking
during the design of concurrent systems with a CCS-like process algebra. The re-
ported results about the time and space consumption confirm that non-trivial models
are manageable with modern BDD-based model checkers. However, the prototype
implementation still needs a lot of tuning. For example, consider the reported results
about the representation of processes with BDDs (i.e. states’ encoding). During the
model checking of property no. 9 for the system with 8 cars, the size of the partial
composition is a tiny fraction of the size of full composition, but the size of the BDD
representing the transition relation of the partial composition is more than 90 % of
the size of the BDD representing the transition relation of the full composition.

A possible extension of the presented work is the implementation of local model
checking, where the composition algorithm would be guided by the temporal formula.
Such an approach would profit from creating the state space more optimally, but, on
the other hand, it would require extra calculations and extra memory to determine
the set of states to be examined in the next step. Moreover, in order to use the same
bounded semantics, one must assure that the LTS obtained in step k is a prolonged
LTS of the one obtained in step & — 1. Other interesting directions for further work
are the generation of full diagnostics in the form of a tree-like or graph-like structure,
the introduction of fairness constraints, and the adaption of the presented algorithms
for process algebrae with data-passing. Finally, some conjectures about ACTLW, e.g.
those about the expressiveness and minimal size of adequate set of operators, still need

to be proved.
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Appendix A. The proof of Theorem

Lemma 1: For every state s in every LTS M, s E% ¢ = s v ¢ and s = ¢ =

s M p.

PROOF. For every state s in every LTS M, s =% true and s Eaq true, while in none,
s E%4 true and M s =% true. Thus, the lemma is valid for ¢ = true. All the other
cases are proved by induction on subformulae.

To prove the first assertion for ¢ = =, suppose that s =% —9. By Definition
5 E%4 9. By the induction hypothesis, s fa 9. By Deﬁnition s Em =9, The proof
of the second assertion is symmetrical.

To prove the first assertion for ¢ = 9 V', suppose that s =% 9V1'. By Definition
sEWMY or sEW Y. By the induction hypothesis, s Fam 9 or s Em @', By
Definition [2} s Exm 9V 9. The proof of the second assertion is analogous.

To prove the first assertion for EU, suppose that s E% E [{x}9 U {x'}¥']. By
Definition [4 a fullpath 7 starts in s, such that = (¢) is a state on 7 for some i > 1,
i =X, m(i) EYW ¥, and for all j, 1 < j <i—1, m; | x and 7(j) E"m 9. By the
induction hypothesis, a fullpath 7 starts in s in M, such that 7 (4) is a state on 7 for
somei>1,m Ex, 7(i) Em ¢, and for all j, 1 < j <i—1, n; Ex and 7(j) Em 9.
Hence, by Definition 2, s Exm E [{x}9 U {x'}¥].

To prove the second assertion for EU, suppose that s =% E [{x}¥ U {x'}¥']. By
Definition 4] for all fullpaths 7 which start in s, 7 is not an empty path, and for all
i>1, such that 7(7) is a state on =

(a) m W X' or w(i) =%, and if 7 (i) is a deadlocked state, then also ; = x or
7(i) =% 9, or

(b) there exists j, 1<j<i—1, such that m; £x or 7(j) =% 9.

By the induction hypothesis, for all fullpaths 7 which start in s, 7 is not an empty
path, and for all ¢>1, such that 7(4) is a state on 7:

(a) mi & X' or (i) Em =Y, and if 7(3) is a deadlocked state, then also m; [~ x or
w(2) Em 9, or

(b) there exists j, 1<j<i—1, such that 7; = x or 7(j) Em 0.

The interesting part of this assertion is that for all fullpaths « which start in s, for
all i >1, such that 7(i) is a state on m, m; & x' or 7(i) Fam —, or there exists j,

1<j<i—1, such that 7; = x or 7(j) Em —9. It follows that there does not exist a
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fullpath 7, such that 7 () is a state on 7 for some i > 1, m; = X', m(i) Eam @, and for all
4, 1<j<i—1, mj =x and 7(j) Fom 9. Hence, by Definition [2] s faa E [{x}9 U {x'}¥].

To prove the first assertion for EW, suppose that s =% E [{x}¥ W {x'}¥']. By
Deﬁnition a fullpath 7 starts in s such that 7 =% [{x}9U{x'}?¥’], or 7 is an infinite
path and for all ¢ >1, m; = x and 7(¢) E"% 9. We have already proved that if a fullpath
7 starts in s, such that m =% [{x 9 U{x'}¥'], then also 7 Erm [{x}9U{x'}¥']. On the
other hand, if 7 is an infinite fullpath, starting in s, such that m; | x and 7(¢) Emd
for all ¢ >1, then, by the induction hypothesis, also 7 (i) a9 for all :>1. Hence, by
Definition [2 s = E [{x}9 W {X'}¥'].

To prove the second assertion for EW, suppose that s =% E [{x}¥ W {x'}¥'].
By Definition |4} for all fullpaths = which start in s, 7 E% [{x}9 U {x'}¥'] and there
exists i >1, such that 7 (i) is a state on 7 and 7; = x or 7(i) E% 9. We have already
proved that if m =2 [{x}9 U {x'}¥'] for all fullpaths 7 starting in s, then there does
not exist a fullpath =, starting in s, such that @ =am [{x}9 U {x'}¥']. Moreover, if
for all fullpaths 7, which start in s, there exists ¢ >1, such that (i) is a state on
7 and ; [~ x or m(i) =% ¥, then by the induction hypothesis also for all fullpaths
m which start in s, there exists ¢ >1, such that (i) is a state on 7 and m; £ x or
() fem 9. Tt follows that there does not exist a fullpath m starting in s, such that for
all ¢ >1, for which 7(4) is a state on 7, m; = x and 7(¢) Eam 9. Hence, by Definition
s o B W {3 }19].

Proofs for ACTLW operators AU and AW are analogous. O

Lemma 2: For every state s in every LTS M, if s =% @, then for every M’ € M~
sEW ¢, and if s =% @, then for every M’ e M, s EO .

PROOF. For every state s in every LTS M, s =% true, while in none, s =% true.
Thus the lemma is valid for ¢ = true. All the other cases are proved by induction on
subformulae.

To prove the first assertion of Lemma 2 for ¢ = —, suppose that s =% —9. By
Definition 4l s =% 9. By the induction hypothesis, for every M’ € M~ s =%/ 9 and
hence, s =" —9. The proof of the second assertion of Lemma 2 is symmetrical.

To prove the first assertion of Lemma 2 for ¢ = 9V9', suppose that s =% 9V9'. By
Definition |4} s =% ¥ or s E%¥’. By the induction hypothesis, for every M’ € M~
s E% 9, or for every M’ € M~ s =% 9. From this, for every M’ € M~ s =% 9
or s =% 9 (but not vice versa!) and thus s =% 9 vV 9¥’. The proof of the second
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assertion of Lemma 2 is symmetrical, but there the whole reasoning is valid also in
the converse direction.

To prove the first assertion of Lemma 2 for ACTLW operator EU, suppose that
sEWM E [{x}¥ U {x'}¥']. By Definition[d] a fullpath 7 starts in s in M such that, for
some i >1, 7(4) is a state on 7, m; =X, (1) EWm 9, and for all j, 1 < j <i—1, 7 E x
and 7(j) E% 9. By the definition of the prolonged LTS, state s and path 7 also exist in
every M’ € M~ (but 7 may not be a fullpath there). By the induction hypothesis, for
every M' e M”, (i) E% ¥ if m(i) E% 9 and also 7 (5) Er 9 if 7(5) E%w 9. Now,
let us observe fullpath 7’ starting in s in M’ such that 7 is a prefix of ©’. Obviously,
such 7' always exists, and the assertions required for s =" E [{x}¥ U {x'}¥'] are
valid for it. Hence, s =% E [{x}9 U {x'}¥'].

To prove the second assertion of Lemma 2 for ACTLW operator EU, suppose that
sEME[{xIYU {x'}¥]. By Deﬁnition for all fullpaths 7 which start in s, 7 is not
an empty path, and for all ¢ >1 such that 7(¢) is a state on m:

(a) m W& X' or w(i) E% ¥, and if 7 (i) is a deadlocked state, then also ; = x or
7(i) E% 9, or

(b) there exists j, 1<j<i—1, such that m; f&x or 7(j) E% 9.

By the definition of the prolonged LTS, state s also exists in every M’ € M~ and for
every fullpath 7’ starting in s in every M’ € M~ a path 7 exists in M such that 7 is
the same as 7’ or 7 is a prefix of 7, and 7 is a fullpath in M. If 7 is not an empty path,
then 7’ is not an empty path either. By the induction hypothesis, for every M’ € M~
w(i) Bl 9" if (i) E?m 9, and also 7(j) E% ¢ O if w(5) % 9. If 7 is an infinite
fullpath in M, then 7’ =7 and the assertions required for s =%, E [{x}¥ U {x'}¥']
are clearly valid for it. Now, suppose that 7 is a finite fullpath in M, and that for every
state on it, (a) or (b) is valid. Moreover, let (a’) and (b’) denote assertions analogous
to (a) and (b), respectively, required for s = E[{x}¥ U {x'}¥']. Obviously, (a’) or
(b’) is valid for all those states on path 7’ that are also states on path 7. Furthermore,
if (b) is valid for some state on 7, then (b’) is valid for every state on 7’ that is not
included in 7. On the other hand, if (a) is valid for every state on 7, then, again, (b’)
is valid for every state on 7’ that is not included in 7w because it is preceded by a state
that is a deadlocked state on 7. Hence, s =% E [{x}¥ U {x'}¥'].

To prove the first assertion of Lemma 2 for ACTLW operator EW, suppose
that sEME [{x}Y9 W {x'}¥']. By Definition [4f a fullpath 7 starts in s such that
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T E%M [{x}9 U {x'}¥] or 7 is an infinite path and for all i >1, m; = x and 7 (%) =" 9.
We have proved that if a fullpath 7 starts in s in M such that = =% [{x}9 U {x'}¥'],
then a fullpath 7’ starts in s in every M’ € M~ such that 7’ E"% [{x}9 U {x'}¥’]. On
the other hand, if 7 is an infinite fullpath starting in s in M, then exactly the same
fullpath starts in s also in every M’ € M~ and because of the induction hypothesis,
7 =% [{x 39 U {x'}¥]. Hence, s =% E [{x}9 W {x'}¥'] for every M'e M~ .

To prove the second assertion of Lemma 2 for ACTLW operator EW, suppose
that s Eou E [{x}9 W {x'}¥']. By Definition |4 for all fullpaths © which start in
s, mEM [{x}9 U {x'}¥] and there exists i >1 such that 7(i) is a state on 7 and
7 = x or m(i) E% 9. We have proved that if m =%, [{x}9 U {x'}¥'] for all fullpaths
m starting in s in M, then also 7" =% [{x}9 U {x'}¥’] for all fullpaths 7’ starting in
s in every M’ € M~ . Now, suppose that for all fullpaths 7 starting in s in M, there
exists i >1 such that 7(i) is a state on 7 and m; & x or m(i) =% 9. Because of the
definition of the prolonged LTS and the induction hypothesis, then for all fullpaths
7' starting in s in M’, 7'(i) is a state on ' and m; £ x or m'(i) Eamr ¥. Hence,
sEW E[{x} W {x'}¥] for every M’ € M~ .

Proofs for ACTLW operators AU and AW are analogous. O

Theorem 4. If ACTLW formula ¢ is inevitably satisfied by LTS M, then all prolonged
LTSs of M satisfy . If ACTLW formula ¢ is inevitably dissatisfied by LTS M , then
none of the prolonged LTSs of M satisfies ¢.

PROOF. Let M = (S, A+, 0, Sinit) be an LTS and ¢ an ACTLW formula. We must
show that for every LTS M’ € M~ sinit E'Mm @ = Sinit Eamr @, and Sinit Eo0 @
= Sinit Em . To prove the first assertion, suppose that sinit =% . By Lemma
2, then for every M’ € M~ sinit = . By Lemma 1, then for every M’ € M~

sinit = . The proof of the second assertion is analogous. O
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Appendix B. Visualisation of counterexamples and witnesses

For the reported viable witnesses and counterexamples, EST can also generate the

corresponding Message Sequence Chart (MSC). The MSC given in Fig. illustrates

the safety problem found in the second variant of the crossing example as described

in Section

ENVIRONMENT CARY#1 TRAINY#1 BARRIERS#1 LIGHTS#1 CROSSY#1
(triny7<TRANY> ) (_barmers7<BARRIERS> )
(—lights5<LIGHTS> ) (__crossy4<CROSSY> )
Carl
(epiccar> )
Train
(rein6<TRANY> )
Ired7<LRED>
(_red7<RED> ] ( aossysmossw' )
CmseERS ) ompecrosr: )
Open
bopen7<BOPEN>
( cary3<CARY> bopen7<BOPEN>
bopen7<BOPEN> copeny5<COPENY>
lower
(bopen5<BOPEN>__) (copeny4<COPENY> )
CariEnter
(apcar> )
Close
bclose7<BCLOSE>
isCl
(bolose7<BCLOSE> ) (copeny3<COPENY> )
goGreen
(C_red4<lRED> ) (__copeny2<COPENY> )
Gi
isGr
trainy4<TRAINY>
TrainEnter
trainy3<TRAINY>
Car1Exit
(epcare )

Figure B.15: A MSC corresponding to the counterexample generated for formula no. 1 in the

second variant of the crossing example
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Appendix C. The model of a railroad crossing with three cars

The model of the railroad crossing developed in Section [6] demonstrates the usage
of ACTLW. However, the system given in Fig. is to small to be used for evaluating
the effectiveness of the prototype model checker. Thus, we extend the model to take
into account more than one car. It is reasonable to claim that a system consisting
of 3 cars is general enough to find the model’s imperfections. We prepare process
CROSS3CAR as shown in Fig.

CROSS3 = !goRed;7isRed; !goUp;?isUp; !carlInit;!car2Init;!car3Init;

ltrainInit; COPEN

C3 = 7trainWait;!trainOK;C3 +
?carIn;!trainFirst;!carWait;?car0OK; !goRed;?isRed; !goUp;?isUp;
!carSafe; C3NUM1

C3NUM1 = ?carlIn;!carSafe;C3NUM2 + 7carQOut;C3

C3NUM2 = ?7carln;!carSafe;C3NUM3 + 7carQOut;C3NUM1

C3NUM3 = ?7carQOut;C3NUM2

net CROSS3CAR = //(CRDSS3,C3,T)\carFirst\trainFirst\carWait\trainWait
\carOK\trainOK
net S = //(CAR [carlInit/carInit] [Carl/Car] [CarlEnter/CarEnter]
[Car1Exit/CarExit],
CAR [car2Init/carInit] [Car2/Car] [Car2Enter/CarEnter]
[Car2Exit/CarExit],
CAR [car3Init/carInit] [Car3/Car] [Car3Enter/CarEnter]
[Car3Exit/CarExit],
TRAIN,BARRIERS,LIGHTS,CROSS3CAR)
\car1lInit\car2Init\car3Init\trainInit
\goRed\isRed\goGreen\isGreen\goDown\isDown\goUp\isUp

\carIn\carOut\carSafe\trainIn\trainQut\trainSafe

Figure C.16: The fourth variant of the crossing involves three cars

Basically, in the fourth model, we count the number of cars in the crossing, i.e.
states C3NUM1, C3NUM2, and C3NUM3 represent one, two, and three cars at the crossing,

respectively. In the composition, process C is replaced with process C3, while all the
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other processes remain unchanged. To be able to distinguish the cars during model
checking, we rename all their actions visible to the environment during the composition
(we also have to adapt ACTLW formulae, see. Only properties nos. 8, 9,
and 10 are not valid in the fourth model. The starvation of the car and the train have
the same origin. There is a scenario when a car or a train approaches the crossing to
the point, where it can enter, but then a car (another one) is repeatedly entering the
crossing infinitely many times. Here are viable counterexamples which confirm this

conclusion:

AG (([!'Car1l] AA[{NOT !Cari1} U {!CarlEnter}]) AND

(['Car2] AA[{NOT !Car2} U {!Car2Enter}]) AND

([!Car3] AA[{NOT !Car3} U {!Car3Enter}])) ==> FALSE

@@ VC: (Red!)(Up!)(Cari!) (Train!) (Down!) (Green!) (TrainEnter!) (TrainExit!)

(Train!) (Red!) (Up!)<<(Car2!) (Car2Enter!) (Car2Exit!)>>

AG [!Train] AA[{NOT !Train} U {!TrainEnter}] ==> FALSE
@@ VC: (Red!) (Up!) (Train!) (Carl!)<<(Car2!) (Car2Enter!) (Car2Exit!)>>

Observing closely the fourth variant of the crossing, one can find an important
flaw in it. It does not assure that whenever a car is detected by the crossing (e.g.
after action carIn), it will not be overtaken by other cars. Consequently, the result of
the formula expressing property no. 8 is not convincing enough. Its counterexample
is based on a situation where two cars are approaching the crossing (both detected
by the system) and then the second car enters and leaves the crossing before the first
one. Afterwards, another car approaches (also modelled as a second car, although it
is not required to be the same car!), and again, it overtakes the (still waiting) first
car. It seems that if a strict FIFO queue for cars is used, they will not starve in the
proposed model. To prove this, we change the model once again by replacing process
CROSS3CAR with process CROSS3CARFIFQ as shown in Fig. m

Process C3FIFO is an exhaustive model of a FIFO queue composed of 3 cells and a
logic to count the number of cars in the crossing. Cars are counted in a similar way to
process C3. The car always enters the queue in the first cell (Q1), but it can not leave
the queue from this position. It must first be shifted to the second cell (QI) and finally
to the third one (QN). An important property of the given model, which is not obvious

at all, is that only a single car can be inside one cell in any moment. Consequently,
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CAR = 7carInit;CREADY
CREADY = !carlIn;?carSafe;!CarEnter;!CarExit;!carOut;CREADY
FIFO = 7trainWait;!trainOK;FIF0 +
?in;!trainFirst;!carWait;7car0OK; !goRed;7isRed; !goUp;?isUp; !ok;FIF01
FIFO1 = ?7in;!ok;FIF02 + 7out;FIF0
FIF02 = 7in;!ok;FIF03 + 7out;FIF01
FIF03 = 7?out;FIF02
Q1 = ?carllIn;!'in;!Carl;?ok;!cariSafe;!cariShiftReq;Q1 +
?car2In;!in; !Car2;?ok; !car2Safe; !car2ShiftReq;Q1 +
?car3In;!in;!Car3;?ok; !car3Safe; ! car3ShiftReq; Q1
QI = ?cariShiftAck;!cariShiftReq;QI +
?car2ShiftAck;!car2ShiftReq;QI +
?car3ShiftAck; !car3ShiftReq;QI
QN = ?cariShiftAck;7car10ut;'!out;QN +
?car2ShiftAck;?car20ut;!out;QN +
?car3ShiftAck;7car30ut; !out;QN
net C3FIF0 = //(FIFO,
Q1 [bl1/cariShiftReq] [b12/car2ShiftReq] [b13/car3ShiftReq],
QI [bi1l/cariShiftAck] [b12/car2ShiftAck] [b13/car3ShiftAck]
[b21/car1ShiftReq] [b22/car2ShiftReq] [b23/car3ShiftReq],
QN [b21/cariShiftAck] [b22/car2ShiftAck] [b23/car3ShiftAck])
\in\ok\out\b11\b12\b13\b21\b22\b23
net CROSS3CARFIFO = //(CROSS3,C3FIF0,T)\carFirst\trainFirst\carWait
\trainWait\carOK\trainOK
net S = //(CAR [carlInit/carInit] [cariIn/carIn] [car10ut/carOut]
[cariSafe/carSafe] [CarlEnter/CarEnter] [Car1Exit/CarExit],
CAR [car2Init/carInit] [car2In/carIn] [car20ut/carOut]
[car2Safe/carSafe] [Car2Enter/CarEnter] [Car2Exit/CarExit],
CAR [car3Init/carInit] [car3In/carIn] [car30ut/carOut]
[car3Safe/carSafe] [Car3Enter/CarEnter] [Car3Exit/CarExit],
TRAIN,BARRIERS,LIGHTS,CROSS3CARFIFO)
\cariInit\car2Init\car3Init\trainInit
\goRed\isRed\goGreen\isGreen\goDown\isDown\goUp\isUp
\cariIn\cariOut\cariSafe\car2In\car20ut\car2Safe\car3In\car30ut

\car3Safe\trainIn\trainOut\trainSafe

Figure C.17: The final variant of the crossing includes a FIFO queue (all processes missing in

the figure are the same as in the previous variant)
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cars cannot overtake each other. Please note that if not restricted by the environment,
process C3FIF0 allows several instances of a particular car simultaneously, but not in
the same cell. For the study of the tool’s efficiency, this model can be easily extended
to include an arbitrary number of cars. In a model with n cars, there is one instance
of process Q1 and one instance of process QN, but n — 2 instances of process QI.

In the resulting model, only properties nos. 9 and 10 are invalid. The starvation
of the train is reasonable, because cars can indefinitely enter the crossing one after
another. To solve this problem in real crossings, traffic lights for cars are used to
forbid entering cars into an open crossing when a train approaches. Here are viable

counterexamples produced by EST:

AG [!Train] AA[{NOT !Train} U {!TrainEnter}] ==> FALSE
@@ VC: (Red!) (Up!) (Train!) (Cari!)<<(CarlEnter!) (CariExit!) (Carl!)>>

AG ((AAF {!'Car1l}) AND (AAF {!Car2}) AND (AAF {!Car3}) AND (AAF {!Train}))
==> FALSE

@@ VC: (Red!) (Up!) (Down!) (Green!)<<(Train!) (TrainEnter!) (TrainExit!)>>
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Appendix D. ACTLW formulae for the model with three cars

After the introduction of three cars in the crossing example, ACTLW formulae

given in Section [f] must be adapted.

1. Safety: Whenever the car enters the crossing, there is no train there (the train is

not able to exit without entering).

VG ( ([[CarlEnter] A[{-!TrainExit} W {{TrainEnter}]) A
(ICar2Enter] A[{-!TrainExit} W {!{TrainEnter}]) A
(ICar3Enter] A[{-\TrainEzxit} W {I{TrainEnter}]))

. Safety: Whenever the train enters the crossing, there are no cars there (the car is

not able to exit without entering).

VG ( ([[TrainEnter] A[{-!CarlEzit} W {{CarlEnter}]) A
("TrainEnter] A[{-!Car2Ezit} W {ICar2Enter}]) A
('TrainEnter] A[{-!Car3Ezit} W {ICar3Enter}]) )

. Safety: Whenever the car enters the crossing, the train is not able to enter unless

the car exits, and vice versa.

VG ( ([[CarlEnter] A[{-!TrainEnter} W {|CarlEzit}]) A
(ICar2Enter] A[{-\TrainEnter} W {!Car2Exit}]) A
(ICar3Enter] A[{-!TrainEnter} W {|Car3Ezit}]) A
('TrainEnter] A[{=!CalrEnter} W {{TrainExit}]) A
('TrainEnter] A[{-!Ca2rEnter} W {ITrainExit}]) A

('TrainEnter] A[{=!Ca3rEnter} W {|TrainFEzit}]))

4. Safety: Whenever the car can enter the crossing, the train cannot enter unless the

car does it, and vice versa.

VG ( (EX {!ICarlEnter} —> A[{-!TrainEnter} W {|CarlEnter}]) A
(EX {!Car2Enter} —> A[{-!TrainEnter} W {{Car2Enter}]) A
EX {!Car3Enter} —> A[{-\TrainEnter} W {ICar3Enter}]) A

EX {!TrainEnter} —> A[{-!CarlEnter} W {!TrainEnter}]) A

EX {!TrainEnter} —> A[{-!Car2Enter} W {ITrainEnter}]) A

]

(
(
(
(EX A{!TrainEnter} —> A[{-!Car3Enter} W {I{TrainEnter}]) )

5. Safety: It is never the case that both the car and the train are able to enter the

crossing.
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10.

VG-((E[{r}U{!CarlEnter}|VE[{r} U{!Car2Enter}|VE[{r} U{!Car3Enter}])A
E[{7} U{!TrainEnter}])

Safety (no deadlock): There is no reachable deadlock state.
VG EX {true}

Liveness (no livelock): There is no reachable divergent state.

VG —(EX {true} AEG {7} EX {true})

Liveness (no starvation): Whenever the car approaches the crossing, it eventually
enters.
VG ( ([[Carl] A[{-!Carl} U {ICarlEnter}]) A

(ICar2] A[{-!Car2} U {ICar2Enter}]) A

('Car3) A[{-!Car3} U {ICar3Enter}]))

Liveness (no starvation): Whenever the train approaches the crossing, it eventually
enters.

VG [!Train] A[{-!Train} U {{TrainEnter}

Liveness (fairness): Cars and trains will never stop approaching the crossing.

VG ( (AF {!Carl}) A (AF {ICar2}) A (AF {ICar3}) A (AF {!Train}))
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