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Abstract

There is a growing interest in research related to presenting correct and effi-
cient model checking approaches for complex computing systems. Abstrac-
tion model checking is one example which proved its success as a model
checking approach for infinite-state systems.

In this thesis, we present an approach for translating CSP-OZ-DC spec-
ifications into transition constraint systems (as a part of a model checking
approach for infinite-state systems). In previous works, the CSP-OZ-DC
specifications are translated into phase event automata, then, the product
of the phase event automata is translated into a transition constraint sys-
tem. For large specifications, the obtained transition constraint system can
result in a large number of transitions. In our approach, we provide an
improved representation of transition constraint systems consisting of a no-
tably lower number of transitions in the transition constraint system with
the aim of achieving faster model checking for available model-checkers.
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Introduction

1.1 Overview and Related Work . . . . . . . . . . . . . . . . . . 2

1.2 Motivation and Organization . . . . . . . . . . . . . . . . . . 3

1.1 Overview and Related Work

Complex computing systems find increasing deployment in safety critical
systems like nuclear power plants, aeroplanes, and modern cars where fail-
ures can have catastrophic consequences. Different techniques for studying
and analyzing such systems were presented in research.

Formal verification is one technique which is described as a formal math-
ematical proof of the correctness of algorithms underlying a system with re-
spect to a certain formal specification or property; it can be used for various
systems. To verify a system, a rigorous behavioral and performance model
of the system is needed.

Many specification languages used to specify a system model can only
deal with restricted parts of a specification (e.g. processes or data). However,
other specification languages try to cover multiple aspects of specification,
such as CSP-OZ [Fis00], TCOZ [MD98], RT-Z [Süh99] and CSP-OZ-DC[Hoe06].

CSP-OZ-DC combines three specification languages: CSP, Object-Z (OZ),
and Duration Calculus (DC). Highly expressive specification languages,
such as CSP-OZ-DC, are not usually suited for automated verification. In
[Hoe06] and [HM05], an approach to automatically verify CSP-OZ-DC spec-
ifications by model-checking is presented. In more details, the specifica-
tions are translated to transition constraint systems (TCS) which are model-
checked using constraint-based symbolic techniques [DP99] and predicate
abstraction [GS97] with counterexample-driven abstraction refinement [BR01]
[SCV03] [THS02]. Example model-checkers are:

2



1.2. MOTIVATION AND ORGANIZATION 3

• SLAB [IBW07], and

• ARMC [Ryb02]

To construct the TCS of a system specified in CSP-OZ-DC (in terms
of CSP-OZ-DC classes), as done in [Hoe06] and [HM05], the specifications
which are defined by the constituent languages of CSP-OZ-DC (CSP, Object-
Z, and Duration calculus) are individually translated into Phase Event Au-
tomata (PEAs). Phase Event Automata are a new class of timed automata
which preserve events and data variables of the specification; [Hoe06][HM05]
provide a compositional semantics for CSP-OZ-DC based on them. The
product of the resulting PEAs is constructed and translated into a TCS;
see Fig.1.1 as an example which includes also a test formula.

1.2 Motivation and Organization

The aim of this thesis is to present an alternative approach for translating
CSP-OZ-DC specifications into transition constraint systems as a part of a
model checking approach for infinite-state systems. For large specifications,
the obtained transition constraint system can result in a large number of
transitions when using the approaches in [Hoe06] and [HM05].

Our new approach is depicted in Fig.1.2. It mainly includes the following
steps:

1. The CSP, Object-Z, and Duration Calculus specifications and the test
formula (TF) are translated to phase event automata which are then
distinguished and labeled by their types: CSP, OZ, DC, or TF.

2. The phase event automata are explored in order to extract some infor-
mation needed for optimizing the new approach.

3. The transition constraint system of a given network is constructed with
a new method which avoids the construction the product automaton.

The result is a an improved transition constraint system with notably
fewer transitions than those which result using previous approaches.

As an example, we present a simple idea shown in Fig.1.3 which shows
a transition step of a network N of three phase event automata. As A1
and A2 synchronize on an event a, the third automaton A3 can either stay
in its phase by taking a self-loop transition (stutters) or it can change its
current phase. In the transition constraint system representation of N a set
of transitions appear for the same synchronization step as A3 stutters:
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Model checker: ARMC / SLAB

CSP Object-Z DC

CSP-PEAs OZ-PEAs DC-PEAs

Transition Constraint System

||||

Test

Formula

|| TF-PEA

Product PEA

Figure 1.1: From specification in CSP-OZ-DC to model checking in ARM-
C/SLAB − with a given test formula.

Model checker: ARMC / SLAB

CSP Object-Z DC

CSP-PEAs OZ-PEAs DC-PEAs

Transition Constraint System (improved)

Test

Formula

TF-PEA

CSP-PEAs* OZ-PEAs* DC-PEAs* TF-PEA*

Figure 1.2: From specification in CSP-OZ-DC to model checking in ARM-
C/SLAB − with a given test formula − (Improved)
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a

...

...

A1 ...

...

A3

0

1

a

...

...

A2

0

1

true not (b)

true not (a)

not (c)
0

3

1

2

Figure 1.3: Three phase event automata with events a, b, and c. For all
events e, not(e) = ¬e. A1, A2 and A3 have the id’s 1, 2, and 3, respectively.

...
pc1 = 0 ∧ pc2 = 0 ∧ pc3 = 0 ∧ a ∧ pc′1 = 1 ∧ pc′2 = 1 ∧ pc′3 = 0

pc1 = 0 ∧ pc2 = 0 ∧ pc3 = 1 ∧ a ∧ ¬b ∧ pc′1 = 1 ∧ pc′2 = 1 ∧ pc′3 = 1
pc1 = 0 ∧ pc2 = 0 ∧ pc3 = 1 ∧ a ∧ ¬c ∧ pc′1 = 1 ∧ pc′2 = 1 ∧ pc′3 = 1
pc1 = 0 ∧ pc2 = 0 ∧ pc3 = 2 ∧ a ∧ ¬a ∧ pc′1 = 1 ∧ pc′2 = 1 ∧ pc′3 = 2

pc1 = 0 ∧ pc2 = 0 ∧ pc3 = 3 ∧ a ∧ pc′1 = 1 ∧ pc′2 = 1 ∧ pc′3 = 3
...

In our approach, we avoid constructing the product automaton of the
automata of the network which consists of one or more CSP-OZ-DC classes.
The general idea is to translate each component of a network of phase event
automata independently applying restrictions for each step which is done
by the other components of the network. For example, if a chosen CSP-
automaton performs a step which requires the synchronization on an event
e, then this should be allowed by all the other components which must take
part. The automata are distinguished by their types as they have different
structures; this will also be taken into consideration.

In the next chapter, we start by defining CSP-OZ-DC and provide some
examples. In chapter 3, we define the phase event automaton model and
present a known translation method from CSP-OZ-DC into phase event au-
tomata. The translation method from phase event automata into transition
constraint systems, as defined in [Hoe06][HM05], is introduced in chapter
4. In chapter 5, we introduce our new approach for constructing transition
constraint systems. Chapter 6 shows an example. Chapter 7 is a conclu-
sion.
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CSP-OZ-DC

2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Communicating Sequential Processes (CSP) . . . . . . . . . 6

2.2.1 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Object-Z (OZ) . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3.1 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.4 Duration Calculus (DC) . . . . . . . . . . . . . . . . . . . . . 9
2.4.1 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.5 Combination of CSP, OZ, and DC . . . . . . . . . . . . . . . 10

2.1 Overview

In the following, we provide a short definition of CSP-OZ-DC. We start by in-
troducing three specification languages which are well-known in research:
CSP, OZ, and DC. While CSP is known to describe behavioral aspects, such
as sequential and concurrent behavior and synchronous communication,
Object-Z describes complex data operations, and on the other hand, Dura-
tion Calculus is used to describe real-time requirements. A combination of
these languages results in a combined language denoted by CSP-OZ-DC.

As an example, we describe the core of a controller of an elevator (see
Fig.2.1) with each of the three specification languages; a step before we
reach its combined specification in CSP-OZ-DC. The example was already
introduced in [Hoe06][HM05].

2.2 Communicating Sequential Processes (CSP)

CSP is a specification language for communicating sequential processes
which was introduced by Hoare [Hoa78] [Hoa85]. In its first version it

6
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s ta r t

s t o p

n e w g o a l

p a s s e d

E l e v a t o r

Figure 2.1: Elevator.

was presented in [Hoa78] essentially as a concurrent programming language
rather than a process calculus; its theory was later developed and refined
into its process algebraic form [Hoa85].

In CSP, processes communicate through instantaneous events which can
be structured as (c, v) where c is a communication channel and v the com-
municated value. The alphabet of a process describes the set of events a
process can communicate.

The grammar of the basic syntax of CSP defines processes as follows:

P ::= Stop | Skip | a → P | P1;P2 | P1 2 P2 | P1 uP2 | P1 ‖A P2 | P \ A | X

Stop represents a deadlock process while Skip is a process which termi-
nates immediately.

a → P is a process which communicates a and starts P. P1;P2 represents
sequential composition of two processes P1 and P2 (i.e. P1 activates P2 with
a termination event).

P1 2 P2 represents a process where external choice decides whether P1

or P2 gets active. P1 u P2 represents a process where internal choice picks
P1 or P2 to run.

P1 ‖A P2 represents parallel composition of two processes P1 and P2 with
synchronization alphabet A. P \ A behaves like P except that the events
from A have been hidden (or internalized). Finally, X represents the timeout
process.

For the operational semantics of CSP we refer to [Plo83] which introduces
a structural based semantics using labeled transition systems.
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2.2.1 Example

With CSP we define admissible sequences of events. For the elevator exam-
ple in Fig.2.1 we define the two processes:

main c= newgoal→ start → Drive
Drive c= (passed→ Drive) 2 (stop → main)

The initial process is main. The elevator chooses a new goal floor (new-
goal ), starts the engine (start ) and switches to process Drive. In process
Drive the elevator is moving and external choice (passed or stop) decides
whether to stop and switch back to main or pass a floor and stay in Drive.

2.3 Object-Z (OZ)

Object-Z[Smi00] can be used to represent data state and the algorithmic
part of a system. It was developed at the Software Verification Research
Center in the University of Queensland as an object-oriented extension of the
specification language Z[Spi88][ISO00]. OZ adds to Z language constructs
that resemble the object-oriented paradigm, most notably, classes. It also
supports polymorphism and inheritance.

OZ uses schemas to define constants, variables, the initial state and
operations which can manipulate state variables. Schemas have different
forms; they can be identified by names and they can include variable and
constant definitions, predicates and operations such as assignments. For
convenience, we will explain some of these in the following example.

2.3.1 Example

Fig.2.2 shows different schemas describing data aspects of the elevator.
Schemas that describe constants are called axiomatic definitions. Min and
Max are two integers defining the lowest and highest floor, respectively. The
predicate Min < Max ensures that the lowest floor number is less than the
highest one.

Variables (current, goal and dir) are defined in their own schemas. Init is
a schema which defines the initial state of a system; initially, the direction
is neutral (dir = 0 ).

The other schemas in Fig.2.2 define operations which can manipulate
variables of the system. Those schemas are identified by the ∆ sign in the
upper row, which changes the values of variables in its parameter according
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Min, Max : Z  

Min < Max

current, goal : Z 

dir : { -1, 0, 1}

goal = current = Min

dir = 0

Init
  (current)

current_p = current + dir

com_passed

com_start

com_stop

goal = current

  (dir)

  ()

goal > current => dir_p = 1

goal < current => dir_p = -1

com_newgoal

  (goal)

MIN < goal_p < MAX

goal_p = current

Figure 2.2: OZ specification schemas of the elevator example

to defined predicates and prevents all others from changing their values.
Constraints in operations schemas can serve also as preconditions which
restrict the behavior of an operation.

2.4 Duration Calculus (DC)

Duration Calculus[ZH04] is an interval logic for specifying real-time behav-
iors. In CSP-OZ-DC specifications only a restricted class of DC may be used
since the full logic of DC is too powerful and undecidable[ZH04]; this re-
stricted class is defined in [Rav94][SO99] as the class of implementables
which can be reformulated to equivalent counterexample formulae according
to [Tap01]. Counterexample formulae have the following general form:

¬3 (phase1; ... ; phasen)

2.4.1 Example

The controller of the elevator needs to fulfill some real-time properties which
are specified using negated counterexample DC-formulae. We need to en-
sure that the elevator stops after reaching the goal floor and before it reaches
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E l e v a t o r

C S P - s p e c i f i c a t i o n

O Z - s p e c i f i c a t i o n

D C - s p e c i f i c a t i o n

s t a r t ,  p a s s e d ,  s t o p ,  n e w g o a lc h a n

Figure 2.3: CSP-OZ-DC class

the next one. The following formula requires to have a minimum time of
three seconds between two adjacent passed events:

¬3 (l passed; l ≤ 3; l passed)

Additionally, we require that the elevator stops within two seconds; this
can be expressed with the following DC-formula which states that it is im-
possible that the stop event does not occur even after the goal has been
reached for more than two seconds:

¬3 (dcurrent 6= goale ; (dcurrent = goale∧ l ≥ 2 ∧ � stop))

2.5 Combination of CSP, OZ, and DC

Combining the three specification languages results in a higher-level lan-
guage called CSP-OZ-DC. CSP-OZ-DC can be also seen as an extension to
OZ since we define the combined language in terms of CSP-OZ-DC classes.
The structure of the CSP-OZ-DC class of the elevator example is shown in
figure 2.3. A semantics for CSP-OZ-DC based on phase event automata is
introduced in the next chapter. For more details about CSP-OZ-DC classes,
we refer to [Hoe06].
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From CSP-OZ-DC to Phase
Event Automata

3.1 Overview and Related Work . . . . . . . . . . . . . . . . . . 11

3.2 Phase Event Automata (PEAs) . . . . . . . . . . . . . . . . . 12

3.2.1 Basic Notations . . . . . . . . . . . . . . . . . . . . . . . 12

3.2.2 Formal Definition . . . . . . . . . . . . . . . . . . . . . . 13

3.2.3 Product Construction of Phase Event Automata . . . . 14

3.3 Translating CSP-OZ-DC . . . . . . . . . . . . . . . . . . . . . 15

3.3.1 Translating CSP . . . . . . . . . . . . . . . . . . . . . . . 15

3.3.2 Translating Object-Z . . . . . . . . . . . . . . . . . . . . 15

3.3.3 Translating Duration Calculus . . . . . . . . . . . . . . 16

3.1 Overview and Related Work

CSP-OZ-DC needs a semantics that is able to cover the basic entities of the
constituent languages (events for CSP, data spaces and operations for OZ
and time dependent observables for DC). There are different known timed
automata models which are used for specifying real-time systems. Hoenicke
discussed, in his work, why the phase event automaton model is suitable
for describing CSP-OZ-DC classes.

Phase Event Automata are a new class of timed automata which were
inspired by phase automata [Tap01], which were used to provide an oper-
ational semantics for Duration Calculus formulae. The phase automaton
model, as it is, is not suitable for describing CSP-OZ-DC (for example it has
no events) but it was extended to obtain the phase event automaton model.

11
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true

true

 alarm

P0 P2

P1

c := 0

true

true alarm

 danger

 danger

 danger
 c <= 2

Figure 3.1: Phase event automaton for a watchdog.

3.2 Phase Event Automata (PEAs)

Phase Event Automata were designed to provide a compositional semantics
for CSP-OZ-DC classes and we will see later that they serve as a bridge
between CSP-OZ-DC and transition constraint systems (next chapter).

The phase event automaton model has a built-in notion of state asser-
tions and events and it supports real-time using the same concept of clocks
as in the timed automaton model[AD94].

As an example, Fig.3.1 shows a phase event automaton of a simple watch
dog which uses a boolean variable danger and an event alarm. Additionally,
the automaton is extended by a clock c which is used to measure the time
the automaton stays in phase P2. The phases (states) are labeled by their
names (P0, P1, and P2) and invariants (danger, ¬danger, and c ≤ 2) which
have to hold whenever the automaton is in the corresponding phase. Tran-
sitions are labeled with guards which can block the automaton from taking
a step if a certain condition does not hold.

3.2.1 Basic Notations

Phases of a phase event automaton represent states of a systems and are
described by formulae. The logic of these formulae is first order logic with
equality. We denote the set of variables by V̂. L denotes the class of first
order formulae that are allowed in the specification. L(V) defines the formu-
lae which correspond to the variables in V ⊆ V̂; similarly, L(C) corresponds
to clock invariants. We require that L contains at least the class of quanti-
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fier free formulae with boolean variables and linear arithmetic expressions
over the reals. By V ′, we denote the primed version of the variables in V;
primed variables denote the state after a transition has been taken while the
unprimed ones in V refer to the state before a transition is taken.

We call a set of clock constraints convex if they only allow conjunction
of atoms of the form c ≤ T and c < T, where c is a clock variable and T a
rational number.

Events are modeled as boolean variables and are a subset of V. An event e
is true if e occurs, otherwise false. Clocks are positive reals and are denoted
by the set C ⊆ V.

3.2.2 Formal Definition

Formally, a phase event automaton is defined as an 8-tupleM = (P,V,A, C, E ,
∫ , I,P0) where:

• P is a set of locations (phases)

• V ⊆ NAME is a set of typed state variables

• A ⊆ NAME is a set of boolean event variables

• C is a finite set of real-valued clocks

• E ⊆ P × L(V ∪ V ′ ∪ A ∪ C)× P (C)× P is a set of edges

• ∫ : P→L(V) is a labeling function which associates each phase with a
predicate that must hold during this phase

• I : P→L(C) is a function which assigns to each phase a clock invariant
that must hold while the automaton is in this phase

• P0 ⊆ P is a set of possible initial phases

We require that for all p ∈ P, I(p) is convex and that E contains a stutter-
ing edge (p, ¬e1 ∧ ... ∧ ¬ek ∧ v1 = v′1 ∧ ... ∧ vj = v′j, ∅, p) for some {e1...ek} ⊆
A and {v1...vj} ⊆ V. The requirement of the stuttering transitions is needed
for simplifying the definition of parallel composition, i.e. they are used to
allow an automaton to make a step independently from others.

A trace of a phase event automaton M is a sequence of variables and
clock evaluations, time delays and communicated events. A state of M is a
triple (p, β, γ), where p ∈ P, β is a V-valuation, and γ is a C-valuation. A
duration is a positive real number.
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A run ofM is an infinite sequence ((p0, β0, γ0),t0,Y 0,(p1, β1, γ1),t1,Y 1,...) of
alternating states (pi, βi, γi), durations ti and sets of events Y i such that:

• p0 ∈ P0

• For all c ∈ C , γ0(c) = 0.

• For all i ≥ 0, βi |= ∫(pi).

• For all i ≥ 0, γi |= I(pi), γi + ti, ti > 0 |= I(pi).

• For all i ≥ 0 there is an edge (pi, g, X, pi+1) ∈ E such that βi ∪ β′i+1 ∪
(γi + ti) ∪ XY i |= g and γi + 1 = (γi + ti)[X := 0]

3.2.3 Product Construction of Phase Event Automata

Phase event automata synchronize on both events and states, as defined in
[HO02]. Synchronization on events is done as in CSP: An event which is
in the alphabet of both automta is only taken if both automata agree on it.
Similarly, state synchronization ensures that a variable of both automata is
changed only in a way which both automata allow.

For simplicity, we define the parallel composition of two automata M1

andM2,Mi = (Pi,Vi,Ai, Ci, Ei, ∫i, Ii,P0,i). LetM = (P,V,A, C, E , ∫ , I,P0) be the
product construction of the parallel composition of M1 and M2. Then M is
defined as follows:

• P := P1 × P2,

• V := V1 ∪ V2,

• A := A1 ∪ A2,

• C := C1 ∪ C2 (C1 and C2 are disjoint sets, otherwise, clocks need to be
renamed),

• ∫(p1,p2) = ∫(p1) ∧ ∫(p2),

• I(p1,p2) = I(p1) ∧ I(p2),

• P0 := P0,1 × P0,2,

• for each two edges (pi, g i, X i,p ′i) ∈ Ei, i = 1,2 inM1 andM2, E contains
the edge ((p1,p2), g1 ∧ g2, X1 ∪ X2, (p ′1,p

′
2)).
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3.3 Translating CSP-OZ-DC

Each part of the CSP-OZ-DC specification is translated into an automaton
and they are put in parallel. In the following, we introduce the translation
methods for the different specification parts as proposed in [Hoe06]:

3.3.1 Translating CSP

To construct the equivalent phase event automaton MCSP , the operational
semantics of CSP is used:

• Phases ofMCSP are labeled by processes.

• Each transition p a→ p′ is an edge

(p, a ∧
∧
e∈A{a} ¬e, ∅, p′) ofMCSP ,

where A is the alphabet of process main.

• A τ transition (p τ→ p′) which communicates no events is an edge

(p,
∧
e∈A ¬e, ∅, p′) ofMCSP .

• For every p ∈ PCSP there is a stuttering edge (p,
∧
e∈A ¬e, ∅, p).

Fig.3.2 shows the automaton which corresponds to the CSP part of the
elevator example.

3.3.2 Translating Object-Z

The Object-Z part is translated into a phase (event) automatonMOZ with a
single phase pmain. MOZ has the following characteristics:

• The variables of the automaton are the variables Var(State) declared in
the state schema of the CSP-OZ-DC class.

• pmain has one edge for each event which does not allow any other event
and a stuttering edge disallowing all events and variable changes.

• The communication alphabet A of the automaton consists of all chan-
nels c for which the class contains an operation schema com_c.
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• For each communication event the automaton contains a self-loop tran-
sition t; the guard of t demands that only the corresponding event
occurs and that the pre- and post-state relate according to the com-
munication schema.

• There is one initial edge to pmain that has the Init schema of the CSP-
OZ-DC class as a guard.

The automaton in Fig.3.3 corresponds to the Object-Z part of the elevator
example.

3.3.3 Translating Duration Calculus

The counterexample Duration Calculus formulae are translated separately
into corresponding phase event automata.Each phase of the automaton is
labeled by a set of phases of the counterexample such that the following
formula holds:

true;phase1;...;phasei, 1 ≤ i ≤ n

Each phase phasei with a time bound needs a clock ci that measures the
duration of the phase and is reset appropriately.

Fig.3.4 shows the automaton which corresponds to the following coun-
terexample formula:

¬3 (dcurrent 6= goale ; (dcurrent = goale∧ l ≥ 2 ∧ � stop)).
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Figure 3.2: Phase event automaton for the CSP specification of the elevator.

P
true

only(start), com_start

Stutter_OZ

goal = min, 
current = min,
dir = 0

only(stop), com_stop

only(newgoal), com_newgoal

only(passed), com_passed

only(start) and com_start = ¬ newgoal ∧ start ∧ ¬ stop ∧ ¬ passed
∧ (goal > current ⇒ dir′ = 1)
∧ (goal < current ⇒ dir′ = −1)
∧ current′ = current ∧ goal′ = goal

Figure 3.3: Phase event automaton for the OZ specification of the elevator.
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true stop

Figure 3.4: Phase event automaton for the second DC formula of the eleva-
tor.
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From Phase Event
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4.2 Translating PEAs into transition constraint systems . . . 20

In the first chapter, we have mainly introduced CSP-OZ-DC, its transla-
tion into phase event automata and a definition of a transition constraint
system. In this chapter, we introduce a translation method which trans-
lates phase event automata into transition constraint systems as proposed
in [HM05]; in the next chapter, we present our approach for constructing
improved transition constraint systems.

4.1 Transition Constraint Systems (TCS)

[HM05] provides a domain for model-checking for CSP-OZ-DC using a constraint-
based semantics for PEAs. Transition constraint systems represent a tran-
sition relation by a first-order formula where events are encoded as boolean
variables and clocks are encoded as real-valued variables. A system is de-
scribed by two formulae: One defines the initial state and the other defines
the transition relation.

Formally, a TCS is a 4-tuple T = (Var, Init, Trans), such that:

• Var ⊆ V is a finite set of (unprimed) state variables

18
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• Init : L(Var) assigns a (state) constraint to every location

• Trans : L(Var ∪ Var′) assigns a (transition) constraint to every pair of
locations

Init can be viewed as a vector of sets of initial states of a transition system.
Likewise, Trans can be viewed as a matrix of relations between pre-states
(valuations of the unprimed variables) and post-states (valuations of the
primed variables) of a transition system.

Let T = (Loc, Var, Init, Trans) be a transition constraint system. A state
of T is a pair (l, α) of a location l and a Var-valuation α. A run of T is defined
as a sequence of states 〈s1, ..., sn〉 such that

1. s1 |= Init, and

2. for all i ≥ 0, sn, s′n+1 |= Trans.

A state s of T is reachable if there is a run 〈s1, ..., sm〉 such that sm = s.

As an example, the following is a transition constraint system of the au-
tomaton in Fig.3.2 (PC is a variable used to store the current location; PC′

refers to the next current location):

• InitCSP = PC = 0

• TransCSP = PC = 0 ∧ ¬ newgoal ∧ ¬ start ∧ ¬ stop ∧ ¬ passed ∧ PC′ = 0
∨ PC = 0 ∧ newgoal ∧ ¬ start ∧ ¬ stop ∧ ¬ passed ∧ PC′ = 1

∨ PC = 1 ∧ ¬ newgoal ∧ ¬ start ∧ ¬ stop ∧ ¬ passed ∧ PC′ = 1

∨ PC = 1 ∧ ¬ newgoal ∧ start ∧ ¬ stop ∧ ¬ passed ∧ PC′ = 2

∨ PC = 2 ∧ ¬ newgoal ∧ ¬ start ∧ ¬ stop ∧ ¬ passed ∧ PC′ = 2

∨ PC = 2 ∧ ¬ newgoal ∧ ¬ start ∧ ¬ stop ∧ passed ∧ PC′ = 2

∨ PC = 2 ∧ ¬ newgoal ∧ ¬ start ∧ stop ∧ ¬ passed ∧ PC′ = 0

Definition 4.1. Let T1 and T2 be two transition constraint systems, where
Ti = (Loci, Vari, Initi, Transi), for i = 1,2. The parallel composition T1 ‖ T2 is
defined as

T = (Loc1× Loc2, Var1∪ Var2, Init1∧ Init2, Trans),

such that for all locations (l1, l2),(l′1, l′2) ∈ Loc1× Loc2,

Trans((l1, l2),(l′1, l
′
2)) = Trans(l1, l′1) ∧ Trans(l2, l′2).



4.2. TRANSLATING PEAS INTO TRANSITION CONSTRAINT SYSTEMS 20

4.2 Translating PEAs into transition constraint
systems

Let M = (P,V,A, C, E , ∫ , I,P0) be a phase event automaton. The translation
in [HM05] makes sure that continuous transitions, which are implicit in
the timed automaton model, are translated into explicit discrete transitions.
Events are modeled by state change.

Two new variables are introduced (disc : bool, len : TIME); disc indicates
whether the next transition represents a discrete one and len records the
length of a time interval of a continuous transition.

Formally, the translation ofM into T (M) = (Loc, Var, Init, Trans) is given
by:

• Loc = P

• Var = V ∪ A ∪ C ∪ {len, disc}

• For all p ∈ P, Init(p) = false if p /∈ P0, otherwise:

Init(p) = ¬disc ∧
∧
c∈C c ≈ 0 ∧ ∫(p) ∧ I(p) ∧ len > 0

• For all p1, p2 ∈ P,

Trans(p1, p2) =


Inv(p2)′ ∧ (Cont ∨

∨
(p1,g,X,p2)∈E Disc(g,X) ) if p1 = p2

Inv(p2)′ ∧ (
∨

(p1,g,X,p2)∈E Disc(g,X) ) if p1 6= p2

where:

• Inv(p2) = ∫(p2) ∧I(p2) ∧len > 0

(Inv(p) expresses the state and clock invariants of a phase p)

• Cont = ¬disc ∧ disc′ ∧
∧
c∈C c

′ ≈ c+ len ∧
∧
x∈V∪A x

′ ≈ x
(Cont describes pre- and post-states in continuous transitions)

• Disc(g,X) = disc∧¬disc′∧ g[e 6≈ e′/e]e∈Events ∧
∧
c∈X c

′ ≈ 0 ∧
∧
c∈C\X c

′ ≈ c
(Disc(g,X) relates pre- and post-states of a discrete transition − X de-
scribes the set of clocks which are to be reset)
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[Hoe06] proved the semantical correctness of this translation.

The example below is a translation of the DC-automaton in Fig.3.4 into
a transition constraint system which also shows how clock invariants are
handled:

• InitDC = PC = 1 ∧ c1 = len ∧ current = goal ∧ ¬disc
∨ PC = 0 ∧ c1 = len ∧ current 6= goal ∧ ¬disc

• TransDC = PC = 1 ∧ c′1 = c1 ∧ current ′ = goal′ ∧ PC′ = 1
∧ disc ∧ ¬disc′

∨ PC = 1 ∧ c′1 = c1 + len ∧ current = current ′ ∧ goal = goal′

∧ PC′ = 1 ∧ disc′ ∧ ¬disc
∨ PC = 1 ∧ c′1 = c1 ∧ current ′ 6= goal′ ∧ PC′ = 0

∧ disc ∧ ¬disc′

∨ PC = 0 ∧ c′1 = c1 ∧ current ′ 6= goal′ ∧ PC′ = 0

∧ disc ∧ ¬disc′

∨ PC = 0 ∧ c′1 = c1 + len ∧ current = current ′ ∧ goal = goal′

∧ PC′ = 0 ∧ disc′ ∧ ¬disc
∨ PC = 0 ∧ c′1 = 0 ∧ current ′ = goal′ ∧ c′1 < 2 ∧ PC′ = 2

∧ disc ∧ ¬disc′

∨ PC = 2 ∧ ¬ stop ∧ c′1 = c1 ∧ current ′ = goal′

∧ c′1 < 2 ∧ PC′ = 2 ∧ disc ∧ ¬disc′

∨ PC = 2 ∧ c′1 = c1 + len ∧ current = current ′ ∧ goal = goal′

∧ PC′ = 2 ∧ disc′ ∧ ¬disc
∨ PC = 2 ∧ stop ∧ c′1 = c1 ∧ current ′ = goal′ ∧ PC′ = 1

∧ disc ∧ ¬disc′

∨ PC = 2 ∧ c′1 = c1 ∧ current ′ 6= goal′ ∧ PC′ = 0

∧ disc ∧ ¬disc′
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5.1 Overview

A method for constructing the transition constraint system of a network of
phase event automata is to construct the product of the automata and then
translate it into a transition constraint system as shown in Fig.1.1. Nev-
ertheless, the exponential growth of the product, is a problem for model
checking. To tackle this, we introduce an approach which leads to repre-
sentations with notably fewer transitions.

In more details, the transitions of the new representation do not include
complete transition-steps of a given PEA-network, but instead they repre-
sent what we call sub-steps (for example, a step done by a component of
the network is a sub-step). A sequence of sub-steps can (under conditions
which can be checked by the model checker) form a complete transition-step
of a given PEA-network. Hence, there is no need to construct the whole state
space of the PEA-network as done in previous works.

Note that, our approach is applicable for PEA-networks that correspond
to CSP-OZ-DC specifications (as defined in [Hoe06][HM05] - see chapter 3).
We also note that, for simplicity, we assume that events do not communicate
values.

Characteristics CSP OZ DC

Clocks No No Yes

Nr. of phases Not fixed 1 Not fixed

Invariants Always true Not fixed Not fixed

Stuttering transitions Yes (all phases) Yes Possible

Table 5.1: Analyzing the components of a network of phase event automata
of a CSP-OZ-DC specification

5.2 Analysis

When observing the behavior a network of phase event automata, we notice
that the components often perform stuttering steps. Also, we notice that
those of CSP-OZ-DC specifications (which are constructed with the method
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in chapter 3) have similar structures based on their types (CSP, ObjectZ, or
DC).

For example, each phase of a CSP specification (CSP-automaton) has a
stuttering transition, while clocks are only defined for DC-automata. Also,
an OZ-automaton has only one phase - see Table 5.1.

Now, let M be a phase event automaton of a CSP-automaton. We notice
that according to the structure of CSP-automata (see section 3.3.1):

1. If an event e is in the alphabet ofM, then e communicates only in tran-
sitions which prevent the communication of the remainder alphabets
and is not allowed to communicate, otherwise. Hence, CSP-automata
have to always agree on whether to allow the communication of one of
its defined events or not.

2. If e is not in the alphabet of M, then e is enabled in all transitions of
M.

As we will see later, these facts play an important role in our approach
for constructing the transition constraint system.

In the following, we present our approach. First, we illustrate how we ex-
plore the automata of a given network N to extract some required informa-
tion, then we discuss the construction method of the transition constraint
system of N .

5.3 Generating Event-locks

5.3.1 Motivation

We denote a phase of an automatonM of a PEA-network N as:

• A non-locked phase of e, if e is enabled in at least one of its outgoing
transitions,

• otherwise, we denote it as a locked phase of e.

We associate predicates (event-locks) with transitions of automata of N
which correspond to events and that play a role in indicating whether for an
event e the current active phases of N are:

• Non-locked phases (this would mean that e may be able to communi-
cate in the next network step) or
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• if there exists at least one locked phase which would mean e cannot
communicate in the next network step.

For instance, if the system enters a new state and if we already know
which set of active phases S of the components are locked phases of e, then
if S = ∅, we know that the next step of N may involve e, otherwise we know
that e is not admissible in its next step (which means that at least one of the
active phases of the current state is a locked phase of e); based on this, we
will construct predicates which will be added to the transitions of the tran-
sition constraint system. These predicates either change the values of these
variables or serve as preconditions for chosen event-enabling transitions.
The advantage of this is discussed in later sections.

In the following, we present the method which obtains (if needed) a set of
event-locks for transitions of each automaton of N .

5.3.2 Method

In general, for each automatonM of a network N , we associate1 event-locks
with their transitions as such:

Let Mi = (Pi,Vi,Ai, Ci, Ei, ∫i, Ii,P0,i) be an automaton of N , 1 < i < n,
where n is the number of the automata in N . For each e ∈ Ei which is
shared between two or more CSP-OZ-DC classes:

1. Identify the locked phases,

2. Introduce a new variable e_lock (the prefix e is the name of the event);
we denote such variables as lock-variables,

3. Add the following predicates to eachMi of N :

• For each locked phase w.r.t. e, associate the predicate

(i) e_lock′ = e_lock − 1

with all outgoing transitions with a non-locked destination phase.

• For each non-locked phase w.r.t. e, associate the predicate

(ii) e_lock′ = e_lock + 1

1Note that, event-locks are not added to transition-guards of the automata but are generated
and added later to the translated transitions of the transition constraint system. This does not
violate the behavior of the network since the component transitions are only taken sequentially
in the transition constraint system as we will define it later.
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with all outgoing transitions with a locked destination phase;

• initially, e_lock is set to a value v, where v is the number of the
active initial locked phases (in other words, v is possibly set to
different values depending on the different combinations which
correspond to the possible initial states of the system). This is to
be defined in the Init part of the transition constraint system of
a network (as we will see later).

Obviously, e_lock cannot have a negative value. Furthermore, the con-
dition e_lock = 0 is true whenever the system is active in only non-locked
phases of its components. By construction, the initial value of e_lock is de-
termined by the number of the active locked initial phases of a network. The
algorithm for solving this problem ensures that e_lock > 0, if there is at least
one active locked phase. The pseudo-code is shown in Fig.5.3.

The new generated predicates are used later to block transitions of CSP-
automata when we know in advance that they shouldn’t be taken. This
idea and advantage of this will be clear after we discuss how the transition
constraint system is to be constructed.

5.3.3 Example

Consider the example in Fig.5.1 which shows two automata of a given PEA-
network N . Suppose that the only defined event for both automata is a.
The locked phases of PEA1 are the phases 1 and 2, while PEA2 has one
locked phase for a which is phase 0. Initially, the variable a_lock is set to the
value 1, since the only possible initial state of N is phase 0 in PEA1 and also
phase 0 in PEA2 and only one of those is a locked phase for a. The predicates
a_lock′ = a_lock + 1 and a_lock′ = a_lock − 1 are associated appropriately with
transitions of both automata as required and defined.

5.4 Transition Constraint Systems for PEA Net-
works

5.4.1 Overview and Definition

Let us first define some terms:

• A complete step refers to:
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Figure 5.2: Example: Phase event automata and event-locks
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addLocks(pea) :

for all e ∈ pea.CSP_shared_events do
locked_phases← identifyLockedPhases(e, pea.phases);
for all p ∈ pea.phases do

for all t ∈ p.OutgoingTransitions do
if t.source ∈ locked_phases and t.destination /∈ locked_phases then
t.locks.add(e_lock′ = e_lock − 1);

end if
if t.source /∈ locked_phases and t.destination ∈ locked_phases then
t.locks.add(e_lock′ = e_lock + 1);

end if
end for

end for
end for

identifyLockedPhases(event, pea) :

locked_phases← ∅;
for all p ∈ pea.phases do

for all t ∈ p.OutgoingTransitions do
if t.isNotEnabled(event) and !(non_locked_phases.contains(p))
and !(locked_phases.contains(p)) then
locked_phases.add(p);

end if
if t.isEnabled(event) then

if locked_phases.contains(p) then
locked_phases.remove(p);

end if
non_locked_phases.add(p);

end if
end for
if pea.nr_of_outgoing_transitions = 0 then
locked_phases.add(p);

end if
end for
return locked_phases;

Figure 5.3: Procedures for identifying locked phases and adding locks
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OZ substep(s)DC substep(s)

TICK-NEGOTIATE

substep(s)

REFRESH substep

COMMIT substep

TF substep

new

step

CommitVar substep

Figure 5.4: The order of sub-steps which is controlled by the variable substep;
every round which starts in TICK-NEGOTIATE is a complete step

– A continuous transition Tc of a network N , and

– individual transition-steps of components in a defined order which
form together what represents a discrete transition Td which fol-
lows Tc in N .

We require that, the conjunction of the individual transition-step-constraints
is satisfiable.

• sub-step: A sub-step is a part of a complete step of N ; for example,
transition-steps of an automaton of N correspond to a sub-step.

With the new translation method, the transitions of the transition con-
straint system correspond to sub-steps. We define a new variable substep

which plays a role in defining a complete step of a given PEA-network.

The new translation method of a network N constructs a transition con-
straint system. Its transitions can be categorized as follows:

• TICK-NEGOTIATE: A set of transitions represents the negotiation be-
tween the DC-automata w.r.t the time aspect.

• A COMMIT transition used to update clock variables.

• A REFRESH transition which resets the event variables.
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• A set of transitions for each defined transition of each automaton of the
given network. They are constructed under rules which differ for each
type of automata (CSP, OZ, DC, or TF).

• A CommitVar transition used to update state variables.

Fig. 5.4 shows the required order of sub-steps. Every round starting in
TICK-NEGOTIATE is a complete step.

Now, let N be a network of n phase event automataMi = (Pi,Vi,Ai, Ci, Ei,
∫i, Ii,P0,i), 1 ≤ i ≤ n). Formally, the translation of N into a transition con-
straint system T (N ) = (Loc, Var, Init, Trans) is defined as follows:

• Loc is a set of locations, such that, each sub-step (or substep value)
has a location, where the number of locations is in O(n), and n is the
number of automata of N ,

• Var = V ∪ A ∪ C ∪ {len, substep} ∪ Locks ∪ LocV ars ∪NextV , where:

– V = V1 ∪ ... ∪ Vn, A = A1 ∪ ... ∪An, C = C1 ∪ ... ∪ Cn. Note that, events
are defined as boolean variables.

– Locks is the set of lock-variables (which we introduced in the pre-
vious section).

– LocV ars is the set of location variables (pc1, ..., pcn) whose values
identify the active locations of automata of N .

– NextV is a set of variables as in V with the difference that the
variables are prefixed by next_. These variables are used to carry
the values of corresponding variables in V during the sub-steps
of OZ, such that, a variables x ∈ V is updated by the value of
next_x ∈ NextV during the CommitVar sub-step.

In the following, some abbreviations are defined:

– only_change(S) : refers to not allowing the change of variables x /∈ S,
where S ⊆ Var\Q, where Q = {substep} ∪ Locks ∪ LocV ars; formally:

only_change(S) .=
∧
x∈V ar\Q,x/∈S x

′ = x,

– isZero(v1, ..., vn) .=
∧

1<i<n vi = 0.

– lock({e1, ..., en} , {a1, ..., am})
.=

e1_lock′ = e1_lock + 1 ∧ ... ∧ en_lock′ = en_lock + 1
∧ a1_lock′ = a1_lock − 1 ∧ ... ∧ am_lock′ = am_lock − 1

defines lock-variable predicates of two given sets of events.
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– lock_tcs({e1, ..., en} , {a1, ..., am})
.=

lock({e1, ..., en} , {a1, ..., am})
∧
∧
g∈Locks\{e1_lock,...,en_lock,a1_lock,...,am_lock} g

′ = g

defines lock-variable predicates of two given sets of events and
prevents other lock-variables from changing their value.

– at(p,X) .= pck = u, where k is a number which identifies the au-
tomaton X of phase p, and u is a number which identifies p,

– at_P (p,X) .= pc′k = u
∧
i 6=k,1≤i≤n pc

′
i = pci, where k is a number which

identifies the automaton X of phase p, u is a number which iden-
tifies p, and n is the number of automata of a network N .

– maintain_locations .=
∧

1≤i≤n pc
′
i = pci, where n is the number of

automata of a network N .

• For all p1 ∈ P1, ..., pn ∈ Pn,

– Init(p1, ..., pn) = false if p1 /∈ P0,1, ..., pn /∈ P0,n, respectively:

– Init(p1, ..., pn) .= substep = 1 ∧
∧
c∈C c = 0 ∧ ∫(p1) ∧ ... ∧ ∫(pn)

∧ I(p1) ∧ ... ∧ I(pn) ∧ LocksConditions ∧ set(NextV,V)∧
InitialConditions(p1, ..., pn) ∧ len > 0 ∧ substep′ = 1, otherwise,

where:

– set(NextV,V) is a conjunction of predicates which requires that any
variable next_x in NextV have the same value as its corresponding
variable x in V.

– LockConditions is a conjunction of preconditions on lock-variables
z ∈ Locks.

– InitialConditions(p1, ..., pn) is a conjunction of initial conditions of
p1, ..., pn including those of the location variables.

Illustrations about the Init part are provided in section 5.4.3.

• Trans = TickNegotiateTrans ∪ CommitTrans ∪ RefreshTrans ∪ CSPTrans
∪ OZTrans ∪ DCTrans ∪ TFTrans ∪ CommitV arTrans is the set of
transitions whose subsets have a specific structure, such that, each
element of Trans assigns a (transition) constraint to every pair of lo-
cations (sub-steps). Note that, for simplicity, we represent Trans here
as a set of transitions. According to the definition of a transition con-
straint system, Trans is a disjunction of the elements of this set.

Before we explain how the subsets of Trans are constructed, we present
an example which is used for illustration.
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5.4.2 Example

Let the automata in Fig.5.5, Fig.5.7, Fig.5.8, and Fig.5.9 be the defined com-
ponents of a network N . Fig.5.6 shows the CSP-automata and the computed
event-locks which correspond to shared events between CSP_X and CSP_Y;
all other automata have no locked phases for any of the considered events
and thus, they contain no event-locks.

Those correspond to two CSP-OZ-DC classes and a test formula TF:

• First class : CSP_X, OZ_X, and DC_X

• Second class : CSP_Y, OZ_Y, and DC_Y

Table5.2 shows the different components of the automata of network N .
The two CSP-OZ-DC classes share the events a and b. For each of these
events we introduce the lock-variables a_lock and b_lock. The two classes
also have the variable x is in common. Phase Error of TF is an example of
a phase which represents an error phase whose reachability is tested by an
abstraction refinement model checker.

Automata Phases Initial Phases Events Variables Clocks

CSP_X main_1, p_1, p_2 main_1 a, b, c − −

OZ_X mainOZ_X mainOZ_X a, b, c x −

CSP_Y main_2, q_1, q_2 main_2 a, b, d, e − −

OZ_Y mainOZ_Y mainOZ_Y a, b, d, e x, y −

DC_X P1, P2 P1 a x t2

DC_Y P1, P2, P3 P1, P2 d, e x t1

TF P1, P2, Error P1 a x t3

Table 5.2: The components of the automata of network N

For T (N ) we define:

• Loc = {l1, ..., ls} is a set of locations, where, s is the number of sub-steps;
the value of s is obtained later in the example.
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main_1
true

   p_1
true

   p_2
true

onlyX(a) onlyX(b)

onlyX(b)

onlyX(c)

Stutter_CSP_X Stutter_CSP_X Stutter_CSP_X

   CSP_X

Stutter_CSP_X = ¬a ∧ ¬b ∧ ¬c
onlyX(a) = a ∧ ¬b ∧ ¬c
onlyX(b) = b ∧ ¬a ∧ ¬c
onlyX(c) = c ∧ ¬b ∧ ¬a

  q_1
true

 main_2
true

   q_2
true

onlyY(a)

onlyY(b)

Stutter_CSP_Y Stutter_CSP_Y Stutter_CSP_Y

   CSP_Y

onlyY(d)

onlyY(d)

onlyY(e)

Stutter_CSP_Y = ¬a ∧ ¬b ∧ ¬e ∧ ¬d
onlyY (a) = a ∧ ¬b ∧ ¬e ∧ ¬d
onlyY (b) = b ∧ ¬a ∧ ¬e ∧ ¬d
onlyY (e) = e ∧ ¬b ∧ ¬a ∧ ¬d
onlyY (d) = d ∧ ¬b ∧ ¬e ∧ ¬a

Figure 5.5: CSP automata of the network N
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main_1
true

   p_1
true

   p_2
true

       onlyX(a) onlyX(b)

onlyX(b)

               onlyX(c)

Stutter_CSP_X Stutter_CSP_X Stutter_CSP_X

   CSP_X

lock({a,b},{})

lock({b},{})lock({a},{})

lock({},{a,b})

  q_1
true

 main_2
true

   q_2
true

onlyY(a)

onlyY(b)

Stutter_CSP_Y Stutter_CSP_Y Stutter_CSP_Y

   CSP_Y

onlyY(d)

onlyY(d)

onlyY(e)

lock({},{a,b}) lock({a,b},{})

lock({a,b},{}) lock({},{a,b})

Figure 5.6: Lock-events for the CSP automata of the network N
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onlyX(a) and x<5 and x’= x+1

onlyX(b) and x’= x

Stutter_OZ_X

   OZ_X

onlyX(c) and x’= x-1

     x = 0 true

Stutter_OZ_X = ¬a ∧ ¬b ∧ ¬c ∧ x′ = x
onlyX(a) = a ∧ ¬b ∧ ¬c
onlyX(b) = b ∧ ¬a ∧ ¬c
onlyX(c) = c ∧ ¬b ∧ ¬a

onlyY(a) and x’= x+2 and y’= y

onlyY(b) and y’= y +2 and x’= x

Stutter_OZ_Y

   OZ_Y

onlyY(d) and x’= x and y’= y

     y = 1

onlyY(e) and y’= 0 and x’= x

y < 5

Stutter_OZ_Y = ¬a ∧ ¬b ∧ ¬e ∧ ¬d ∧ y′ = y
onlyY (a) = a ∧ ¬b ∧ ¬e ∧ ¬d
onlyY (b) = b ∧ ¬a ∧ ¬e ∧ ¬d
onlyY (e) = e ∧ ¬b ∧ ¬a ∧ ¬d
onlyY (d) = d ∧ ¬b ∧ ¬e ∧ ¬a

Figure 5.7: OZ automata of the network N
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   DC_X
   P1    P2

true

reset(t2)

 x = 1
t2 < 5 

a

not(b)

   DC_Y
   P1    P2

   P3

x = 0

t1 < 5

reset(t1)

d e

true

Figure 5.8: DC automata of the network N

   TF
   P1    P2

true

reset(t3)

 x = 1
t3 < 5 

a

not(b)

 Error

b, lock(a,b,c,d,e)

Figure 5.9: TF automaton
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• The subsets of Var are:

– {len, substep},
– V = {x, y},
– A = {a, b, c, d, e},
– C = {t1, t2, t3},
– NextV = {next_x, next_y},
– Locks = {a_lock, b_lock},
– LocV ars = {pc1, pc2, pc3, pc4, pc5, pc6, pc7 }.

In the following, the definition and illustration of the Init part and the
different parts of Trans is presented:

5.4.3 The Init Part

Initially, the value of substep is set to 1 which enables the first sub-step
of Tick-negotiate. Different initial conditions w.r.t. the possible combi-
nations of initial phases of the components exist. Also, the values of lock-
variables of each event e is determined by the number of locked initial phases
for e depending on the corresponding combination of initial phases.

In the running example, DC_Y has two initial phases while other com-
ponents have only one initial phase, thus, the network has two initial con-
ditions. Initially, non of the CSP-shared events (a and b) are blocked in
any possible initial combination. Therefore, a_lock, b_lock must have the ini-
tial value 0. Note that, the requirement that the clocks have the value 0
in the Init sub-steps cannot violate clock invariants of initial phases since
clock invariants are convex in all phases of a phase event automaton (see
the definition of phase event automata in chapter 3). The following initial
conditions correspond to Init:

• Initial condition 1:

substep = 1 ∧ isZero(a, b, c, d, e, t1, t2, t3, a_lock, b_lock)
∧ at(main_1, CSP_X) ∧ at(main_2, CSP_Y ) ∧ at(P1, DC_X)

∧ at(P1, DC_Y )∧ at(P1, TF )∧ x = 0∧ y = 1∧ next_x = x ∧ next_y = y ∧ len > 0

• Initial condition 2:

substep = 1 ∧ isZero(a, b, c, d, e, t1, t2, t3, a_lock, b_lock)
∧ at(main_1, CSP_X) ∧ at(main_2, CSP_Y ) ∧ at(P1, DC_X)

∧ at(P2, DC_Y ) ∧ at(P1, TF ) ∧ x = 0 ∧ y = 1∧ next_x = x ∧ next_y = y ∧ len > 0
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5.4.4 Tick-negotiate Sub-steps

Transition constraint systems represent continuous transitions, which are
implicit in the automaton model, as explicit discrete transitions. This needs
to be represented in T (N ). So, each DC-automaton (or each automaton with
defined clocks) must perform a sub-step depending on its current location.
The automata must agree (if possible) on values of their clocks which do not
violate the current clock invariants. TickNegotiateTrans is defined as follows
(substep has the value 1 in the first sub-step):

TickNegotiateTrans
.= {

substep = 1 ∧ pred(1, 1) ∧ substep′ = 2, ..., substep = 1 ∧ pred(1, d1) ∧ substep′ = 2,

..
.

sub-steps of phases of DC-automata i, 2 ≤ i ≤ n0 − 1

..
.

substep = n0 ∧ pred(n0, 1) ∧ substep′ = n0 + 1, ..., substep = n0 ∧ pred(n0, dn0) ∧
substep′ = n0 + 1 }.

where pred(u0, v0) is a conjunction of predicates of corresponding to a
phase v0 of an automaton which corresponds to sub-step u0; n0 is the num-
ber of DC-automata and di the number of phases of the i-th DC-automaton.
pred(u0, v0) is defined as:

pred(u0, v0) .= len′ ≤ len ∧ len′ > 0 ∧ only_change({len})
∧ maintain_locations ∧ locks_tcs({} , {}) ∧ clockInv(v1)

where:

• clockInv(v1) is a predicate which refers to the clock invariant which
must be satisfied; if the clock invariant has the form clock(v1) < h, then
clockInvPredicate(v1) = clock(v1) + len′ < h, where clock(v1) is the clock
of the clock invariant and h is a given positive value of the invariant.

With len′ ≤ len, len′ > 0, and clockInv(v1) each sub-step can find a value
which does not violate the clock invariant of the corresponding phase which
corresponds to its phase. This works since clock invariants are required to
be convex.

Table5.3 shows the Tick-negotiation sub-step of the running example.
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Tick_negotiate
(1.1) substep = 1 ∧ at(P1, DC_X) ∧ locks_tcs({} , {}) ∧ only_change({len})

∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 2

(1.2) substep = 1 ∧ at(P2, DC_X) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧t2 + len′ < 5 ∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 2

(2.1) substep = 2 ∧ at(P1, DC_Y ) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 3

(2.2) substep = 2 ∧ at(P2, DC_Y ) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 3

(2.3) substep = 2 ∧ at(P3, DC_Y ) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧t1 + len′ < 5 ∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 3

(3.1) substep = 3 ∧ at(P1, TF ) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 4

(3.2) substep = 3 ∧ at(P2, TF ) ∧ only_change({len}) ∧maintain_locations

∧locks_tcs({} , {})∧ len′ ≤ len ∧ len′ > 0 ∧ t3 + len′ < 5 ∧ substep′ = 4

(3.3) substep = 3 ∧ at(P3, TF ) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 4

Table 5.3: The Tick-negotiate part of the transition constraint system of
N

5.4.5 The COMMIT Sub-step

The COMMIT sub-step comes after the Tick-negotiate sub-step(s).

The value n0 of substep enables the COMMIT sub-step, where n0 is the value
set to substep after taking the last sub-step of Tick-negotiate. In this single
sub-step, the clock variables are updated by values which were obtained in
the Tick-negotiate part.

CommitTrans
.= {substep = n0 + 1∧

∧
t∈C t

′ = t+ len ∧ only_change(C)
∧maintain_locations ∧ locks_tcs({} , {}) ∧ substep′ = n0 + 2},

Table5.4 shows the COMMIT sub-step of the running example.
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COMMIT
(4) substep = 4 ∧ t′1 = t1 + len ∧ t′2 = t2 + len ∧ t′3 = t3 + len

∧ only_change(C) ∧maintain_locations
∧locks_tcs({} , {}) ∧ substep′ = 5

Table 5.4: The COMMIT part of the transition constraint system of N

5.4.6 The Refresh Sub-step

The Refresh sub-step is a single sub-step which resets event variables to
the value 0 − the reason for this will be clear in the next section. All other
variables must remain unchanged in this sub-step. Table5.5 shows the
Refresh sub-step of the running example.

Refresh
(5) substep = 5 ∧

∧
e∈A e

′ = 0 ∧ only_change(A) ∧maintain_locations
∧ locks_tcs({} , {}) ∧ substep′ = 6

Table 5.5: The Refresh part of the transition constraint system of N

Formally, RefreshTrans ⊂ Trans is given by:

RefreshTrans
.=
{
substep = n0 + 2 ∧

∧
e∈A e

′ = 0
∧only_change(A) ∧maintain_locations ∧ locks_tcs({} , {}) ∧ substep′ = n0 + 3 }.

5.4.7 CSP Sub-steps with Lock-variable Preconditions

After the REFRESH sub-step, the CSP-automata are the first automata of the
network to perform a corresponding sub-step in the transition constraint
system. As we know, whenever there is an event-communication by an event
e between the components of a PEA-network, at least one CSP-automaton
must take part with an e-communicating transition. Thus, CSP-automata
sub-steps are chosen to (appropriately) enable event-variable preconditions
in sub-steps which may follow the CSP’s sub-step. This is one good rea-
son why we distinguished automata by their types; since, for example, DC-
automata may or may not take part in an event-communication. So, they
can’t be handled like CSP-automata; they get their event-communicating
sub-steps enabled with the help of a previously taken CSP-sub-step. Also
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the OZ-automata’s sub-steps are handled the same as for DC-automata re-
garding event-variable preconditions.

In details, the CSP-automata of a given PEA-network are individually
translated into a set of transitions. The automata are initially picked in
a random order; consequently, translation rules are defined depending on
this order − they differ on how events occurrences are represented, such
that, the previously seen events enable corresponding event-variable pre-
conditions in sub-steps which come next in order in the same complete
step.

CSP-automata, as defined in [Hoe06][HM05], have two forms of transi-
tions:

• A stuttering transition which prevents the communication of all the
defined events of the corresponding automaton.

• A transition which only allows the communication of one defined event
e to occur (we denoted them as only(e)-guarded-transitions).

Guards of stuttering transitions of CSP-automata have the form:

∧
e∈Ai

¬e,

where Ai is the set of events of the i−th automaton. In the transition
constraint system, the events of a CSP-stuttering transition are described
as such:

∧
e∈Ai

e = 0

On the other hand, only(e)-guarded-transitions are represented as such:

1. If the current CSP-automaton Ai is the first one which has e in its
alphabet (we denote it as its main CSP-automaton), then:

only(e) = e ∧
∧
d∈Ai,d6=e ¬d,

is translated into:

e_lock = 0 ∧ e′ = 1 ∧
∧
d∈Ai,d6=e d = 0

2. If e was detected in a previously translated CSP-automaton, then only(e)
is translated into:
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e = 1 ∧
∧
d∈Ai,d 6=e d = 0

Rule (1) requires that the enabled event e is represented by the postcon-
dition e′ = 1 which enabled the e = 1 precondition in all translated only(e)
transitions of subsequent CSP-automata (following rule (2)).

Rule (1) also requires to have a precondition for e’s lock-variable which
make the transition false if e_lock 6= 0, which means that event e is blocked
in the current complete step; this is known from the value of lock-variables
of the previous complete step. This explains why event-locks were computed
in previous sections. Without the lock-variable precondition, the model-
checker might continue constructing complete steps which are false with-
out noticing this at the CSP-automata level.

Fig.5.10 shows what might happen if there were no lock-preconditions;
on the other hand, Fig.5.11 shows what happens after adding lock-variables
preconditions.

Lock-variables may have their values changed in a CSP sub-step. Also
location variables change their value based on the goal phases of transitions.
Other state variables may not change their value during a CSP sub-step.

Furthermore, each CSP-automaton is assigned a unique sub-step value
which enables the corresponding set of transitions. Again, each set of transi-
tions which correspond to a CSP-automaton has a precondition (substep = k)
and a postcondition (substep′ = k + 1), where k must have (at the beginning)
the value which is reached right after the REFRESH sub-step. k + 1 enables
the next component which might be another CSP-automaton or (when all
CSP-automata are translated) an OZ-automataton (next section).

Suppose there are n CSP-automata in a given network, then CSPTrans is
defined as follows (k = n0 +3 is the sub-step value reached after the Refresh
sub-step):

CSPTrans
.= {

substep = k ∧ pred(1, 1)∧ substep′ = k+ 1, ..., substep = k ∧ pred(1,mk)∧ substep′ =
k + 1,

..
.

CSP sub-steps of automata i, k + 2 ≤ i ≤ k + (n− 1)

..
.

substep = k+n∧pred(n, 1)∧substep′ = k+n+1, ..., substep = k+n∧pred(n,mk+n)∧
substep′ = k + n+ 1 }.
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intermediate 
substeps

CSP substep

which enables e

e’ = 1 e = 0

Deadlock occurs here 

(e is blocked) Different combinations

of substeps may lead

to the Deadlock substep

Figure 5.10: Without adding lock-variable preconditions

intermediate 
substeps

CSP substep blocks here

e_lock value is precomputed

(e_lock > 0)

e_lock = 0,

e’ = 1 e = 0

This substep is

 not reachedThese substeps are

 not taken

Figure 5.11: After adding lock-variable preconditions
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where pred(u, v) is a conjunction of predicates of a transition v of an au-
tomaton which correspond to sub-step u. It is defined as:

pred(u, v) .= predicate(E, v) ∧ only_change(Q)
∧ lock_tcs(L,N) ∧ locationPredicates(u, v)

where:

• L and N are sets which corresponds to the precomputed lock-predicates
of v.

• E is a set of enabled/disabled events e of transition v and predicate(E, v)
is a conjunction of predicate(e)’s for each e ∈ E, such that:

predicate(e) =


e′ = 1 if an event e communicates in its main CSP
e = 1 if an event e communicates not in its main CSP
e = 0 if an event e is disabled

,

• Q is an empty set if the guard of v does not communicate an event.
Otherwise, if v communicates an event e in its main CSP, then Q = {e}.

• locationPredicates(u, v) = at(p,X) ∧ at_P (q,X) defines the pre- and post-
conditions of the locations according to the transition of the corre-
sponding automaton, such that, X is the automaton of sub-step u,
p is the source phase of v, and q is v’s target phase.

As an example, Table5.6 shows the translations of the CSP-automata in
Fig.5.6.

5.4.8 OZ Sub-steps

Right after the sub-steps of CSP-automata, the next sub-steps are assigned
to OZ-automata. OZ-automata can manipulate state variables. Also, vari-
able constraints are defined for their automata-transitions. When construct-
ing the OZ sub-steps, two important issues are noticed:

1. When an OZ-automaton changes a variable in a sub-step-transition,
then a sub-step-transition of another automaton (which belongs to a
sub-step that follows it) may be blocked, if a corresponding constraint
is violated due to changing a variable by the previous OZ sub-step; this
should’nt happen. So, we have to make sure that these variables don’t
change before the CommitVar sub-step (which is the final sub-step of
a complete step of a given PEA-network).
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2. When two or more OZ-automata change the same state variable, then a
possible conflict may not be detected, since sub-steps are constructed
individually. For example, suppose that an OZ-automaton OZ1 has a
transition with the guard x > 0 ∧ x′ = 1 and that another automaton
OZ2 has a transition with the guard x > 1 ∧ x′ = 2, then if x > 1 is true
and the two transitions are taken, then x will have the value 2, or the
value 1 depending on the order of sub-steps; this must not happen.

Case (1) may take place between an OZ-automaton, on one hand, and
OZ- or DC-automata on the other hand.

This is solved by introducing a variable next_x for every variable x ∈ V.
Instead of changing a variable x in OZ sub-steps, we prevent changing x with
the predicate x′ = x and allow changing the next_x variable which updates
the value of x only during the CommitVar sub-step. As a result, constraints
are not affected anymore since variables may only change their value at the
end of each complete step.

Case (2) may occur between two or more OZ-automata. The problem
is solved by adding the constraint next_x′ = next_x to all sub-steps of OZ-
automata which are translated after those which belong to the OZ-automaton
which has (potentially) modified x first. For the above stated example, the
result we get is:

• x > 0 ∧ x′ = x ∧ next_x′ = 1 is a part of the sub-step of the first picked
OZ-automaton with a variable x.

• x > 1 ∧ x′ = x ∧ next_x′ = 2 ∧ next_x′ = next_x is a part of the sub-step
which belongs to a different OZ-automaton with a variable x.

• x′ = next_x is a part of the CommitVar sub-step.

As an example for this problem consider the automata transitions which
change the variable x in OZ_X and OZ_Y and their TCS-transitions (8.2)

and (9.2) in Fig.5.7, respectively.

Notice that OZ-automata cannot have lock-variable predicates since they
only have one phase each (see the sections about lock-variables). Also, since
an OZ-automaton only has one phase, the sub-steps don’t have to include
location variables.

OZTrans is similarly defined as CSPTrans with the difference that value
of its first substep starts at a value which is set by the last sub-step taken by
CSP-automata. Also, pred(u, v) has a different definition:

predoz(u, v) .= predicateOZ(E, v) ∧ V arPredicates ∧ only_change(L) ∧
lock_tcs({} , {}) ∧ maintain_locations



5.4. TRANSITION CONSTRAINT SYSTEMS FOR PEA NETWORKS 46

where E is a set of enabled/disabled events e in of transition v and
predicateOZ(E, v) is a conjunction of predicateOZ(e)’s for each e ∈ E, such
that:

predicateOZ(e) =
{
e = 1 if an event e communicates
e = 0 if an event e is disabled

,

• V arPredicates defines the pre- and postconditions of the variables z ∈
V ∪NextV according to the transition of the corresponding automaton.
Those original predicates are modified appropriately as defined above.

• L ⊂ NextV contains variables which correspond to variables z ∈ V
which change their values when taking the tranistion v.

Furthermore, since OZ-automata have only one phase which can have
state invariants, a sub-step follows the substeps of all the OZ-automata
which checks the invariants which have to hold in every network step. Since
the value of state variables is not updated until the final sub-step of a com-
plete step, the value of the corresponding variables in are checked instead.

Table5.7 shows the translations of the OZ-automata in Fig.5.7.

5.4.9 DC Sub-steps

After the OZ sub-steps are taken, the DC-automata can perform their sub-
steps (here we exclude the TF-automaton). Similar to CSP and OZ’s con-
struction, the sub-steps are constructed for DC-automata. Phases of DC-
automata can have different clock/state invariants. So, DCTrans is defined
as for OZTrans; the difference again appears in pred(u, v):

preddc(u, v) .= predicateDC(E, v) ∧ only_change(X)
∧ lock_tcs(L,N) ∧ locationPredicates(u, v) ∧ locationInvariants(sink(v))

∧ V arPreconditions

where E is a set of enabled/disabled events e in of transition v and
predicateDC(E, v) is a conjunction of predicateDC(e)’s for each e ∈ E, such
that:

predicateDC(e) =
{
e = 1 if an event e communicates
e = 0 if an event e is disabled

,

• X ⊂ C includes clocks of clock resets of v and those of the clock in-
variants of sink(v), where sink(v) denotes the location which is reached
after taking transition v,
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• locationPredictes(u, v) defines the pre- and postconditions of the loca-
tions according to the transition of the corresponding automaton.

• locationInvariants(sink(v)) are the primed predicates (∫(sink(v))′ and
I(sink(v))′) of the state/clock invariants which correspond to ∫(sink(v))
and I(sink(v)) of the current automaton. However, if variables of state
invariants are non-local, then we require that locationInvariants(sink(v))
includes next(∫(sink(v))) instead of ∫(sink(v))′), where the function next

replaces each occurrence of a shared variable x ∈ V by next_x ∈ NextV .
This is because the value of variables x ∈ V can only be changed dur-
ing the OZ sub-steps and thus the state invariants of the next phase
of a DC-automaton hold if they hold for the next value of the variables
which is assigned to their corresponding variables in NextV (knowing
that the variables of OZ sub-steps were not allowed to change until the
next CommitVar sub-step).

• V arPreconditions are preconditions on variables z ∈ V according to the
transition of the corresponding automaton.

Table5.8 shows the translations of the DC-automata in Fig.5.8.

5.4.10 TF sub-step

After the DC sub-steps, which means also after that all sub-steps of other
automata of the defined PEA-network have been taken, the TF automaton
performs its sub-step. TFTrans is defined as DCTrans (the value of substep
is chosen appropriately).

There is a reason why TF sub-steps are taken only after all other au-
tomata have performed their sub-steps. Fig6.3 shows what happens if the
TF sub-step was taken in the same complete step before other sub-steps
which correspond to other automata in the given network. Thus, the TF
sub-step must be the last sub-step to be taken. This insures that the com-
plete step exists and is admissible in the network, if the error phase of TF is
reached. Otherwise, the error phase might be reached even if the potential
complete step is an existing deadlock of the system.

Table5.9 shows the translations of the DC-automata in Fig.5.9.

5.4.11 CommitVar Sub-step

At this level, variables x which correspond to variables next_x ∈ NextV are
updated by the values of next_x: (x′ = next_x). Also, the variable len can
change its value at this level. The next sub-steps are that of Tick-negotiate.
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previous 

substeps

next 

substeps
Deadlock

TF substep

Error phase reached other automata

substeps

complete step

is a false transition

Figure 5.12: TF sub-step − Error phase reachability

CommitV arTrans
.= {substep = ndc ∧ UpdateV ars ∧ only_change(V)

∧maintain_locations ∧ locks_tcs({} , {}) ∧ substep′ = 1},

where ndc is the sub-step value reached after the DC sub-steps and
UpdateV ars refers to updating the variables of V by the values of corre-
sponding variables in NextV . Table5.9 shows the CommitVar sub-step of
the running example.
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CSP_X
(6.1) substep = 6 ∧ at(main_1, CSP_X) ∧ a_lock = 0 ∧ a′ = 1 ∧ b = 0 ∧ c = 0

∧ atP (p_1, CSP_X) ∧ lock_tcs({a} , {}) ∧ only_change({a}) ∧ substep′ = 7

(6.2) substep = 6 ∧ at(main_1, CSP_X) ∧ b_lock = 0 ∧ b′ = 1 ∧ a = 0 ∧ c = 0

∧ atP (p_2, CSP_X) ∧ lock_tcs({a, b} , {}) ∧ only_change({b}) ∧ substep′ = 7

(6.3) substep = 6 ∧ at(main_1, CSP_X) ∧ a = 0 ∧ b = 0 ∧ c = 0

∧ at_P (main_1, CSP_X) ∧ only_change({}) ∧ lock_tcs({} , {}) ∧ substep′ = 7

(6.4) substep = 6 ∧ at(p_1, CSP_X) ∧ b_lock = 0 ∧ b′ = 1 ∧ a = 0 ∧ c = 0

∧ at_P (p_2, CSP_X) ∧ lock_tcs({b} , {}) ∧ only_change({b}) ∧ substep′ = 7

(6.5) substep = 6 ∧ at(p_1, CSP_X) ∧ a = 0 ∧ b = 0 ∧ c = 0

∧ at_P (p_1, CSP_X) ∧ lock_tcs({} , {}) ∧ only_change({}) ∧ substep′ = 7

(6.6) substep = 6 ∧ at(p_2, CSP_X) ∧ c_lock = 0 ∧ c′ = 1 ∧ a = 0 ∧ b = 0

∧ at_P (main_1, CSP_X) ∧ lock_tcs({} , {a, b}) ∧ only_change({c}) ∧ substep′ = 7

(6.7) substep = 6 ∧ at(p_2, CSP_X) ∧ a = 0 ∧ b = 0 ∧ c = 0

∧ at_P (p_2, CSP_X) ∧ lock_tcs({} , {}) ∧ only_change({}) ∧ substep′ = 7

CSP_Y
(7.1) substep = 7 ∧ at(main_2, CSP_Y ) ∧ a = 1 ∧ b = 0 ∧ d = 0 ∧ e = 0

∧at_P (q_1, CSP_Y ) ∧ lock_tcs({a, b} , {}) ∧ only_change({}) ∧ substep′ = 8

(7.2) substep = 7 ∧ at(main_2, CSP_Y ) ∧ a = 0 ∧ b = 1 ∧ d = 0 ∧ e = 0

∧at_P (q_2, CSP_Y ) ∧ lock_tcs({a, b} , {}) ∧ only_change({}) ∧ substep′ = 8

(7.3) substep = 7 ∧ at(main_2, CSP_Y ) ∧ a = 0 ∧ b = 0 ∧ d = 0 ∧ e = 0

∧ at_P (main_2, CSP_Y ) ∧ lock_tcs({} , {}) ∧ only_change({}) ∧ substep′ = 8

(7.4) substep = 7 ∧ at(q_1, CSP_Y ) ∧ a = 0 ∧ b = 0 ∧ e = 0 ∧ d′ = 1

∧ at_P (main_2, CSP_Y ) ∧lock_tcs({} , {a, b}) ∧ only_change({d}) ∧ substep′ = 8

(7.5) substep = 7 ∧ at(q_1, CSP_Y ) ∧ a = 0 ∧ b = 0 ∧ d = 0 ∧ e = 0

∧ at_P (q_1, CSP_Y ) ∧ only_change({}) ∧ lock_tcs({} , {}) ∧ substep′ = 8

(7.6) substep = 7 ∧ at(q_2, CSP_Y ) ∧ a = 0 ∧ b = 0 ∧ e = 0 ∧ d′ = 1

∧ at_P (main_2, CSP_Y ) ∧ lock_tcs({} , {a, b}) ∧ only_change({d}) ∧ substep′ = 8

(7.7) substep = 7 ∧ at(q_2, CSP_Y ) ∧ a = 0 ∧ b = 0 ∧ d = 0 ∧ e = 0

∧ at_P (q_2, CSP_Y ) ∧ lock_tcs({} , {}) ∧ only_change({}) ∧ substep′ = 8

(7.8) substep = 7 ∧ at(q_2, CSP_Y ) ∧ a = 0 ∧ b = 0 ∧ d = 0

∧e′ = 1∧ at_P (q_2, CSP_Y ) ∧ lock_tcs({} , {}) ∧ only_change({e}) ∧ substep′ = 8

Table 5.6: CSP-automata part of the transition constraint system of N
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OZ_X
(8.1) substep = 8 ∧ a = 0 ∧ b = 0 ∧ c = 0

∧ only_change({}) ∧ lock_tcs({} , {}) ∧maintain_locations ∧ substep′ = 9

(8.2) substep = 8 ∧ a = 1 ∧ b = 0 ∧ c = 0
∧next_x′ = x+ 1 ∧ x < 5 ∧ only_change({next_x}) ∧ lock_tcs({} , {})

∧maintain_locations ∧ substep′ = 9

(8.3) substep = 8 ∧ a = 0 ∧ b = 1 ∧ c = 0
∧ only_change({}) ∧ lock_tcs({} , {}) ∧maintain_locations ∧ substep′ = 9

(8.4) substep = 8 ∧ a = 0 ∧ b = 0 ∧ c = 1
∧ only_change({next_x}) ∧ lock_tcs({} , {})

∧maintain_locations ∧ next_x′ = x− 1 ∧ substep′ = 9

OZ_Y
(9.1) substep = 9 ∧ a = 0 ∧ b = 0 ∧ d = 0 ∧ e = 0

∧ only_change({}) ∧ lock_tcs({} , {})
∧maintain_locations ∧ substep′ = 10

(9.2) substep = 9 ∧ a = 1 ∧ b = 0 ∧ d = 0 ∧ e = 0
∧ only_change({next_x}) ∧ lock_tcs({} , {}) ∧maintain_locations

∧next_x′ = x+ 2 ∧ next_x′ = next_x ∧ substep′ = 10

(9.3) substep = 9 ∧ a = 0 ∧ b = 1 ∧ d = 0 ∧ e = 0
∧ only_change({next_y}) ∧ lock_tcs({} , {})

∧maintain_locations ∧ next_y′ = y + 2 ∧ substep′ = 10

(9.4) substep = 9 ∧ a = 0 ∧ b = 0 ∧ d = 1 ∧ e = 0
∧ only_change({}) ∧ lock_tcs({} , {})
∧maintain_locations ∧ substep′ = 10

(9.5) substep = 9 ∧ a = 0 ∧ b = 0 ∧ d = 0 ∧ e = 1
∧ only_change({next_y}) ∧ lock_tcs({} , {})

∧maintain_locations ∧ next_y′ = 0 ∧ substep′ = 10

(10) substep = 10 ∧ next_y < 5 ∧ substep′ = 11

Table 5.7: OZ part of the transition constraint system of N
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DC_X
(11.1) substep = 11 ∧ at(P1, DC_X) ∧ t′2 = 0

∧only_change({t2}) ∧ lock_tcs({} , {})∧ at_P (P2, DC_X) ∧ substep′ = 12

(11.2) substep = 11 ∧ at(P2, DC_X) ∧ a = 1 ∧ at_p2_DC2′ = 0
∧ only_change({}) ∧ lock_tcs({} , {}) ∧ at_P (P1, DC_X) ∧ substep′ = 12

(11.3) substep = 11 ∧ at(P2, DC_X) ∧ b = 0 ∧ t′2 < 5
∧ only_change({t2}) ∧ lock_tcs({} , {}) ∧ at_P (P2, DC_X) ∧ substep′ = 12

DC_Y
(12.1) substep = 12 ∧ at(P1, DC_Y ) ∧ t′1 = 0

∧ only_change({t1}) ∧ lock_tcs({} , {}) ∧ at_P (P2, DC_Y ) ∧ substep′ = 13

(12.2) substep = 12 ∧ at(P2, DC_Y ) ∧ e = 1 ∧ t′1 < 5
∧ only_change({t1}) ∧ lock_tcs({} , {}) ∧ at_P (P3, DC_Y ) ∧ substep′ = 13

(12.3) substep = 12 ∧ at(P3, DC_Y ) ∧ d = 1 ∧ next_x = 0
∧ only_change({}) ∧ lock_tcs({} , {}) ∧ at_P (P1, DC_Y ) ∧ substep′ = 13

Table 5.8: DC part of the transition constraint system of N

TF
(13.1) substep = 13 ∧ at(P1, TF ) ∧ t′3 = 0

∧ only_change({t3}) ∧ lock_tcs({} , {}) ∧ at_P (P2, TF ) ∧ substep′ = 14

(13.2) substep = 13 ∧ at(P2, TF ) ∧ a = 1
∧ only_change({}) ∧ lock_tcs({} , {}) ∧ at_P (P1, TF ) ∧ substep′ = 14

(13.3) substep = 13 ∧ at(P2, TF ) ∧ b = 0 ∧ t′3 < 5
∧ only_change({t3}) ∧ lock_tcs({} , {}) ∧ at_P (P2, TF )

(13.4) substep = 13 ∧ at(P2, TF ) ∧ b = 1
∧ only_change({}) ∧ lock_tcs({} , {}) ∧ at_P (Error, TF ) ∧ substep′ = 14

CommitVAR
(14) substep = 14 ∧ x′ = next_x ∧ y′ = next_y∧ only_change(x, y)

∧ lock_tcs({} , {}) ∧maintain_locations ∧ len′ > 0 ∧ substep′ = 1

Table 5.9: TF and the CommitVAR parts of the transition constraint system
of N
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In this chapter, we provide an example of our approach and some analy-
sis. The network (NElevator) models two CSP-OZ-DC classes and an automa-
ton which is used to test an invariant.

6.1 Example: Elevator

The core of a controller of an elevator example was already presented in
chapters 3 and 4. We modify it and provide another set of phase event
automata; these correspond to a different CSP-OZ-DC class.

Fig.6.1 and Fig.6.2 show the automata of NElevator. NElevator consists of:
the CSP-automataMcspE andMcspD, the OZ-automataMozE andMozD, the
DC-automataMdcE andMdcD, and a Test-automatonMinv, where:

• McspE = ({main, start_Drive, Drive} , ∅, {start, stop, passed, newgoal} , ∅, EcspE ,

∫cspE , IcspE , {main}), where EcspE is the set of edges of McspE shown in
Fig.6.1, and both ∫cspE and IcspE assign the predicate true to all phases
ofMcspE,

• McspD = ({P1, P2} , ∅, {start, open, close, wait} , ∅, EcspD, ∫cspD, IcspD, {P1}), where
EcspD is the set of edges of McspD shown in Fig.6.2, and both ∫cspD and
IcspD assign the predicate true to all phases ofMcspD,

• MozE = ({P0} , {goal, current, dir} , {start, stop, passed, newgoal} , ∅, EozE ,

∫ozE , IozE , {P0}), where EozE is the set of edges shown in Fig.6.1, and both
∫ozE and IozE assign the predicate true to P0 and the initial condition
goal = min ∧ current = min ∧ dir = 0 (min and max are constants),

52
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• MozD = ({Q0} , {start, open, close, wait} , {closed}, ∅, EozD, ∫ozD, IozD, {Q0}) , where
EozD is the set of edges shown in Fig.6.2, and both ∫ozD and IozD assign
the predicate true to Q0 and the initial condition closed = 1,

• MdcE = ({P0, P1, P2} , {stop} , {current, goal} , {c1} , EdcE , ∫dcE , IdcE , {P0, P1}),
where
EdcE is the set of edges shown in Fig.6.1, where ∫dcE and IdcE assign
predicates shown in Fig.6.1,

• MdcD = ({D0, D1} , {wait, close} , {closed} , {c2} , EdcD, ∫dcD, IdcD, {D0}), where EdcD
is the set of edges shown in Fig.6.2, where ∫dcD and IdcD assign predi-
cates shown in Fig.6.2,

• Minv = ({No_Error, Error} , {} , {current} , {} , Einv, ∫inv, Iinv, {No_Error}), where
Einv is the set of edges shown in Fig.6.2, where ∫inv and Iinv assign
predicates shown in Fig.6.3.

The computed event-lock predicates are also shown in the figures Fig.6.2
and Fig.6.1. Note that, we use the same abbreviations as in the previous
chapter.

T (NElevator) is defined as follows:

• Loc = {l1, ..., l12}, such that, for each sub-step there is a location.

• Var = {current, goal, dir, closed, start, stop, newgoal, passed, open, close, wait,
c1, c2, start_lock, pc1, ..., pc7, next_current, next_goal, next_dir, next_closed,
len, substep }

• Init .= at(main,McspE) ∧ at(P1,McspD) ∧ at(P0,MozE) ∧ at(Q0,MozD)
∧ at(P0,MdcE) ∧ at(D0,McspD) ∧ at(No_Error,Minv) ∧ goal = min

∧ current = min ∧ dir = 0 ∧ closed = 1 ∧ start_lock = 1 ∧ len > 0
∧ substep = 1 ∧ isZero(c1, c2, start, stop, newgoal, passed, open, close, wait)
∧ next_current = current ∧ next_goal = goal ∧ next_dir = dir ∧ next_closed =
closed

• Transitions of each subset of Trans are shown in Table 6.1 (not all
transitions of each subset are depicted).

• reset_events = start′ = 0 ∧ stop′ = 0 ∧ newgoal′ = 0 ∧ passed′ = 0 ∧ open′ =
0 ∧ close′ = 0 ∧ wait′ = 0
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true

main start_Drive Drive
true true only(newgoal) onlyE(start)

 only(stop)

 only(passed)

 Stutter_CSP_E  Stutter_CSP_E  Stutter_CSP_E

 lock({start},{}) lock({},{start})

P0
true

onlyE(start), com_start

Stutter_OZ

goal = min, 

current = min,

dir = 0

only(stop), com_stop

only(newgoal), com_newgoal

only(passed), com_passed

onlyE(start), com_start = ¬ newgoal ∧ start ∧ ¬ stop ∧ ¬ passed
∧ goal > current ∧ dir′ = 1
∧ current′ = current ∧ goal′ = goal

true

true

 not(stop)

P0

current!= goal

P2
current = goal

c1 < 2

P1
current = goal

reset(c1)

true

true stop

Figure 6.1: Phase event automata of NElevator
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CSP part

Q0
true

OZ part

closed = 1

DC part

P1
true

Stutter_CSP_D

P2
true

 

only(wait)

only(open)

only(close)

Stutter_CSP_D

onlyD(start)

D0
closed = 1

D1
c2 < 5

closed = 0

 

not(close)

open

close

wait, 

reset(c2)

true

Stutter_OZ_D

only(open),

closed’= 0

only(close),

closed’= 1

 

only(wait),

closed’= closed

onlyD(start),

closed’= closed

lock({start},{})

lock({},{start})

Figure 6.2: Phase event automata of NElevator − (2) not(x) = ¬ x



6.2. ANALYSIS 56

Error

current > min

current < max

current > max

current < min

No_Error
truetrue

Figure 6.3: Test automaton of NElevator

6.2 Analysis

The number of transitions of the Trans part of the our translation method of
networks of phase event automata into transition constraint systems is:

|nr_of_Tick-negotiate_substeps|+ |nr_of_Commit_substeps|
+ |nr_of_Refresh_substeps|+ |nr_of_CSP_substeps|+ |nr_of_OZ_substeps|
+ |nr_of_DC_substeps|+ |nr_of_TF_substeps|+ |nr_of_VarCommit_substeps|

= (ndc,1+...+ndc,r) + 1 + 1 + (mcsp,1+...+mcsp,u) + (moz,1+...+moz,v) +
(mdc,1+...+mdc,w) + 1 + 1, where:

• mcsp,i, 1 ≤ i ≤ u is the number of transitions of CSP-automaton i and u

is the number of CSP-automata,

• moz,i, 1 ≤ i ≤ v is the number of transitions of OZ-automaton i and v is
the number of OZ-automata,

• mdc,i, 1 ≤ i ≤ w is the number of transitions of DC-automaton i and w

is the number of DC-automata,

• ndc,i, 1 ≤ i ≤ r is the number of phases of DC-automaton i and r is the
number of DC-automata.

With previous approaches, the number of transitions of (product) transi-
tion constraint systems is in O(mcsp,1 · ... ·mcsp,u ·moz,1 · ... ·moz,v ·mdc,1 · ... ·mdc,u),
knowing that there were some slight optimizations to obtain simplified prod-
ucts of automata and also for products of DC-automata [Hoe06].
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The new presented approach in this thesis had more success in repre-
senting fewer transitions since it avoids the construction of the product but
leaves some work for the model checker; more details are discussed in chap-
ter conclusion.
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Tick_negotiate
(1.1) substep = 1 ∧ at(P0,MdcE) ∧ locks_tcs({} , {}) ∧ only_change({len})

∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 2

(1.2) substep = 1 ∧ at(P1,MdcE) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 2

(1.3) substep = 1 ∧ at(P2,MdcE) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧c1 + len′ < 2 ∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 2

(2.1) substep = 2 ∧ at(D0,MdcD) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 3

(2.2) substep = 2 ∧ at(D1,MdcD) ∧ locks_tcs({} , {}) ∧ only_change({len})
∧c2 + len′ < 5 ∧maintain_locations∧ len′ ≤ len ∧ len′ > 0 ∧ substep′ = 3

COMMIT
(3) substep = 3 ∧ c′

1 = c1 + len ∧ c′
2 = c2 + len

∧ only_change({c1, c2}) ∧maintain_locations

∧locks_tcs({} , {}) ∧ substep′ = 4

Refresh
(4) substep = 4 ∧ reset_events ∧maintain_locations

∧only_change({start, stop, newgoal, passed, open, close, wait})
∧ locks_tcs({} , {}) ∧ substep′ = 5

CSP sub-steps
(5.1) substep = 5 ∧ at(main,McspE) ∧ newgoal′ = 1 ∧ isZero(start, stop, passed)

∧ at_P (start_Drive,McspE) ∧ lock_tcs({} , {start})
∧only_change({newgoal}) ∧ substep′ = 6

(5.2) substep = 5 ∧ at(start_Drive,McspE)start_lock = 0 ∧ start′ = 1

∧ ∧isZero(newgoal, stop, passed) ∧ at_P (Drive,McspE)

∧lock_tcs({start} , {}) ∧ only_change({start}) ∧ substep′ = 6

..
.

..
.

(6.1) substep = 6 ∧ at(P1,McspD) ∧ start = 1 ∧ isZero(newgoal, stop, passed)

∧ at_P (P1,McspD) ∧ lock_tcs({} , {}) ∧ only_change({}) ∧ substep′ = 7

..
.

..
.

Table 6.1: The Trans part of T (NElevator)
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OZ sub-steps
(7.1) substep = 7 ∧ isZero(newgoal, stop, passed, start)

∧ only_change({}) ∧ lock_tcs({} , {})
∧maintain_locations ∧ substep′ = 8

(7.2) substep = 7 ∧ isZero(newgoal, stop, passed) ∧ start = 1

∧goal > current ∧ next_dir′ = 0 ∧ only_change({next_dir}) ∧ lock_tcs({} , {})
∧maintain_locations ∧ substep′ = 8

..
.

..
.

(8.1) substep = 8 ∧ isZero(open, close, start)

∧wait′ = 1∧ only_change({}) ∧ lock_tcs({} , {})
∧maintain_locations ∧ substep′ = 9

..
.

..
.

DC sub-steps
(9.1) substep = 9 ∧ at(P0,MdcE)) ∧ c′

1 = 0 ∧ c′
1 < 2

∧only_change({c1}) ∧ lock_tcs({} , {})∧ at_P (P2,MdcE)) ∧ substep′ = 10

(9.2) substep = 9 ∧ at(P2,MdcE)) ∧ stop = 0 ∧ next_current = next_goal

∧only_change({c1}) ∧ lock_tcs({} , {})
∧ at_P (P1,MdcE)) ∧ substep′ = 10

..
.

..
.

(10.1) substep = 10 ∧ at(D0,MdcD)) ∧ open = 1 ∧ next_closed = 0 ∧ c′
2 < 5

∧only_change({c2}) ∧ lock_tcs({} , {})∧ at_P (D1,MdcD)) ∧ substep′ = 11

..
.

..
.

TF sub-step
(11.1) substep = 11 ∧ at(No_Error,Minv) ∧ current < min

∧ only_change({}) ∧ lock_tcs({} , {}) ∧ at_P (Error,Minv) ∧ substep′ = 12

(11.2) substep = 11 ∧ at(No_Error,Minv) ∧ current > min

∧ only_change({}) ∧ lock_tcs({} , {}) ∧ at_P (No_Error,Minv) ∧ substep′ = 12

..
.

..
.

CommitVar
(12) substep = 12 ∧ current′ = next_current ∧ goal′ = next_goal ∧ dir′ = next_dir

∧closed′ = next_closed ∧ only_change({current, goal, dir, closed, len})
∧ lock_tcs({} , {}) ∧maintain_locations ∧ len′ > 0 ∧ substep′ = 1

Table 6.2: The Trans part of T (NElevator) (2)
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7.1 Summary and Final Thoughts

CSP-OZ-DC is a highly expressive specification language which combines
three specification languages: CSP, Object-Z (OZ), and Duration Calculus
(DC). An approach to verify CSP-OZ-DC specifications of infinite systems
is to translate classes of these specifications into phase event automata;
those provide a compositional semantics for CSP-OZ-DC. Phase event au-
tomata are then translated into transition constraint systems. In this the-
sis, a new approach for translating networks of phase event automata is
presented. Previous works required that the product of the automata is
generated, which is then translated into a transition constraint system.

The new approach avoids constructing the product and builds a more
compact and efficient transition constraint system whose transitions de-
scribes individual transition-steps (which we called substeps) instead of de-
scribing complete network transitions which are products of the individual
automata transitions.

This new approach has advantages but also a disadvantage. Describing
transition constraint systems this way, results in having new deadlock runs
which may have not existed in the corresponding original specifications.
Those appear for example in a simulation which tries to construct a complete
step but fails due to a decision taken for a previous substep since the choice
of next transitions is done at the component level and not at the network
level; although we note here that, we solved this problem partially by using
what we called event-locks.

60
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Avoiding the construction of the product automaton resulted in notably
fewer transitions. Instead of products of transitions, a collection of tran-
sitions under rules represents a network step. We conclude that the state
space explosion problem, which is one of the most serious problems with
model checking in practice, is solved at the level of building transition con-
straint systems. Thus, the approach of this thesis can prove its effective-
ness, especially for large systems.

7.2 Future Work

The approach which is presented in this thesis can be applied for phase
event automata of CSP-OZ-DC specifications. Possible different specifica-
tion languages could use similar approaches to avoid the usual construc-
tion of products which is a common problem when it comes to the ability of
exploring the entire state space with limited resources of time and memory.
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