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Abstract

Within the domain of safety-critical systems, software engineering becomes a major
challenge, as failures of a system may have life-threatening ramifications. In order to
ensure the reliability of software, its correctness is essential. For the correctness proof of
a model, integrated formalisms with an underlying formal semantics can be used.

Several obstacles complicate a successful application of model checking software
models. The main challenge is to cope with the state explosion problem, that is, the
exponential growth of the system’s state space in the size of the model. Several approaches
deal with this well-known problem. One of them is compositional verification.

The basic idea of compositional verification is that the check of correctness of a complex
system can be divided into smaller verification tasks. The technique avoids to build up
the entire state space of the model, as it solely needs to deal with the individual state
spaces of the single components of a system.

In order to facilitate an application of this technique, two problems need to be ad-
dressed: the model itself must be assembled from several components which is, in general,
not the case. Furthermore, an application of compositional reasoning must provide an
efficiency advantage over monolithic model checking.

Within this thesis, we develop a technique on how to decompose software models
specified in the integrated formalism CSP-OZ. Such a decomposition results in two
components suitable for the application of compositional reasoning.

A first challenge is posed by a proof of correctness, showing the equivalence of the
original specification and a decomposition in our semantic domain. In order to achieve
this, we carry out a dependence analysis by means of a specification’s dependence graph.
The analysis leads to a set of correctness criteria, based on which the graph is fragmented
into two parts. The fragmentation then results in the decomposition of the specification.
In addition, we introduce several techniques and algorithms to restore the specification’s
original control flow and its data flow.

As a second challenge, we address the practicability of compositional reasoning: we
identify heuristics for measuring the quality of a valid decomposition. Here, we neglect
inefficient decompositions. This allows us to consider only those, which most likely result
in an effective compositional verification.

Overall, our approach facilitates a general application of compositional reasoning, as
it does not rely on systems composed of several components. Moreover, valid decompo-
sitions, which are assessed as good by our heuristics, are beneficial for a compositional
verification.

The whole approach is tool-supported due to an integration into a graphical modelling
environment, allowing for the modelling, analysis, decomposition and (compositional)
verification of integrated specifications. Model checking itself is performed within an
assume-guarantee-based verification framework. Here, we use two proof rules, which
are shown to be valid in our semantic domain. Along with this, we provide several case
studies and experimental results.






Zusammenfassung

Die Softwareentwicklung im Bereich von sicherheitskritischen Systemen stellt eine grof3e
Herausforderung dar, da Systemfehler lebensgeféhrliche Konsequenzen haben konnen.
Die Korrektheit von Software ist essentiell, um ihre Verlasslichkeit zu garantieren. Fiir den
Korrektheitsbeweis eines Softwaremodells eignen sich integrierte Formalismen, welchen
eine formale Semantik zu Grunde liegt.

Das Model Checking von Softwaremodellen wird durch verschiedene Hindernisse
erschwert. Die groldte Herausforderung ist die Bewéltigung der Zustandsexplosion, des
exponentiellen Wachstums des Zustandsraums mit der Gro3e des betrachteten Systems.
Eine Reihe von Techniken beschéftigt sich mit diesem populédren Problem, unter anderem
die kompositionelle Verifikation.

Die grundlegende Idee bei der kompositionellen Verifikation ist die Zerlegung des
Korrektheitsbeweises in Teilaufgaben. Diese Methodik vermeidet die Konstruktion des Zu-
standsraums des gesamten Systems, stattdessen werden die Zustandsrdume der einzelnen
Systemkomponenten betrachtet.

Die Anwendbarkeit dieser Technik ist an zwei Voraussetzungen gebunden. Zum einen
muss das Softwaremodell aus mehreren Einzelkomponenten zusammengesetzt sein, was im
Allgemeinen nicht der Fall ist. Des Weiteren muss die Anwendung der kompositionellen
Verifikation einen Effiziengvorteil gegeniiber dem direkten Model Checking erbringen.

Diese Arbeit beschéftigt sich mit der Dekomposition von Softwaremodellen, spezi-
fiziert in dem integrierten Formalismus CSP-OZ. Eine solche Zerlegung definiert zwei
Komponenten, welche sich fiir die kompositionelle Verifikation eignen.

Eine erste Herausforderung dieser Arbeit stellt ein Korrektheitsbeweis dar, welcher die
Aquivalenz der urspriinglichen Spezifikation und einer Dekomposition in der zugrunde
liegenden semantischen Doméane zeigt. Dazu wird eine Abhdngigkeitsanalyse durchgefiihrt,
die auf dem Abhéngigkeitsgraphen einer Spezifikation basiert. Diese Analyse fiihrt zu einer
Menge von Korrektheitsbedingungen, auf deren Basis der Graph in zwei Teile zerlegt wird.
Daraus ergibt sich die Dekomposition der Spezifikation. Zusatzlich werden Techniken und
Algorithmen zur Wiederherstellung des Kontroll- und Datenflusses der urspriinglichen
Spezifikation vorgestellt.

Eine zweite Schwierigkeit betrifft die Praktikabilitdit der kompositionellen Verifikation.
Dazu werden in dieser Arbeit Heuristiken zur Messung der Qualitdt einer validen De-
komposition ermittelt, wobei ineffiziente Dekompositionen vernachlassigt werden. Dies
erlaubt es, ausschlief3lich solche Zerlegungen zu betrachten, die eine effektive kompositio-
nelle Verifikation in Aussicht stellen.

Insgesamt ermoglicht die beschriebene Technik die Anwendung von kompositioneller
Verifikation, da sich der Ansatz nicht nur auf zusammengesetzte Systeme beschrénkt.
AufSerdem sind durch die Heuristiken favorisierte valide Dekompositionen vorteilhaft fiir
die Anwendung der kompositionellen Verifikation.

Fiir den gesamten Ansatz existiert eine Werkzeugunterstiitzung. Diese basiert auf
einer Integration in eine grafische Modellierungsumgebung, welche die Modellierung,
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Analyse, Dekomposition und (kompositionelle) Verifikation von integrierten Spezifikatio-
nen erlaubt. Das Model Checking wird im Rahmen eines Frameworks im Kontext des
Assume-Guarantee Beweisverfahrens durchgefiihrt. Dabei werden zwei Beweisregeln ver-
wendet, deren Korrektheit gezeigt wird. SchlieBlich werden einige Fallstudien sowie
experimentelle Ergebnisse prasentiert.
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1.1 A Vision of Correct Software

Over the last decades, research in Computer Science underwent a major focus change:
as hardware and software systems influence our daily lives in many critical and even
life-threatening situations, systematic approaches to ensure their quality in terms of
correct functionality are essential. Trustworthiness and safety-critical hardware and
software are required in many areas such as aerospace manufacturing, the automotive
industry and medical care, to mention only a few. The more we depend on these systems,
the more confidence we need to have in their reliability.

Software quality assurance (SQA) [Gal04] is an approach to observe the engineering
process regarding to the quality of the resulting software. Since weaknesses and errors
can be introduced at any given point in the process of software development, they need
to be excluded at an early stage of the design process.

One SQA methodology is the model-driven development (MDD) [MDA]: software
systems are described as models in some (domain specific) language. For modelling
object-oriented systems, the Unified Modelling Language (UML) [BJR99] is the current
de facto standard.

In order to ensure software quality, techniques for early model analysis have been
developed, which makes MDD highly useful. One specific analysis technique is software
testing [Xie96], aiming at the detection of errors in the model. Automated testing can be
of great benefit if hidden faults can be determined and corrected early in the development
process. However, correctness of a program can never be achieved by testing:

Program testing can be a very effective way to show the presence of bugs, but it is
hopelessly inadequate for showing their absence. [Dij72]

Since malfunctions are in many cases unacceptable, errors in critical parts of the system
have to be ruled out completely. Limited computing resources make the verification of
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large models practically impossible. Therefore, a possible strategy is to verify vital parts
of a system complemented by testing the system’s functionality and non-critical aspects.

For a system’s verification, the model needs to be specified in some mathematical
formalism incorporating a well-defined semantics. One particular kind of mathematical-
based techniques are formal specification languages (formal methods [CW96]). Based on
their precise semantics, they allow for the application of verification techniques. In order
to guarantee a reliable system, the developer needs to adhere to the specification, which
has to be proven correct.

1.2 Formal Methods and their Combination

An informal description of a software model — such as by using an intuitive description
based on natural language — is not sufficient for mathematical-based proof techniques
due to its missing formal semantics. Owed to its expressive power, the UML does not have
a common mathematical-based representation and is often referred to as a semi formal
modelling language. This lack of a precise underlying semantics makes the verification of
UML models generally impossible.

Formal methods [CW96] are widely-used as a mathematical-based approach of design-
ing software and hardware systems and they receive considerable attention from the
research community. The existence of a well-defined underlying semantics, making a
precise analysis of the system technically feasible, is common to all formal languages.
There are a lot of different notations and techniques, with all of them holding their
specific advantages and disadvantages. In general, formal methods can be classified
into several categories for describing different aspects of a system, among them are
state-based techniques using set theory and predicate logic such as Z [ISO00] and the
B-method [Abr96]. In contrast, process algebras like CSP [Hoa85] and CCS [Mil89], for
instance, specify the system’s behavioural aspects.

Individual formalisms do not cover all relevant aspects to describe a complex system as
a whole. Instead of redefining existing methods moving away from the original intention
for a specific method, recent research has shifted to the domain of integrated formal
methods. Focusing on more than one specific facet, they combine different languages to
model different viewpoints of a system within one, well-defined formalism. By defining a
common and consistent semantics, these notations incorporate the advantages of each
individual formalism. Some examples are the combination of the process algebra CSP
with the state-based formalism B into CSP| |B [ST02], the formalism Event-B [AHO06], a
combination of the B method [Abr96] with events, and the method we are focusing on in
this thesis, CSP-OZ [Fis97], a combination of CSP with the object-oriented extension of Z,
Object-Z [Smi00].

In terms of the overall goal (that is, the verification of a system model), the system
has to be specified in an (integrated) formalism and needs to be proven correct against
certain requirements of the system. This act is called formal verification.



1.3 Compositional Verification 3

1.3 Compositional Verification

Besides theorem proving, model checking [CGP99] is the most widespread formal verifi-
cation method. Given a specification S, specified as a finite state-transition system, and a
requirement P, formulated in some logical formalism, model checking fully automatically
proves or disproves that the system meets the requirement. This is in general denoted by
S =P

As the complexity of software and hardware systems increases, so does the complexity
of its models. The most common and major problem for the applicability of model
checking is the state explosion: the size of the software model, represented by a state
transition system, exponentially grows with the size and number of its components and
data domains. In particular, model checking for integrated specifications needs to deal
with the state explosion problem: for instance, the behavioural part of the specification
can incorporate concurrency, leading to an exponential blow-up of its branching structure.
In addition, its state space can be large or even infinite due to its possibly infinite data
types.

In general, building up the full state space of a model is infeasible. In order to
allow model checking to scale to complex systems, several techniques to tackle this
problem were proposed. To mention some of them, symbolic model checking aims at
an efficient representation of the model’s state space whereas partial order reduction
and data abstraction techniques try to reduce the state space of a model by exploring its
concurrency structure and by abstracting from concrete data values, respectively. These
techniques complement each other and can be combined.

Amongst these techniques, compositional verification [dRHH'01] is one promising
approach: instead of verifying a software model as a whole, the components of the model
are analysed separately. The verification results can then be combined into one global
result. For an application of this divide-and-conquer approach, the system needs to be
structured into several (parallel) components. That being the case, different strategies
can be applied in order to incrementally prove a system correct without ever building up
its full state space.

The main technique of compositional verification is assume-guarantee reasoning [FP78,
Jon83, MC81], applied to a system usually structured into two components. For a given
property P on the overall system composed of S; and S, both components can be verified
separately without building the global state space. In order to do so, an environment
assumption A needs to be identified, describing the connection and interdependences
between the components. The application of an appropriate proof rule, employing A,
yields the correctness of the system with respect to P.

Assume-guarantee reasoning has been researched for more than three decades. Re-
cently, a new strategy to fully automatically generate the assumption [CGP03, BGP03]
gave a new impulse to this area of research. The strategy is based on automatic learn-
ing, thereby freeing the user from a manual computation of the assumptions used in
assume-guarantee reasoning.

However, the technique relies on a given structuring of the system into parallel com-
ponents. Moreover, the efficiency of this approach depends on several factors: if the
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generated assumption is too large or the size of the components is not well-balanced,
applying the approach can again lead to large state spaces and even worse verification
run-times compared to monolithic (direct) verification. It is essential to think about good
decompositions to ensure applicability and scalability of the approach [CACO06].

@ => = (SQ11()

Figure 1.1: Decomposition of a specification S into S; and S»

@ E @O

correctness of
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@”@@ - @

correctness of
decomposition

=

Figure 1.2: Illustration of the overall approach of this thesis

In this thesis, we construct and evaluate decompositions of integrated specifications.
The starting point is a specification S for which we want to show a specific property P. We
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define a set of correctness criteria, serving as the basis for the decomposition of S. Figure
1.1 illustrates the overall idea. The decomposition results in two specification parts, Sy
and S». These two parts represent the two parallel components of the decomposed system.
An appropriate synchronisation between S; and S, ensures that the decomposition and
the original system are behaviourally equivalent which is subsequently shown in the
correctness proof.

S; and S then serve as the input for assume-guarantee-based proof rules. The proof
rule, as illustrated in Figure 1.2, states the following: if S; satisfies an assumption A
(described by the symbol ‘=") and if Ss satisfies P under the assumption A, then the
overall system composed of S; and S, satisfies P. Correctness of the decomposition yields
that S satisfies P, if, and only if, the conclusion of the proof rule can be inferred.

The approach is based on several context-specific heuristics pointing the direction for
reasonable decompositions. The technique thus allows for an efficient application of
assume-guarantee reasoning. Within our implemented framework for CSP-OZ, we trans-
late the obtained components to the input language of a model checker and ultimately
apply the learning-based approach. We are able to evaluate different decompositions by
comparing verification run-times with those for monolithic verification.

1.4 Contributions

Compositional verification for integrated formal methods has been researched in [STO04,
But09]. These works perform the decomposition of a system by hand and rely on the fact
that it can be carried out effectively.

Learning for compositional verification, especially to automate the verification process,
was introduced in [CGP03] and further developed in [PGBT08]. The techniques are,
however, not applied in the context of formal methods and rely on systems which are
already composed of several components.

Alur and Nam [NAO6, Nam07] use assume-guarantee-based reasoning in the context of
symbolic model checking. They apply the learning framework to automatically generate
assumptions and decompose a given system. In addition, they propose heuristics to
improve the decomposition process. In their semantic domain of symbolic transition
modules solely based on boolean variables, they do not deal with the aspects of inte-
grated formalisms such as data flow, control flow and synchronisation. Furthermore, the
developed heuristics only focus on aspects of the learning framework and they do not
consider the (dependence structure of the) original system.

The key contribution of this thesis is an approach on how to combine all of these
strategies, that is, how to effectively apply compositional verification for integrated
formal methods: based on several correctness criteria and certain heuristics, we explicitly
decompose the given system. The result of the decomposition serves as the input for the
learning-based automated verification process.

Overall, the thesis’ contributions are given as follows. We define an approach to decom-
pose specifications written in CSP-OZ. The approach does not rely on systems which are
already composed of several processes but, instead, leads to self-defined decompositions.
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CATEGORY CONTRIBUTIONS
Decomposition | v Decomposition for integrated specifications.
v Exploitation of specification’s dependence structure.
v Heuristics-based approach to detect reasonable decomposi-

tions.

Soundness Proof | v/ Equivalence between original and decomposed system.
v/ Correctness in context of assume-guarantee framework.

Implementation Integration into graphical modelling framework.
Integration into assume-guarantee-based framework.

Evaluation-based on case studies.

SNENEN

Table 1.1: Contributions of this thesis

In order to achieve reasonable decompositions, we investigate heuristics, exploiting the
dependence structure of the specification as well as algorithms for the assumption identi-
fication. We present a correctness proof, showing that our decomposition preserves the
observable behaviour of the specification. Since the decomposition mandatorily modifies
the specification’s internal behaviour, the proof incorporates several techniques to link the
original system to its decomposition. We integrate the approach along with the learning
strategy into a graphical modelling framework for CSP-OZ [Sys06]. An evaluation of the
approach is performed based on several case studies and two different learning strategies
according to [CGP03] and [BGP03].

1.5 Thesis Structure

This thesis is structured as follows.

Chapter 2 provides an overview of (integrated) formal methods and introduces the
employed formalism CSP-OZ [Fis97], a combination of the process algebra CSP [Hoa85],
and the state-based formalism Object-Z [SmiO0]. The semantics of CSP-OZ and necessary
definitions are given. For an illustration of CSP-OZ, we present the running case study of
this thesis. Along with this, we provide background on the dependence analysis for CSP-
OZ, which serves as the basis for the decomposition approach. The dependence structure
of a specification is defined by means of a dependence graph developed in [Brii08],
reflecting the control flow of a specification’s CSP part as well as data dependences with
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respect to the Object-Z part. We present the definition and slightly modify it for our
purpose.

Chapter 3 introduces compositional reasoning and starts with an overview on relevant
techniques to cope with the state explosion problem in model checking. We survey
compositional verification, particularly in the context of integrated formal methods.
Afterwards, we present the specific method we deal with in this thesis: the assume-
guarantee paradigm. The learning strategy to automatically generate assumptions is
introduced next. In order to integrate assume-guarantee reasoning into our setting, we
show the correctness of two compositional proof rules in the semantic domain of CSP-OZ.
The chapter concludes with a discussion of related work.

Chapters 4-6 are the core chapters of this thesis. In Chapter 4, we introduce our
definition for the decomposition of a CSP-OZ specification. We start by defining correct-
ness criteria for a fragmentation of a specification’s dependence graph into two parts.
Subsequently, we define the decomposition of the specification itself resulting in two
specification parts. These parts represent the two parallel components for the employed
compositional proof rules. We motivate and describe the employed techniques to guar-
antee a semantics-preserving decomposition and illustrate the individual steps on the
running case study. Finally, we discuss works closely related to our approach.

Chapter 5 presents the correctness proof of our approach. Ultimately, we show that
the decomposition does not change the overall semantics of the specification. Several
properties, relating the decomposed specification to the original system, are proven. We
show that the original specification and the decomposed system, that is, the composition
of the two parallel components, are behaviourally equivalent in our semantic domain.
Achieving this is done through employing the compositional semantics of CSP-OZ along
with the criteria on a correct decomposition.

Chapter 6 describes techniques and heuristics for finding reasonable decompositions.
These are the ones for which model-checking-based on our approach will presumably
outperform monolithic model checking. We motivate and discuss some context-specific
heuristics for good decompositions. Furthermore, we introduce a second, bigger case
study, on which we illustrate the application of the heuristics.

Chapter 7 introduces our implementation framework and experimental results. The
graphical modelling framework Syspect [Sys06] for modelling CSP-OZ specifications
serves as the platform. We describe our integration of the decomposition approach and
the integration of the learning framework along with the heuristics-based identification
for reasonable decompositions. Additionally, we evaluate our approach on three case
studies and discuss the results.

Chapter 8 summarises this thesis, discusses the main results and points out possible
topics for future work.
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The introduction gave a brief overview on the subject area and goals of this thesis. The
following two chapters provide the necessary background for the main part of this work.
In this chapter, (integrated) formal methods, and in particular CSP-OZ, will be introduced
in Sections 2.1 and 2.2. The dependence analysis for CSP-OZ, which serves as the basis
for the decomposition, is presented in Section 2.3.

2.1 A Survey of (Integrated) Formal Methods

Model-driven software development aims at the abstract description of a system by
specifying a software model in some domain specific language. A model needs to
precisely reflect the relevant aspects of the software product to be developed. After an
accurate analysis, tools are used to automatically generate code from the model.

The Unified Modelling Language (UML) [BJR99] is undeniable the notation to model
object-oriented systems in a graphical and intuitive way. The acceptance of the UML as a
standard, not only in the academic but also in the industrial field, was not an overnight
process. Over many years, researchers defined and evaluated different notations to finally
end up with the UML 1.0 proposed in 1997.

Due to the lack of a common precise formal semantics, the UML is not adequate for a
rigorous formal analysis. Even though there exist several tools supporting the automated
verification of UML diagrams [BGH'05, DWQQO1, BBK*04], they are all restricted to
part of the language.

In the perspective to define mathematically-based languages suitable for formal specifi-
cation and verification, researchers all over the world investigate different techniques
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and formalisms. Over the last three decades, a huge amount of formal methods has been
developed. In [CW96], Clarke and Wing surveyed the current state of the art. More
recently, Bowen [Bow09] set up a Wiki [Wik06] used by the formal methods community
which gives a detailed overview over many individual formalisms and shows the broad
spectrum of research in this area.

Formal methods can be classified into different categories. Mainly, these are behaviour
oriented techniques concentrating on the dynamic aspects of a system such as communi-
cation, concurrence and control flow, state-based formalisms for the specification of the
data and functional aspects and languages to describe hybrid systems which incorporate
both, discrete and continuous behaviour.

Behaviour Oriented Formalisms: Among the formalisms to describe behavioural as-
pects of a system, Petri Nets [Rei85] are a graphical notation to illustrate distributed
systems. Process algebras such as CCS [Mil89], CSP [Hoa85] and LOTOS [ISO89]
describe concurrent systems by using an algebraic language. Milner also devel-
oped the strongly CCS related w-calculus [Mil99]. Another widely used formalism,
particularly in the context of the UML, are State Charts [Har87].

State Based Formalisms: The most popular techniques concentrating on the data as-
pects of a system, that is, describing a system’s state space, are Z [Spi92, ISO00],
a set theory and first-order-predicate-logic-based formalism, and the Z related B
method [Abr96], where B is slightly more low-level and focused on automatic code
generation with great success in industrial application [Abr06]. Object-Z [Smi00] is
an extension of Z to additionally integrate object-oriented concepts into Z. Event-B
[AHO6] extends the B method with guarded events. Abstract State Machines [BS03]
describe a system’s state space and its modifications by using transformation rules
and functions.

Formalisms for Hybrid Systems: For the specification of hybrid systems, hybrid au-
tomata [ACHH92] combine the description of discrete and continuous behaviour of
a system. For the description of continuous real time aspects, in 1994, Alur and Dill
developed a real time extension for finite state automata, called timed automata
[AD94].

Naturally, different description languages specify different viewpoints of a system. The
analysis of large systems thus requires more than one dedicated formalism to reason
about different aspects. Many researchers advocating formal methods agree on the
statement that there exists no single notation covering all aspects of complex software
systems. For this reason, they aim at combining existing, well researched languages, into
one consistent new formalism, an integrated formal method.

These combinations range from the integration of two or more viewpoints into a single
formalism. Combinations of a process calculus with a state-based technique are, for
instance, CCS-Z [TA97] combining CCS and Z, the combination of CSP and Z into CSP-Z
[MS98], along with CSP| |B [TS99], a combination of CSP with the B-method. Fischer
[Fis97] integrated CSP and Object-Z into the formalism CSP-OZ.
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The integration of time aspects into existing formalisms is, for instance, researched in
the context of Timed CSP [Sch99], an integration of real time into CSP. E-LOTOS [ISO01]
supplements LOTOS to support time and incorporates a functional-language-based data
typing part. In [Hoe06], Hoenicke extended CSP-OZ with the real time interval logic
Duration Calculus [ZH04] into CSP-OZ-DC.

The differences between these combinations can also be found in how the new seman-
tics is defined. As an example, Circus [WCO02], a combination of CSP, Z and a refinement
calculus [SWCO02], introduces a new semantics from scratch, that is, the semantics of CSP
and Z are redefined into a new model, using Hoare’s approach of Unifying Theories of
Programs [HJ98]. Other formalisms, such as CSP| | B, keep the original semantics and
are thus able to use existing tools.

The following section stepwise introduces the applied formalism, CSP-OZ, illustrated
by an example. In order to familiarise this formalism for the core chapters, we introduce
the syntax and semantics of CSP-OZ along with necessary definitions and characteristics.

2.2 The Integrated Formalism CSP-OZ

Ever since its introduction in 1978 by Sir Anthony Hoare [Hoa78], the process algebra
Communicating Sequential Processes (CSP) draws a lot of attention and is widely used
for the specification of concurrent systems. The basic underlying concept is a description
of a system by events and processes: a process defines the communication and interaction
aspects by using an underlying alphabet, its set of events.

The state-based Z notation was developed by Jean-Raymond Abrial and others in the
late 1970s. By using the concept of operation schemas, a Z specification describes the
state space and its modifications based on mathematical theory [Spi92]. Smith [Smi0O0]
defined an object-oriented extension of Z, Object-Z.

The integrated formalism we will concentrate on in this thesis is CSP-OZ, a combination
of CSP with the object-oriented specification language Object-Z, introduced in [Fis97]
and further elaborated on in [Fis00]. In his PhD thesis, Fischer developed the formalism
by preserving the original semantics of both, CSP and Object-Z, with the objective to
reuse existing theories and tools for both, CSP and Object-Z. In comparison to [Smi00],
he introduced a slightly modified notation for Object-Z to which we will refer in this
thesis.

We introduce CSP-OZ by means of an example serving as the running case study for
this thesis. Afterwards, we give an overview on the syntax and semantics along with
required definitions for the incorporated formalisms CSP, Object-Z and CSP-OZ itself.

2.2.1 Case Study: Candy Machine

The following example of a CSP-OZ specification describes a candy machine allowing
for the payment and collection of several goodies. At first, we define some basic types
needed for the specification and start with a free type Candies denoting the set of possible
candies a customer may order. These are either a chocolate, a cookie or crisps:



12 2 Background: Integrated Formal Methods

Candies ::= CHOC | COOKIE | CRISPS
For simplification, the candy machine only accepts coins with value 1 or 2:
Coins == {1, 2}

We define a constant identifying the maximal value of all inserted coins, which we set
to 5:

Max ==

Next, we give an axiomatic definition for a function determining the price of each of
the candies:

‘ price : Candies — N

‘ price(CHOC) = 1 A price(COOKIE) = 2 A price(CRISPS) = 3

In general, a CSP-OZ specification consists of a set of a classes which can then be
combined to define the overall system. In Chapter 4, we will consider a specification
consisting of several classes. As of now, in our running example, we will sufficiently deal
with a specification comprising one class only.

S

I [interface definition]
main [CSP part]
oz [Object-Z part]

Figure 2.1: Structure of a CSP-OZ specification

The general structure of a CSP-OZ class named S is depicted in Figure 2.1. A class
consists of three parts, namely its interface, its CSP part and its Object-Z part. The Object-Z
part is again divided into its state schema, initial state schema and its set of operation
schemas as shown in Figure 2.2.

S.0Z

State [state schemal]
Init [initial state schemal]
enable_op [enable-schemas]
effect_op [effect-schemas]

Figure 2.2: Structure of the Object-Z part of a CSP-OZ specification

The fundamental concept of CSP-OZ is the connection between CSP part and Object-Z
part by using the interface I as the common alphabet for both viewpoints of the system:
one operation schema of the Object-Z part corresponds to a set of events of the CSP part.
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For achieving this correspondence, the interface defines a set of typed channels. A
channel declaration has the form

chan namelpy : ti; ...pn : ta],

where name identifies the name of the channel and p; is a decorated parameter of type
t;. We distinguish between three different parameter categories:

Input: Input parameters are decorated with ’?” and controlled by the environment of
the class. Neither the CSP part nor the Object-Z part can control input parameters.
However, the guard of an operation can refer to input parameters, thus allowing
the operation to be blocked for a subset of the values of the parameter’s type.

Output: Output parameters are decorated with ’!’ and controlled by the class itself.
Predicates of an operation schema can restrict output values. If the operation is
executed, the value is determined non-deterministically.

Simple: In contrast to input and output parameters known from CSP and Object-Z,
simple parameters are an extension in CSP-OZ and they are in general used for
indexing purposes. Simple parameters are undecorated and controlled by the class
and its environment. They can be restricted by both, the Object-Z part and the CSP
part.

Figure 2.3 shows the actual CSP-OZ specification of the candy machine. Here, the
interface comprises eight channels. For instance, channel pay has one input parameter
of type Coin modelling the customer’s payment. In contrast, channel deliver has one
output parameter of type Candies modelling a goody the machine dispenses. Note that all
parameters are inputs to the CSP part since neither of them is a simple parameter. Some
channels such as abort do not use any parameters.

As already mentioned, the CSP part of the specification describes the dynamic behaviour
of a system by means of the possible sequences of events and their orderings. This is
achieved by a set of process equations. As a convention, the initial process of a class’
CSP part is named main. The remaining set of process equations comprises four process
names: Payout describes the behaviour of the system if the customer chooses to abort the
procedure and collects his money. Select models the selection of an item and Order its
actual ordering. Finally, Deliver describes the delivery of the ordered items.

The Object-Z part starts with the class’ state schema, containing the set of state variables
for the description of the class’ state space and its modifications. These are two variables,
sum and credits, of type N to denote the current sum of money paid by the customer and
the remaining credits, respectively. A sequence of coins paid models the inserted coins,
and a second sequence items the previously ordered candies before the actual delivery.
Finally, the variable selected of type Candies describes the current item, selected by the
customer.

The initial state schema of the class defines the set of valid initial configurations by
using predicates, restricting the values of the state variables. In our example, both
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___CandyMachine
chan pay : [coin? : Coins] chan payout : [coin! : Coins]
chan abort chan switch chan order
chan select : [ca? : Candies] chan deliver : [ca! : Candies] chan term : [rest! : N]
main = pay?coin — main O Payout O switch — Select
Payout = payout?coin — Payout O abort — Skip
Select = (select?ca — (Select O Order)) O Deliver
Order = order — Select
Deliver = deliver?ca — Deliver O term?rest — Skip
Init enablepay__
sum, credits : N sum=20 (sum + 2 < Max
paid : seq Coins paid = ()
items : seq Candies items = ()
selected : Candies
_enable_payout _enableabort_____ _enableswitch______
paid # () paid = () Asum =0 sum > 2
_enableorder ____  _enableselect_____ _enable_deliver
credits > price(selected) | credits > 1 items # ()
~enableterm______  _effectpay______ _effect_payout
items = () A(sum, paid) A(sum, paid)
coin? : Coins coin! : Coins
sum’ = sum + coin? sum’ = sum — coin!
paid’ = paid ~ {coin?) paid’ = tail paid
coin! = head paid
_effect_switch _effect_order
A(sum, credits, paid) A(items, credits)
sum’ = 0 A paid’ = () items’ = items > (selected)
credits’ = sum credits’ = credits — price(selected)
_effectselect___ _effect.deliver_____ _effectterm____
Al(selected) A(items) A(credits)
ca? : Candies ca! : Candies rest! : N
selected’ = ca? items’ = tail items credits’ = 0
ca! = head items rest! = credits

Figure 2.3: Candy machine specification
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sequences need to be initially empty, and the initial sum of money is equal to zero. The
remaining state variables are not restricted by the initial state schema.

The static behaviour of the class is described in terms of a set of enable- and effect
schemas, conjointly defining the behaviour of an operation schema. An enable schema
defines the precondition of an operation by again using predicates referring to state
variables of the class. An operation can only be executed if its respective precondition is
satisfied. Otherwise, the operation is blocked. For instance, operation deliver is blocked if
there are no items to deliver, that is, items = () holds. Besides, order can only be executed
if there are enough credits left to pay the price of the selected items.

An ef fect schema defines an operation and how its execution modifies the state space.
It starts with its A-list, comprising the set of state variables, modified by the operation.
All variables not appearing in this list remain unchanged. As an example, the effect
schema of payout modifies the variables sum and paid. Next, the schema can contain a set
of parameter declarations, corresponding to the parameters in the operation’s interface
declaration. Finally, the predicate part of the schema defines the actual modifications
of the state variables. For that purpose, a predicate can refer to the possible values of
a state variable after execution of the operation; these post-state values are depicted in
primed form. For instance, payout restricts the post value of sum, sum’, to sum — coin!.
Thus, the operation ensures that the only possible value of sum after execution of payout
is exactly the original amount of money, reduced by the value of the dispensed coin. Note
that the operation abort possesses an empty ef fect schema which leaves all variable
values unchanged. In this thesis, we will leave out empty schemas.

We will now describe the dynamic behaviour of the class and its state space modifica-
tions by clarifying and illustrating its workflow. Figure 2.4 illustrates the CSP part of the
specification as a state transition graph, according to the operational semantics of CSP as
given in [Ros98].

A customer has three initial options, modelled by the CSP operator O for external
choice by the environment: first, if the amount of already inserted money increased by
two is smaller than Max, a user can insert a coin into the machine (pay) followed by
(using the prefix operator —) a call of the initial process main. The coin and its value
are stored in the variables paid and sum, respectively. Second, the customer can chose to
cancel buying candies as described in the process Payout, where he repeatedly collects
his coins (payout) by emptying the paid sequence. After a possibly empty sequence of
payouts, the process is finally aborted and terminates (denoted by Skip, the basic CSP
process for termination). As a last option, if the user inserted at least coins of an overall
value of 2, he can request to process to the ordering of candies (switch), for which the
process Select is called. The customer may now select an item which she wants to order.
If enough credits are left, the item is ordered by storing it in the sequence items and
reducing the credits by the respective amount. Otherwise, the customer needs to reselect
another item. If he ordered at least one item, he can proceed to get his candies delivered.
In this case, the machine dispenses the items one by one in the correct order. The process
terminates after the potential order and delivery of candies. Remaining spare money is
returned.

Next, we clarify some syntactical aspects of Object-Z, CSP and CSP-OZ along with
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deliver
deliver Deliver Folp Skip
_pay _select Skip
itch term
- switc
main il Select
Order
T select
abort
order
t .
| payou Payout abort > Sklp
Skip |4
payout

Figure 2.4: Illustration of the CSP part of the candy machine specification

defining their semantics. For more details, we refer to [Smi00, Spi92, ISO00], [Ros98,
Sch99] and [Fis00] for comprehensive documentations on (Object-)Z, CSP and CSP-OZ,
respectively.

2.2.2 Object-Z

As already explained, we use a sightly adapted version of the Object-Z language as
introduced in [FisO0]. Therefore, we will continue to refer to the Object-Z part of a
CSP-OZ class specification, denoted by OZ, instead of pure Object-Z class specifications.

OZ generally consists of a state schema, an initial state schema and a set of operation
schemas, where elements of the latter comprise an enable schema and effect schema,
as depicted in Figure 2.2. The keywords State and Init denote the state schema and
initial state schema of a class, respectively. Thus, OZ can be denoted by a tuple:

OZ = (State, Init, (enable_op)epeop, (effect_op)opeop)

In the remainder of this thesis, we denote the sets of all values for input parameters,
output parameters and simple parameters of an operation schema op by In(op), Out(op)
and Simple(op), respectively. Elements of these sets are tuples adhering to the types of
the operation parameters. The set Events is defined as the set of operation names of OZ,
completed by values for their parameters:

Events = {op.in.sim.out | op € Op,in € In(op), sim € Simple(op), out € Out(op)}

The state schema State defines the state space of OZ and comprises the set of state
variables the class uses along with their types. Additionally, the state schema contains a
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(possibly empty) set of state invariants — a set of predicates, which have to be satisfied
initially as well as for any reachable state of the class. The set of state variables will
be referred to as V. A state of OZ is defined as a valuation of all state variables: for
V ={xy,...,xn}, a state s is denoted as the tuple s = (v1,...,v,) where v; are values of x;
within the variable’s domain. We write State(s) or, equivalently, s € State, to refer to
states of the OZ state space, and we use s.x; to denote the value of x; in the state s.

For the definition of our decomposition, we need to project a state s € State on a
subset of the state variables V/ C V:

Definition 2.2.1. (State Projection)
Let V= {xi1,...,xp}, and lets = (v1,...,vy) with s € State. We use

Viyeo V) = ((V1y .-, Vn—1),Vn).

The projection of s on the set of state variables V' C V, denoted by s| V', is inductively

defined as

, (...(vl),...vn_l)[V’, Xn gZV’,
((..(v1)y- - Vn—1),v) [V =
{(( 1)y V) [V V), xq e VL

The initial state schema restricts the initial valuation of the state variables. The enable
schema defines an operation’s guard. It consists of a declaration part for possible input-
and simple parameters (enable-schemas must not declare output variables) and a
predicate part, containing predicates solely referring to unprimed state variables, that is,
to the state before the operation took place. If the conjunction of these predicates is not
satisfied, the operation is blocked. enable_op can be interpreted as a predicate, denoted
by enable_op(s,in,sim) with s € State, in € In(op) and sim € Simple(op).

An operation’s ef fect schema declares the possible post states after the operation took
place. It consists of a A-list, comprising all variables which are modified by the operation.
The subsequent declaration part contains the schema’s parameters and its predicate part
defines the restriction on the post-state. For this, variables denoted in primed form refer
to post state values. For any variable x not contained in the A-list, X’ = x implicitly holds.
An effect schema can be denoted as the predicate effect_op(s,in,sim,out,s’) with
s € State, in € In(op), sim € Simple(op), out € Out(op) and s’ € State’.

In the remainder of this thesis, we let ref (op) denote the set of referenced variables of an
operation (those occurring in unprimed form), whereas mod(op) denotes its set of modified
variables (those occurring in its A-list). In addition, we set all(op) := ref(op) U mod(op).

The precondition of an e f fect-schema can be defined as

pre effect_op(s,in,sim) :=
Jout € Out(op),s’ € State’ e effect_op(s,in,sim,out,s’)

In this thesis, we assume that enable_op(s,in,sim) = pre effect_op(s,in,sim) holds.
This corresponds to the blocking view of operations as described in [FisO0]: an operation
can only be executed if its precondition is satisfied, otherwise it is blocked.
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As an enable-schema can always be strengthened such that enable A —pre effect
is impossible, this is not a restriction. For instance, consider the following operation op:

—enable_op —effect_op
i7: N A(x)
o i7:N
x>y
X =i?AX >y

For any value of i? such that i? < y holds, pre effect_op is not satisfied. Adding
i? > y to enable_op schema ensures the previous implication.

When referring to an operation op, comprising enable_op and e f fect_op, we denote
its entire predicate part by op.pred whereas the declaration part will be denoted by op.dec.
In case we need to refer to the delta list of an operation, we write op.delta.

Semantics of Object-Z

As we are interested in the sequences of events of a specification, our approach is based
on an operational semantics for Object-Z and ultimately for CSP-OZ.

For the Object-Z part of a specification, we need to reason about events and states. The
decomposition approach analyses a specification’s dependence structure. A description
of paths solely referring to events is insufficient, since we need to incorporate the state
space and its modifications as well.

In order to be precise, execution of an event op.in.sim.out within the Object-Z part,
changing the before state s into the after state s’, refers to an operation’s enable- and
effect-schema:

op.in.sim.out . . . . ’
— " s’ & (enable_op(s,in,sim) A effect_op(s,in,sim,out,s’))

The notation we are using is closely related to the Object-Z semantics of [Brii08] which
itself is based on the history semantics of Object-Z [Smi95]: sequences of state valuations
and operation calls describe the possible behaviours.

As a semantic model, we use labelled transitions systems (LTS). In order to reason
about states of the Object-Z part, a path of a labelled transition system is an alternating
sequence of states and events.

Definition 2.2.2. (Labelled Transition System)
Let E be an alphabet of events. A labelled transition system (LTS) M = (S,Sp,—) over E
consists of

e a set of states S,
e a set of initial states Sy C S and
e a transition relation —C S X E x S.

A path of an LTS is a finite or infinite sequence (so, €p,S1,€1,...) alternating between states
and events such that (s;, e;,s;11) €— holds for alli > 0.



2.2 The Integrated Formalism CSP-OZ 19

Note that paths of LTS can be infinite but do not need to be infinite. Next, we define
the operational semantics of OZ in terms of labelled transitions systems.

Definition 2.2.3. (Labelled Transition System for Object-Z)
Let OZ be the Object-Z part of a CSP-OZ class specification. The LTS semantics of OZ is
defined as the labelled transition system M%% = (S, Sy, —oz), defined over E := Events, with

e S={s|s e state},
o Soy={s€S|Init(s)},

o —oz={(s,op.in.sim.out,s’) |
enable_op(s,in,sim) A effect_op(s,in,sim,out,s’)}.

The set of all paths of M%? is defined as Traces(OZ). Moreover; let
traces(OZ) := {x | Events | = € Traces(OZ)}

and for tr € traces(0OZ),

tr>0p = O tr=()
(op) " (tr'>0p), tr = (op.in.sim.out) " tr'

Finally, for m € Traces(OZ), let w[i] denote the i-th state and =.i the i-th event of .

For clarification, = denotes a trace within Traces(OZ) distinguishing it from tr €
traces(OZ) not comprising states. We exemplify the definition with our case study:

Example 2.2.4. The following trace, named m, is a valid path of the LTS of the Object-Z
part of the candy machine:

{

(sum = 0, credits = 0, paid = ( ), items = ( ), selected = COOKIE), pay.2,
(sum = 2, credits = 0, paid = (2), items = ( ), selected = COOKIE), switch,
(sum = 0, credits = 2, paid = ( ), items = ( ), selected = COOKIE), select. CHOC,
(sum = 0, credits = 2, paid = ( ), items = ( ),selected = CHOC),  order,

(sum = 0, credits = 1,paid = ( ), items = (CHOC), selected = CHOC),  deliver.CHOC,
(sum = 0, credits = 1,paid = ( ), items = ( ),selected = CHOC),  term.1,

(sum = 0, credits = 0, paid = ( ), items = ( ), selected = CHOC)

)

Its projection on events is given by
= « | Events = (pay.2, switch, select. CHOC, order, deliver.CHOC, term.1).
The projection of tr on its set of operation names yields

tr>Op = (pay, switch, select, order, deliver, term).
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p n= Skip (Termination)
| Stop (Deadlock)
| a— P (Prefixing)
| P, OPy (External Choice)
| PPy (Internal Choice)
| P1 g Py (Sequential Composition)
| Py |[a Py (Interface Parallel)
| Py a,|la, P2 (Alphabetised Parallel)
| Py ||| P2 (Interleaving)
| P \A (Hiding)
| X (Process Call)
| P[R] (Renaming)

Figure 2.5: Simplified grammar of CSP
2.2.3 CSP

In general, a CSP process P is defined over a set of communication events which the
process can perform: its alphabet. For this, we need the notion of channels. A channel
consists of a name and a finite, possibly empty, sequence of data types T1 X - - - x Ty, the
type of the channel. An event is then composed of the channel name and possible data
values, corresponding to the channel’s type.

In our example specification of a candy machine, the channel payout is of type Coins.
Thus, payout.1 denotes a possible event, communicated by the CandyMachine which is
composed of the channel name payout and the value 1 according to its type.

In this thesis, we will, in general, refer to an alphabet Events, denoting a global set
of all events which corresponds to the set of events for the Object-Z part. These are
comprised of the operation names and values for their parameters. If we want to refer to
the distinguished alphabet of a process P, we use the notation aP. Accordingly, we let
Op denote the set of channel names, corresponding to the set of operation names for the
Object-Z part. We use the terms operation and channel synonymously throughout this
thesis.

The inductive definition of a CSP process, which we will refer to in this thesis, is
summarised in the grammar, given in Figure 2.5. Here, a € Events denotes an event and
A,A1,Ay C Events sets of events.

Skip and Stop are basic CSP processes for termination and deadlock, respectively.
Stop does not communicate at all whereas Skip solely communicates the reserved
event v to indicate successful termination. The prefix process a — P; communicates the
event a and subsequently behaves as P;. P; O P describes the external choice (resolved
by the environment) between both processes P; and P, whereas P; M P, denotes the
internal choice (resolved internally). P; § P, describes sequential composition meaning
that first, P; is executed and, if P; successfully terminates, P, is allowed to occur. Py || P2
defines the interface parallel composition of two processes, which need to synchronise
on all events in A. Similarly, the alphabetised parallel composition P; 4, || 4, P2 needs
to synchronously perform any events within A; N As. We will sometimes leave out the
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synchronisation alphabet(s) and denote the parallel composition of two processes by
Py || Py, if the alphabet is not considered. The interleave process P; || P2 is a special case
of parallel composition where the synchronisation alphabet is empty. P; \ A behaves
similar to P;, except that events from A are hidden, that is, invisible to the environment.
All events within A are renamed to a distinguished, internal event 7. Since CSP processes
are defined via process equations, X denotes the body, that is, the right hand side, of a
process equation. Finally, P[R] depicts the process where all events e occurring in P are
renamed to R(e), according to a relation R : Events — P(Events).

From now on, we let L¢P denote the set of all CSP terms. We introduce some additional
generalisations and abbreviations, which we will use in the remainder of this thesis. First,
binary operators can be indexed over some finite indexing set I. As an example, the
indexed external choice, denoted by

l:'iel Py,
defines the external choice over all processes P; with i € I. Similarly, N-way indexed
parallel composition can be denoted by

N
Hi:lpi'

Based on associativity laws, N-way indexed parallel composition can be transformed
into a chain of binary parallel compositions. The same holds for the remaining binary
operators. Therefore, in the following definitions and proofs, we do not need to deal
separately with indexed operators.

The prefix choice process a : A — P; initially offers any event of A and subsequently
behaves as P;. Prefix choice can be seen as generalisation of prefixing. For finite A,
according to [Ros98], prefix choice can equivalently be transformed into indexed external
choice based on the equivalence

a:A—-P < Da.Aa—>P1
The process Rung defined as
Rung Za:A— Rung

can always communicate any member of A. If no alphabet is specified, we assume
A = Events and set Run := Rungyents-

Sometimes, it is convenient to refer to the set of events extending a set of channel
names with all possible parameter values. This motivates the following definition from
[Ros98]:

Definition 2.2.5. (Extension of channels)
Let ¢ be a channel of type Ty X --- x Ty. The extension set of c is defined as

{lc|}:={cvi..... Vi | vi € T;}.
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The definition allows us to refer to a set of channel names as the synchronisation
alphabet, meaning that the extension sets of their operations are synchronised.

A channel includes an ordering on its data types. Partially defined events fix a (possibly
empty) subset of its type while the remaining data values (possibly none) are undeter-
mined. Achieving this is done through using the underscore- (don’t care-) symbol "_" in
order to refer to positions within a channel’s type and define:

Definition 2.2.6. ((Extensions of) partial events)
Let c be a channel of type T1 x -+ X Tj. CVy..... Vi is a partial event if v; € T; U {_}. Its
extension set is defined as

{levieove [} = {evh oo {szvj’ Vi # - }}_

vjf € T;, otherwise

Note that by definition, the set of partial events includes the set of (complete) events.
We give an example for Definition 2.2.6:

Example 2.2.7. Let c be a channel of type N x B. Then,

{] c._.true |} = {c.vy.true | v € N} and
{] ¢.3._ |} = {c.3.true, c.3. false}.

Semantics of CSP

In order to analyse specifications and, in particular, CSP processes, we need to consider
the formalism’s semantics. The standard semantic model of CSP is the failures-divergences
model. In addition, the less discriminating stable failures model and the least restrictive
traces model can be chosen.

Traces of a CSP process describe its observable behaviour by means of sequences
of events. The prefix closed set of all finite traces of a CSP process P is denoted by
traces(P) C P(Events*). Elements are described as sequences (e, es,...,e,) with ¢; €
Events. Internal events (7-events) do not appear in the traces of a process. For instance,
(pay.2, switch, select.CRISPS, order, deliver. COOKIE, term.2) describes a valid trace of the
candy machine’s CSP part.!

A failure of a CSP process P is expressed as a tuple (tr,A) € Events* x P(Events) where
tr denotes a trace and A a set of events which P is unable to accept after tr has been
performed. For instance, ((switch),{pay}) is a failure of the CSP part of the candy
machine.

Divergence within a CSP process P describes the ability of P to perform an infinite
sequence of internal events. The set of divergences of a process P contains the set of
traces after which P can diverge.

Our decomposition approach focusses on the verification of safety properties. As
explained in [Weh00] and [OWO05], this allows us to move to the semantic domain of the
CSP traces model.

'Note that this is not a valid trace if we additionally consider the Object-Z part.
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Next, we introduce some notations adopted from [Sch99] and [Ros98] which we will
use in this thesis, and we start with the projection of a trace on a set of events:

Definition 2.2.8. (Trace Projection)
The projection of tr € traces(P) with respect to a set of events A is denoted by tr| A and

defined as:

trl A, adA,
(@) " (tr[A), a€A

As an example:

(pay.2, switch, select.CRISPS, order, deliver. COOKIE, term.2) | {pay, term} =
(pay.2,term.2).

The set of initial events, a process is able to perform, is defined as follows:

Definition 2.2.9. (Initials)
Let P be a CSP process. Then,

initials(P) := {a | (a) € traces(P)}

For instance, initials(main) = {pay, switch, payout}.

In order to describe that a certain CSP process satisfies a given property, also described
as a process, we need to be able to effectively compare processes. The general concept
behind this is to show refinement of one process by another. If a specification Q refines
another specification P, then Q is more restrictive and preserves the behaviour of P. In
our semantic domain of traces, preservation means that Q offers fewer traces than P thus
not allowing more behaviour. This gives rise to the following definition:

Definition 2.2.10. (Trace Refinement)
Let P,Q be CSP processes. Q is a trace refinement of P, if traces(Q) C traces(P). We write
P C7 Q. Pis trace equivalent to Q, P =1 Q, if, and only if, PCt Qand Q C7 P.

The traces of a CSP process can be obtained by defining its transition graph. A labelled
transition system for a process can be deduced from the operational semantics of CSP.
LTSs are the standard way for describing CSP processes in terms of transition graphs. For
more details on the operational semantics of CSP, we refer to [Ros98].

Definition 2.2.11. (Labelled Transition System for CSP)
The LTS semantics of a CSP process main over a set of events A is defined as the labelled
transition system M“P = (S, Sy, —csp) with

o S = L%P the set of all CSP terms,
e Sp = {main},
e —csp according to the operational semantics of CSP.

The labelled transition system definitions for Object-Z and CSP will be used to define
the operational semantics of CSP-OZ.
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Case Study Revisited

One particular property of the candy machine specification can informally be described
as follows:

“ The amount of money, paid by the customer, must be equal to the sum of the values of
all delivered candies plus the potential spare money. ”

For specifying properties of a specification, we will use CSP as the modelling language.
This is reasonable since the semantics of CSP-OZ specifications can jointly be given in
terms of CSP alone as we will see in Section 2.2.4.

Figure 2.6 defines a CSP process Prop, exactly describing the previously introduced
property. Here, all three comprised processes have a parameter of type N, counting the
current amount of inserted money and credits, respectively. This yields three sets of
families of process equations. Paying(i) monitors the sum of inserted money whereas
Collecting(i) decreases the sum by the specific costs of the delivered candies. In order to
identify the respective candy delivered by the machine, we explicitly denote the parameter
for the event deliver. Finally, Terminate(i) calls the event term with the remaining money
of value i.

Prop = Paying(0)
Paying(i) = Djecmns(pay.j — Paying(i +j)) O Collecting(i)
Collecting(i) = deliver.CHOC — Collecting(i — 1) O
deliver . COOKIE — Collecting(i — 2) O
deliver.CRISPS — Collecting(i — 3) O
Terminate(i)

Terminate(i) = term.i — Skip

Figure 2.6: Correctness requirement for the candy machine specification

In order to show that Prop is valid for the specification of a candy machine, we need to
prove

Prop Tt CandyMachine \ {| payout, abort, startOrder, select, order |}.

As we are only interested in the behaviour reflected by Prop, all events not occurring in
Prop are hidden.

2.2.4 Semantics of CSP-OZ

For the definition of the semantics of CSP-OZ, Fischer [Fis00] uses an extension of CSP,
which he calls CSPz, and ultimately defines a CSP; process capturing the semantics
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of a CSP-OZ class. Figure 2.7 shows a simplified version of his definition: a function
Semantics inputs a CSP-OZ class and translates it into a CSP process. Here, the operator
& represents guarding of an event defined as

b & P :& (if b then P else Stop).

Semantics(S) =
let
Z,PART(S) =
op€Op, in€ln(op), simeSimple(op) enable,op(s, m’Slm) &
|_|out€Out(op), s’estate’ e effect_op(s,in,sim,out,s’)
(op.in.sim.out — Z_PART(s"))
ZMAIN - l_lsesmte e Init(s) Z PART(s)
within
ZMAIN ||, main

Figure 2.7: Translation of a CSP-OZ specification into a CSP process

The basic underlying idea for this definition is to define a CSP process Z_MAIN mod-
elling the Object-Z part of the specification and putting it in parallel with the specifica-
tion’s original CSP part main. Both processes need to synchronise on Events. Z_MAIN
non-deterministically chooses a valid initial state s and subsequently calls Z_PART(s).
Z_PART(s) recursively executes operations of the Object-Z part in an arbitrary order
as long as the operation’s enable-schema is satisfied. Input parameters are determin-
istically chosen (using O) whereas output parameters and post states are determined
non-deterministically (using ). This is motivated by the idea that output parameters
and post states are internally chosen by a specification.

We aim at using the model checker FDR2 [For05] for verifying CSP-OZ specifications
against certain requirements. For this, we need to translate a CSP-OZ specification to
the input language of FDR2, CSPy;, without changing its semantics. A tool-supported
translation of CSP-Z to CSPy; has been accomplished in [MS01], [FMSO01]. Bolton and
Davies compare data refinement in Object-Z with failures-refinement in CSP based on the
Object-Z semantics as given in [Smi95] and use a translation of Object-Z to CSPy;. In the
context of refinement, Schneider [Sch05] introduced a more general translation from
abstract data types (ADTs) [LZ74] to CSP, which can be applied for (part of) Object-Z as
well.

In our context of CSP-OZ, Fischer [Fis97] derives a failures-divergences semantics for
CSP-OZ based on the definition from Figure 2.7. This allows us to generally use a CSP
model checker based on this transformation of CSP-OZ specifications. A transformation
function using the above translation and resulting in a process defined in CSPy; is
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introduced in [FW99]. In Chapter 7, we will apply this transformation to use FDR2 for
checking trace refinements. We give more details on FDR2 and the tools we are using
there.

Our aim is to give an operational semantics for CSP-OZ by using the definition from
Fischer. In this thesis, we are interested in the paths a specification might execute.
In this particular case, we do not need to deal separately with external choice and
internal choice: based on the operational semantics of CSP, the trace semantics does not
distinguish between external and internal choice. More precisely, for two CSP processes
P; and Ps:

P; O Py =1 Py M Ps.

Next, we define the operational semantics of CSP-OZ by putting the labelled transition
systems for the specification’s CSP part and Object-Z part in parallel. The parallel
composition of two labelled transition systems is defined as follows:

Definition 2.2.12. (Parallel composition of labelled transition systems)

Let M = (S',S'y,—1) and M? = (S2%,5%),—2) be two labelled transition systems
over the same set of events E. The parallel composition of M! and M? is defined as
M! || M? = (S, So, —) with

e S=S5'%x8?% Sy=S} xS3,
o (s1,52) = (s,sh) if one of the three conditions
@) 515181 A sy g sh,
b) s1 18] Ash=so,
) s =51 Asy Do Sh.
holds.

The operational semantics of CSP-OZ is then defined as the parallel composition of
MCSP and M9%, synchronising on Events. Note that we assume the alphabets of operations
of the CSP part and the Object-Z part to be equal. This is not a restriction, as any
operation solely represented in the CSP part of a class can be added to its Object-Z part
by using an empty predicate part not modifying the state space of the class. Conversely,
operations exclusively appearing in the Object-Z part can be integrated into the CSP
process by globally offering them based on an additional interleaving. Besides, based
on the operational semantics of CSP, M®S? can indeed perform 7-events whereas M%*
cannot.

Table 2.1 gives an overview on the two semantics of CSP-OZ which we introduced
in this section. When showing correctness of our approach, we will refer to the LTS
semantics of CSP-OZ, incorporating state valuations and events in their paths. The
more discriminating CSP; semantics maps a CSP-OZ class specification on a CSP process,
preserving the original behaviour within the failures-divergences model.

Even though the translation of CSP-OZ to CSPy; uses the CSP; semantics and is thus
semantics-preserving for any of the three models of CSP, our approach solely focusses on
the traces model.
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LTS SEMANTICS CSP; SEMANTICS

Semantic model traces model of CSP | failures-divergences model of CSP

Alphabet for paths | (State x Events) Events

Application in thesis | correctness proof model checking (trace refinement)

Table 2.1: Comparison between the different semantics for CSP-OZ

2.3 Dependence Analysis

The main aspects of this thesis are the construction and evaluation of decompositions for
software models, specified in CSP-OZ. We require correctness of our approach, meaning
that the decomposition must preserve the observable behaviour of the specification. This
is achieved by a correctness proof, requiring a representation of the model on which the
decomposition and the general proof can be carried out. This representation must reflect
the structure of the specification as well as the interdependences between its elements.

In his PhD thesis [Brii08], Briickner introduced a dependence analysis for CSP-OZ
based on the definition of a (program) dependence graph. In the context of program
slicing [Wei81], he uses it to show correctness of his approach. Since a dependence graph
precisely reflects all the specification’s interdependences, we can take advantage of this
construction and use his graph in a slightly modified version.

This section introduces the dependence analysis for CSP-OZ specifications mainly
according to [Brii08]. We start with a small motivation, stepwise present the dependence
graph and illustrate its definition by means of our case study. Instead of repeating all the
details of the dependence analysis, we concentrate on the main aspects and an illustration
of the concept. Along with that, we describe our context-specific modifications and
introduce some necessary properties of the dependence graph.

2.3.1 Dependence Analysis for CSP-OZ: Motivation

The introduction already gave an overview on the overall goals of this thesis. In particular,
Figure 1.1 illustrated the approach for decomposing a given specification S into two
components S; and Sy, yielding a system S; || Sa.

Decomposing a CSP-OZ specification S means that S is split-up into two smaller CSP-OZ
specifications S; and S». For that purpose, the specification’s elements, such as operation
schemas and state variables, are distributed over S; and S,. In order to define correct
decompositions, we cannot simply assign these constituents to S; and S at random:
the specification’s elements might depend on each other. The distribution of dependent
elements over both components is not beneficial but generally possible. A definition
of S; and S; needs to conform to the structure of the original model such that the
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__Swapper
chan store_b, move_a, move_b

. C .
main = store_b — move_a — move_b — Skip

Init
a,b,tmp : N a=1
b=2
_effect_store.b____ _effect_move.a____ _effect_moveb____
A(tmp) A(b) Ala)
tmp’ =b b'=a a = tmp

Figure 2.8: Simple CSP-OZ class specification for swapping two numbers

(observational) equivalence of S and S; || S2 can be deduced.

We illustrate the need for a precise specification’s analysis with a small example.
Consider the simple CSP-OZ specification Swapper as given in Figure 2.8. The specification
swaps two natural numbers a and b with respective values 1 and 2 by using a temporary
variable tmp.

A decomposition could, for instance, yield two specifications Swapper; and Swapper,
such that store_b and move_b are distributed over different components. This defini-
tion bears some problems: first, the parallel composition of the resulting CSP parts
needs to preserve the original ordering of events (store_b, move_a, move_b) according to
Swapper.main. In the parallel composition Swapper, || Swappers, the operation move_b
must not be performed prior to any other event. The dependence graph must therefore
comprise edges reflecting the control flow of a specification’s CSP part.

Second, consider the Object-Z part of the resulting specification part Swappers: the
variable tmp is modified within store_b. We need to ensure that move_b refers to the
correct value of tmp. The modified value somehow needs to be restored within Swappers.
This interconnection needs to be reflected in the dependence graph as well. Here, we use
edges representing the specification’s data dependences.

In general, we need to preserve the dependence structure of both, a specification’s CSP
part and Object-Z part. Our dependence analysis for CSP-OZ specifications addresses this
issue by using two graphs:

a) a control flow graph (CFG), which represents the workflow of the specification’s CSP
part and

b) a data dependence graph (DDG), representing the interdependences between state
variables and parameters of the specification’s Object-Z part.

The overall dependence structure is subsequently defined in the specification’s (pro-
gram) dependence graph (DG) combining the CFG and DDG. Our definition of the DG
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mainly corresponds to the one by Briickner [Brii08]. However, in this thesis and contrary
to Brueckner’s definitions, the DG is defined with respect to operation nodes. We do
not separately consider an operation’s enable- and ef fect-schema and its contained
predicates.

A decomposition defines a split-up of the dependence graph which then leads to the
decomposition of the underlying specification. Preservation of the observable behaviour
is defined in terms of correctness criteria on this fragmentation in Chapter 4.

2.3.2 Definition of the Control Flow Graph

In order to analyse a program in respect of its execution paths, control flow analysis
[All70] is a standard practice. A control flow graph is a graph theoretical representation
of a program.

The definition of [Brii08] yields a control flow graph representing a CSP process. Nodes
of this graph mainly correspond to CSP events and CSP operators. We start with the
general definition of the control flow graph. Ultimately, we are interested in a dependence
graph for a CSP-OZ specification S. To this end, the following definitions refer to the CSP
part main of a CSP-OZ specification and to the set of operation schemas Op of S.

Definition 2.3.1. (Control Flow Graph (CFG) of S)
The control flow graph (CFG) CFGs = (N, —) of a CSP-OZ specification S is defined over a
set of nodes N = cf(N) U op(N) and a set of edges —C N x N.

Nodes of the CFG either correspond to a CSP operator or to an operation schema of
the underlying specification. Table 2.2 denotes all nodes along with the corresponding
CSP operators, if existent.

We use a unique node start, representing the start of main. The set N comprises the set
of nodes op(N) which is defined as

op(N) = {op’ | op € Op} U {init}.

Here, a special node init represents the initial state schema of a class, comprising all initial
predicates. For the definition of the CFG, the init-node is conjoined with the start-node of
the class. As an operation schema op may occur more than once in main and thus in its
CFG, we denote the i-th occurrence of the respective operation node by op'.

cf(N) is the set of CSP operator nodes plus a set of additional nodes representing
entry and leaving of a process. The whole set complies with the elements of the CSP
grammar as given in Figure 2.5. Some of these operators, namely the ones corresponding
to external choice, internal choice, both parallel operators (which are not separately
dealt with in the CFG) and interleaving, introduce branching into the CFG. Here, we
introduce split nodes and corresponding join nodes, which are denoted by cfop and uncfop
for cfop € {extch, intch, par, interleave}, respectively. According to operation nodes, the
same notation for the i-th occurrence of a CSP operator node applies.

Note that we do not separately consider parallel composition of classes since, on graph
level, parallel composition of classes and processes is equally dealt with [Brii08]. Thus,
we equally treat specifications consisting of one and several classes.
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Node CSP operator | Name
start - (Start of main)

| op' \ - | (Operation Node for op € Op) |
skip ! Skip (Termination)
stop ! Stop (Deadlock)
extch O (Split External Choice)
unextch - (Join External Choice)
intch! M (Split Internal Choice)
unintch ! - (Join Internal Choice)
seq ! S (Sequential Composition)
par I (Split Parallel)
unpar ! - (Join Parallel)
interleave ! Il (Split Interleave)
uninterleave ! - (Join Interleave)
start.X - (Process Entry)
term.X - (Process Termination)
call.X - (Process Call)
ret.X - (Process Return)

Table 2.2: Table of nodes of the control flow graph

The remaining four nodes are used for structuring of CSP process definitions: start of a
process X, termination of X, call of X and returning from X. As an example, executing
switch in the candy machine and subsequently calling the process Select corresponds to a
CFG path (..., switch, call.Select, start.Select, . . . ).

In general, a CFG node n € N must always have zero, one or two successor nodes. We
denote a single successor node by succ(n), in case of two successor nodes we separately
denote each one with succ_one(n) and succ_two(n), respectively.

Paths of the CFG precisely reflect the control flow of main. For the correctness proof,
we make one important observation: according to the definition of the CFG, the sole
possibility of cycles within the CFG are process calls within the CSP part. This is reflected
in [Brii08] where the definition of G¢rg introduces cycles into the CFG solely for the case
of call-nodes.

Figure 2.9 shows a slightly simplified version of the CFG for the candy machine
specification. We omit unextch nodes, term nodes and ret nodes to avoid a blow up in the
illustration. Operation nodes are highlighted in grey.

The following notations for paths of the CFG are mainly corresponding to [Brii08]:

Definition 2.3.2. (Paths of the Control Flow Graph)

Let CFGg = (N, —) be the CFG of S, and let n,n’ € N. We use the following notations for
paths of the CFG, that is, sequences of nodes, visited, when walking along the edges of the
graph:

e pathcrg denotes the set of all paths of the CFG whereas pathcre(n, n’) denotes the set
of paths starting in n and terminating in n’.
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> start
pay < extchl
/
~callmain  call'.Payout call'. Select
> start. Select
extch
v \
— start. Payout selec call'.Deliver

l

/ extch? \ / extch“ start.Deliver <———

call>.Select call Order

‘ payout ‘ ‘ abort ‘

5
l l start. Order extch
- call>. Payout Skip'
‘order|

call’.Select Skip? call>. Deliver -

Figure 2.9: Control flow graph (CFG) for the candy machine specification
e n - n’ denotes that © € pathegg(n,n’) whereas n —— n’ denotes that there exists
some path from n to n, that is, pathcrg(n,n’) # .

e For n,n’ € op(N), we write
n — n' if and only if, (37 € pathere(n,n’) @ 7 Nop(N) = {n,n’}).

We will sometimes need to refer to paths connecting two operation nodes n, n” without
additional operation nodes in between. For this, we use the last definition. For 7 €
pathcre(n,n’), we let x € m denote that x € N is an arbitrary node on the path 7, including
n and n’ themselves.
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We give a small illustrating example for the previous definition:
Example 2.3.3. For the CFG of the candy machine from Figure 2.9, we get:
e (start, extch!, switch, call'.Select, start.Select, extch?, select) € pathcgg,
e (switch, call' .Select, start.Select, extch?, select) € pathcrg(switch, select),
e start.Deliver — extch®,

e switch — order and
[
e select — order.

Next, we define a mapping between the set of operation nodes of the CFG, op(N), and
the set of operations Op of a specification:

Definition 2.3.4. (Labelling of CFG nodes)

Let CFGs = (N, —) be the CFG of S, and let Op be the set of all operation schemas of S. The
labelling function [ : op(N) — Op maps an operation node of the CFG on its corresponding
schema name: [(op') := op. For O C Op, we define

1-10] := {n € op(N) | I(n) € O}.

As multiple occurrences of an Object-Z operation within the CSP part of a specification’s
class are possible, the cardinality of op(N) is greater or equal than the cardinality of Op:
for all op € Op, there exists at least — but in many cases more than — one occurrence op'
within the DG. Thus, the mapping [ is surjective but in general not injective. If [=![{op}]
only contains one element, we denote it by op, leaving out the index.

For a more precise definition and description of the CFG, we refer to [Brii08].

2.3.3 Definition of the Data Dependence Graph

The control flow of a program can be represented in a graph theoretical way, and the
same applies to its data flow. Data flow analysis and data dependence graphs [Den74]
aim at an evaluation and description of dependent program statements, incorporating
data values. A data dependence is, for instance, given if one statement modifies a certain
program variable, while another statement refers to it, and the variable is not overwritten
in between.

The data dependence graph, which we consider, is solely defined over the set of nodes
op(N), that is, the set of operation schemas of a specification plus its initial state schema.
It supplements the CFG in the sense that its edges are related to paths of the CFG and
that it is mainly derived from the Object-Z part of a specification.

As already mentioned, enable- and e f fect-schemas are comprised into one opera-
tion node. Dealing with operation nodes instead of its constituents is reasonable, since,
as we will see in Chapter 4, our decomposition approach does not further decompose an
operation but rather keeps operations as atoms.
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Besides, we refer to a normalisation of the Object-Z part of S according to [Brii08]: as
a state invariant needs to hold before and after execution of each method, it can safely
be copied to the e f fect-schema of each method and eliminated from the state schema,
without changing the behaviour of the specification.

The definition of the data dependence graph is as follows:

Definition 2.3.5. (Data Dependence Graph (DDG) of S)
The data dependence graph (DDG) DDGg = (op(N), ---+) of a specification S is defined over
a set of nodes op(N) and a set of edges ---+C op(N) x op(N).

Edges of the DDG incorporate several dependences with all of them being introduced
in [Brii08]. Table 2.3 denotes all comprised edges. Note that we do not consider control
dependences, as we will explain in the next section.

Edge | Name

---» | (Direct Data Dependence)
---» | (Initial Data Dependence)
---3 | (Interference Data Dependence)

«-—-»> | (Synchronisation Dependence)

---» | (Synchronisation Data Dependence)

Table 2.3: Table of edges of the data dependence graph

The simplest example is a (direct) data dependence: assume a certain state variable v € V
being modified in some operation schema op; and referenced in some other operation
schema opy, that is, v € (mod(op1) N ref(opz)). For all operation nodes n € 1~!(opy),
n’ € [71(ops), such that there exists a CFG path from the first to the latter node and v is

not further modified on this path, the DDG contains a data dependence edge n SN

Initial data dependences are a special case of direct data dependences. Since the initial
state schema poses restrictions on the set of state variables, an initial data dependence
connects the representation of the initial state schema with an operation if some variable
v is restricted in Init and referenced in op, without being overwritten in between. As
initial data dependences will frequently be used in the following chapters, we introduce

. .. idd . e, ., dd _
a separate notation: init ---» n’, if, and only if, init ---» n’ for n’ € [=!(op).

An interference data dependence exists from one node to another if both nodes are
located in different branches of an interleaving or parallel composition and, again, the
source node modifies a variable that the target node references. Note that, in general,
there is no CFG path connecting both nodes.

Synchronisation dependences model the fact that synchronised events within a parallel
composition have a mutual dependence on each other. These edges can more likely be
seen as a representation of the control flow. However, we integrate them in the DDG,
since we want to keep the original definition of the CFG. Note that synchronisation
dependences are always symmetric.
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Finally, synchronisation data dependences complement synchronisation dependences.
They connect two operation nodes if they are connected by a synchronisation dependence,
and one of the corresponding operations declares an output variable which the other

corresponding operation uses as an input.
Since we will need to refer to the precise conditions for some of these edges later on,

we give their definitions next.
Definition 2.3.6. ((Direct-, Interference-) Data Dependence, Synchronisation Dependence)
1.) A direct data dependence exists from n € op(N) to n’ € op(N), n o, n, if, and only if,

Jopi,0p2 €Opencl(opy),n €l (ops) A (nodes corresp. to two operations)
Jv € (mod(op1) Nref(op2)) A (v modified in op,, referenced in ops)
d7 € pathepg(n,n’) ® (nodes are connected by CFG path)

Vmemevemod(ll(m)) = (m=n)V (m=n') (nofurther modification of v)

2.) An interference data dependence exists from n € op(N) to n’ € op(N), n e n, if, and
only if;
Jopi,0p2 €Op enclt(opy),n €l 1(ops) A (nodes corresp. to two operations)

3v € (mod(op1) Nref(op2)) A (v modified in op, referenced in ops)
Im = (interleave V parg ® op € S) A (interleaving or parallel composition)
d7 € patherg(m,n) A (first node in one branch)

I’ € pathgrg(m,n’) o (second node in the other branch)
N’ ={m} (no join of branches within paths)

3.) A synchronisation dependence exists between n,n’ € op(N), n &L n’, if, and only if,

Jop € Open,n €l t(op) A (two nodes corresponding to same operation)

dm = parg e op € S A (parallel composition with operation synchronised)
Im € patherg(m,n) A (first node in one branch of parallel composition)

d7! € patherg(m,n’) e (second node in the other branch of par. composition)
mNa’ ={m} (no join of branches within paths)

Sometimes, we explicitly need to refer to the state variable responsible for a data
dependence. This leads to the following notation:
Definition 2.3.7. ((Direct-, Interference-) Data Dependence by Reason)
Letn -2, n’, and let the state variable v satisfy the criteria from Definition 2.3.6, 1.). In

this case, we write n —‘—ii(v) n’ and say that n %, 1 holds by reason of v. Correspondingly,

. ifdd ,
we define n —--»(,) .

Note that n -°%> 0 and n 225 n" can hold by reason of more than one variable. The
definitions for all kinds of dependences can be found in [Brii08]. We immediately deduce
a small lemma which we will frequently use in the following chapters:

Lemma 2.3.8. (Direct data dependence requires CFG path)
Let n,n" € op(N) such that n -°%s n. Then, n — .
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Proof. Immediately follows from Definition 2.3.6, 1.). |
—_Customer
chan insert_one,insert_two chan ticket : [t! : B]
main = (insert_one — Skip ||insert_two — Skip) § ticket?t — Skip
Init
money : N (money =0
_effect_insert_one___ _effect_insert_two__ _effect_ticket_______
A(money) A(money) th: B
money’ = money + 1 money’ = money + 2 t! = true
__Machine______ System
chan ticket : [t? : ]B] FCUStomer {\insertJne,insert,two,ticketl}|| {|ticket|} Machine

main = ticket?t — Skip

__enable_ticket
t?: B

t? = true

Figure 2.10: Simple CSP-OZ class specification for a ticket machine

Since our main case study does not incorporate all kinds of data dependences, we give
a small example to illustrate them. Figure 2.10 shows a ticket machine specification
consisting of two classes Customer and Machine. The overall system is defined as the
parallel composition of both classes, synchronising on the set {| ticket |}. The customer
can insert coins of value 1 and 2 in an arbitrary order and afterwards, the machine
dispenses the ticket. The full DDG of this small specification is given in Figure 2.11. Edges
are labelled according to Table 2.3.

The specification incorporates the following dependences:

Initial Data Dependence: Since the state variable money is restricted in the initial state
schema of Customer, referenced within insert_one, insert_two and possibly not
overwritten in between, there exist two initial data dependences (®, @) from Init
to the respective operations.

Synchronisation Dependence: The operation schema ticket is synchronised be-
tween both classes thus yielding a synchronisation dependence (®) between
Customer.ticket and Machine.ticket.
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Customer.ticket sdd (3) @ Machine.ticket

Customer.init @

- [

- . ; .
®/ - idd @l idd
- 4 — — — 1 —»

Customer.insert_one Customer.insert_two ‘

Figure 2.11: Data dependence graph (DDG) for the ticket machine specification

Interference Data Dependence: Based on money € (mod(insert_one) N ref (insert_two))
and vice versa money € (mod(insert_two) N ref(insert_one)), both nodes are
connected via a (symmetric) interference data dependence (®).

Synchronisation Data Dependence: As Customer.ticket sends the value of the parame-
ter t to Machine.ticket, a synchronisation data dependence (®), with Customer.ticket
as the source node and Machine.ticket as the target node, connects both operation
nodes.

The sole remaining data dependence, which we did not yet exemplify, is the direct data
dependence. In the candy machine specification, one such edge is the link from switch to
select due to credits € (mod(switch) Nref (select)).

Figure 2.12 gives an extract of the DDG for the candy machine specification which
solely comprises direct data dependences and initial data dependences. All edges of the
DDG will be given in the next section as part of the specification’s dependence graph.

2.3.4 Definition of the Dependence Graph

The idea of the definition of a (program) dependence graph (PDG), as introduced in
[FOWS87], is the unification of all the dependences of a program into one determined
graph which can then serve as the sole basis for the analysis of a program.



2.3 Dependence Analysis 37

select selected' = ca?
idd

Figure 2.12: Extract of DDG for the candy machine specification

According to the structure of CSP-OZ specifications, the analysis of their dependence
structure is two-folded: the construction of the overall dependence graph of the specifica-
tion comprises the control flow graph for representing the control flow of a specification
and the data dependence graph as a representation of its data flow. We will now consoli-
date both graphs into one. Again, we start with the general definition:

Definition 2.3.9. (Dependence Graph (DG) of S)
The dependence graph (DG) DGs = (N, —npg) of a CSP-OZ specification S is defined over a
set of nodes N and a set of edges —pgC N x N, where

e N = cf(N)Uop(N) and
o —pg= (—> U————)),
according to Definition 2.3.1 and Definition 2.3.5 for the CFG and DDG, respectively.

The dependence graph is defined over the same set of nodes N = c£(N) U op(N) as the
CFG and comprises both, edges of the CFG and the DDG. Recall that edges of the DDG
always connect operation nodes.

Our definition of the DG differs from the one defined in [BriiO8] in several points:

Definition based on Operation Nodes: Our set of DG nodes comprises operation nodes
instead of predicate nodes. Data dependences thus connect the respective opera-
tion nodes which contain the responsible predicates. This definition corresponds
to Briickner’s simplified graph representation, using super nodes. However, we
additionally consolidate enable- and effect schemas of an operation into one
node. The coarsening is motivated by the idea that in our decomposition, we will
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keep operations atomic, that is, we will either assign all or none of the original
predicates of an operation to the generated components.

Inclusion of the CFG: In our context, a decomposition completely needs to adhere to the
CFG, since we must not destroy the overall dependence structure of a specification.
Therefore, in contrast to Briickner, we integrate the full CFG into our dependence
graph.

Neglect of Control Dependences: Based on the previous explanations, neither direct
nor indirect control dependences as defined in [Brii08] are relevant in our context.

Neglect of Symmetric Data Dependences: Symmetric data dependences model shar-
ing of modified variables between two predicates. These edges are only used for
connecting two predicates within the same operation. Analogous to the previous
explanations, we can safely omit them.

Paths of the DG are defined according to paths of the CFG, except that we use the
notation pathpg. Finally, we present the dependence graph for our case study in Figure
2.13. We do not explicitly distinguish between the several types of edges of the DDG here.
The Init schema of the specification, attached with outgoing initial data dependences,
is linked to the start-node of the graph.
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In the introduction, we discussed strategies to ensure the reliability of a software
system. Our approach concentrates on the verification of a system model with respect
to certain requirements. This is achieved by specifying the system in the integrated
formalism CSP-OZ, as introduced in the previous chapter, and employ model checking.

Model checking [CGP99] is a technique to automatically verify a system model, repre-
sented as a finite state machine, against desired properties of the system, described in
some logical formalism. It either shows the validity of the desired properties or produces
counterexamples, giving some insight on why the model is invalid. The methodology is
introduced in [EC80, CES86], and extensive research has been devoted to it over the last
years.

Even though model checking algorithms generally have a linear or at worst polynomial
complexity in the size of their underlying models [Sch02], they all need to compute the
state space of the system, which exponentially grows in the number of its components.
Therefore, the main focus of attention is to cope with this decisive task, know as the state
explosion problem.

This chapter provides the necessary background on model checking techniques and
particularly on compositional verification as our object of research. Section 3.1 elaborates
on the most relevant techniques to tackle the state explosion problem. Subsequently,
Section 3.2 gives an overview on compositional verification and introduces our employed
proof method, assume-guarantee reasoning. Along with this, we describe a methodology
on learning assumptions for an automation of assume-guarantee-based verification.
Section 3.3 puts assume-guarantee reasoning into our semantic context. Finally, Section
3.4 discusses related work on compositional verification.
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3.1 Approaches to the State Space Explosion

Verification of program correctness incorporates the analysis of any possible program exe-
cution and any reachable state. In order to achieve this, mathematical-based techniques
aim to build a model, representing all possible program configurations. This structure
is in general referred to as a program’s state space. Model checking verifies the system
model against certain requirements by analysing its state space.

Due to limited computing resources, automated verification of a software model can
only construct models up to a certain extent. Thus, if the state space of a model becomes
larger and larger, model checking becomes infeasible.

Model checking of specifications written in an integrated formal method are highly
afflicted from the state explosion problem: as the data-oriented description of a system
may cause an enormous state space due to large or even infinite data types, so does the
behaviour-oriented description, owed to its concurrency. If two diverse formalisms are
combined into one, automated formal verification suffers from both of these problems at
the same time.

There are many strategies to tackle state explosion, with most of them having their
specific advantages in certain domains. The most important techniques are described in
the following.

Partial order reduction [KP88, God96] concentrates on the analysis of the concurrency
of a system. More precisely, it aims at identifying independent and thus commutative
transition paths in asynchronous systems. As a result, different orderings on these
transitions can be conjoined. This technique clearly has its key benefits if applied to
behaviour-oriented formalisms, incorporating asynchronous concurrency.

In order to apply model checking for infinite state systems, abstraction techniques need
to be employed. In general, these techniques aim at either removing or simplifying parts
of the system model.

One such technique is data abstraction [CGL94], which aims at handling large data
domains. It is based on the idea of abstract interpretations [CC77]. Instead of evaluating a
property with respect to all possible data values, an abstraction mapping identifies a set of
concrete values for one abstract value. If the mapping satisfies certain correctness criteria,
properties of the abstract system also hold for the concrete system. Data abstraction
techniques for CSP-OZ were introduced in [Weh00].

However, too coarse abstractions can lead to wrong verification results. Counterexample
guided abstraction-refinement [CGJ*03] iteratively refines an initially minimal abstraction
and is guided by the model checker’s counterexamples. In case of a spurious counterex-
ample, based on an over-approximation of the system, the model is refined, and the
verification process is repeated. In the context of CSP and Z, this technique has been
applied in [DWO7].

Symmetry reduction [CJEF96] aims at finding behavioural symmetries to subsequently
reduce the model. A similar approach is followed in [RW94] in the context of sequential
composition.

Another abstraction technique is cone-of-influence reduction [Kur94]. Based on a certain
property under interest, this technique aims at eliminating all specification elements
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which do not influence the verification property. For that purpose, the dependence
structure of the specification is computed and analysed. A similar technique is program
slicing [Wei81] which was successfully applied in the context of CSP-OZ [Brii08], as
already mentioned in Section 2.3.

Symbolic model checking [JEKT90, McM93] aims at representing the state space in
a canonical and more efficient form by means of a boolean encoding (ordered binary
decision diagrams, [Bry86]). Many existing model checkers work on a symbolic represen-
tation of the original state machine and by using symbolic model checking algorithms.

Bounded model checking,[BCCZ99] as one branch of symbolic model checking
[CBRZ01], incrementally tries to find finite prefixes of counterexamples by examining
paths up to a certain bound k. If no counterexample is found, the bound is incremented,
and the algorithm continues. The bounded model checking problem can efficiently be
reduced to the propositional satisfiability problem (SAT) [DP60].

3.2 Compositional Reasoning

The strategy to cope with the state explosion problem we focus on is compositional
verification. Many systems are not defined as one single large component but more likely
composed of smaller parts. Compositional verification [dRHH*01] uses this property by
means of a “divide and conquer” approach: instead of verifying the system as a whole,
the verification task is split up into smaller subtasks. The components of the system are
verified independently, and the verification results are combined.

The benefits are evident: instead of computing the global state space of the overall
system, compositional verification merely needs to deal with the individual state spaces
of the system components and thus avoids the state explosion problem up to a certain
extent.

There are a lot of different compositional proof strategies [BCC98] but the most popular
ones are based on the assume-guarantee paradigm [FP78, Jon83, MC81]: since, in general,
a system component S depends on its environment, it cannot be verified in isolation.
However, if a certain environment assumption A is assumed for S, a guarantee condition G
of S can be inferred. Typically, this is expressed by a logical triple (A) S (G), stating that if
S is part of an overall system satisfying A, then the system must guarantee G.

Assume guarantee reasoning uses the previously described paradigm in terms of
inference rules. In our context and in the context of [BGP03], A, S and G represent
labelled transition systems. Thus, we may let £(A) denote the language of the assumption
A, that is, its set of traces over ¥* on the underlying LTS, where ¥ denotes the trace
alphabet of A. Furthermore, let £(A)¢ denote the complement of this language, that is,
L(A)C =%\ L(A).

Next, we present the different proof rules, which we will deal with in this thesis.

3.2.1 Assume Guarantee Proof Rules

Proof rules adhering to the assume-guarantee paradigm can be classified into different
categories. Suppose an overall system S to be composed of two components S; and
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Sy running in parallel: S = S; || Se. The simplest assume-guarantee proof rule can be
described as follows: if component S; guarantees (satisfies) an assumption A, and if
component S» satisfies a property Prop under the assumption A, then the overall system
S1 || S satisfies Prop. This can be denoted as an inference rule as given in Figure 3.1.

(A1) S1 (Prop)
)

(true) S1 (A) (Ag) So (Prop
<A> Sy <P7’Op> ﬁ(Al)C N E(Ag)c =J
(true) Sy || S2 (Prop) (true) Sy || S2 (Prop)

Figure 3.1: Basic assume-guarantee proof Figure 3.2: Parallel assume-guarantee proof
rule (B-AGR) rule (P-AGR)

From now on, this rule will be denoted by (B-AGR) and it will be called the basic
assume-guarantee proof rule. It can be classified as being sequential in the sense that the
first premise, (true) S1 (A), needs to be evaluated before the second premise, (A) Sy (Prop),
can be considered — A must already be determined before it can serve as an assumption
for 82.

Another proof rule is motivated by the need for a symmetric computation of assumptions
for both components. One particular symmetric proof rule is given in [BGP03] and
depicted in Figure 3.2. In contrast to the basic proof rule, we call this rule the parallel
proof rule and refer to it as (P-AGR).

The main difference to rule (B-AGR) is the usage of one additional premise and
assumption. Moreover, the rule allows for a parallel computation of the first and second
premise, since both assumptions do not appear on the right hand side of both logical
triples.

The first premise states that under the assumption A;, component S; satisfies Prop. The
second premise states the corresponding for A, and Ss. In order to show that S; || S,
satisfies Prop, we need a third premise: the intersection of the complements of both
assumption languages needs to be empty.

In [BGP03], the authors show that the third premise, which is equivalent to £(A;) U
L(A2) = ¥*, is indeed necessary. The intuitive reason can roughly be described as follows:
A; restricts S; to Prop and As restricts S, to Prop, whereas the conclusion states that
S1 || Sy satisfies Prop without any restriction. Thus, the unification of the languages
of both assumptions must contain all possible words. This ensures that no possible
behaviour is ruled out by both assumptions at the same time.

A third class of assume-guarantee proof rules are referred to as circular proof rules.
These rules either involve circularity on the assumptions or, as in our case, on the
components: one circular proof rule as introduced originally in [GL91] is depicted in
Figure 3.3 which we will refer to as rule (C-AGR). Here, two premises coincide on their
component. In general, in comparison to non-circular ones, proving soundness and
completeness of circular proof rules is rather difficult [Mai03].

In this thesis, we will focus on non-circular rules and on the the first two proof rules,
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(true) Sy (A1)
(A1) S2 (Az)
(Ag) S1 (Prop)
(true) Sy || So (Prop)

Figure 3.3: Circular assume-guarantee rule (C-AGR)

rules (B-AGR) and (P-AGR). For an application of these proof rules, one needs to identify
appropriate assumptions.

3.2.2 Obstacles to the Application of Assume Guarantee Reasoning

Several issues complicate the application of assume-guarantee reasoning. First, the system
needs to be composed of several components. If this is not the case, assume-guarantee
reasoning is not applicable at all.

Furthermore, the identification of environment assumptions had to be done manually
by the user. By the use of a new technique based on a learning approach and proposed in
[CGPO03], this process can now fully be automated. We will introduce the approach in the
next section.

Even though that automated learning of an assumption removes one of the obstacles
assume-guarantee reasoning has to deal with, its usefulness in comparison to monolithic
verification is still questionable: the major aim of this technique is to explore smaller state
spaces. However, an unadvantageous decomposition can still lead to large assumptions
and thus large state spaces. In [CAC06], the authors investigated the effectiveness of
assume-guarantee reasoning based on exploring different decompositions of a given
system and comparing memory usage. The results show that only in very few cases,
assume-guarantee reasoning indeed outperforms non-compositional verification. Even
worse, in most cases, the explored state spaces are actually larger in compositional
verification.

In particular in the context of compositional verification for formal methods, these
considerations motivate the need for a technique to define decompositions which are
advantageous for an application of assume-guarantee-based techniques. We address this
problem in Chapter 6.

3.2.3 Learning for Compositional Verification

In order to apply an assume-guarantee-based proof rule, environment assumptions
need to be identified. Consider the basic proof rule (B-AGR). Unfortunately, it is a
non-trivial process to find an assumption which, on the one hand, abstracts from S; by
over-approximating it and which is, on the other hand, strong enough for S,, such that
Prop can be deduced. This applies to any of these proof rules.
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Over many years, the development of an assumption had to be done manually by the
user, not allowing assume-guarantee reasoning to be performed in an automatic manner.
Recently, a new technique to fully automatically generate assumptions [CGP03] based on
a learning algorithm [Ang87] has been developed. The core idea for this technique is to
use a model checker to learn the assumption. This technique can be applied with respect
to several assume-guarantee proof rules [PGB08] and in a framework, freeing the user
from manual interference.

Equivalence Queries
,,1Is the conjecture
correct? “

TN

YES / counterexample

YES /NO

Membership Queries
., Is the word an element
of the language? “

Figure 3.4: Illustration of the L* algorithm

The basis for this approach is an algorithm which learns an unknown regular language
(in our case: the language of the assumption) and returns a deterministic finite automaton
(DFA) accepting this language. The algorithm is called L*, and it was introduced in
[Ang87]. We describe the basic idea of the algorithm: suppose that U is an unknown
regular language over some alphabet X.. For an effective learning of U, the algorithm
requires an oracle which correctly answers two different questions:

Question (Membership Query):

Given a word w over the alphabet ¥, is w an element of U?
Answer:

Yes, if w is an element of U, no otherwise.

Question (Equivalence Query):

Does the DFA D accept the language U?

Answer:

Yes, if £(D) = U holds, a counterexample w € (L(D) \ U) U (U \ £(D)) otherwise.
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If the oracle (or teacher, as it is called in the context of L*) correctly answers this question,
the algorithm always terminates and outputs a DFA Dy, such that £(Dy) = U holds.

Figure 3.4 illustrates this concept. The approach presented in [CGP03] incorporates the
L* algorithm into an assume-guarantee-based framework for the automatic computation
of the required assumptions. The technique can be applied to all three previously
introduced proof rules, as shown in [PGBT08]. Here, a model checker serves as the
teacher. The idea is to incrementally compute the assumption.

*

r |
L - - <A> S2<Pr0p> -
S
I 1
| | spurious
| | counter-
1 | example
+ 1
******** |
~lrue= SI||S2<Pmp> e T _ J<true> S <4>
is valid S
T
| |
; false 1
real |
counter- ‘7,,,',,,7 |
<true> S1||S2<Pmp> - example ‘counterexample L I
is invalid : analysis ‘

Figure 3.5: Illustration of the L* based learning framework

As an example, for the basic proof rule (B-AGR), the framework starts by making use of
L* to compute an assumption A such that (A) Sy (Prop) holds. Afterwards, (true) Sy (A) is
checked.! If the result is true, correctness of the proof rule yields that (true) Si||Ss (Prop)
holds. Otherwise, the counterexample is analysed. A spurious counterexample leads
to a refinement of the verification process, a valid counterexample to the refutation of
(true) S1||S2 (Prop). This is illustrated in Figure 3.5.

Next, we put assume-guarantee reasoning into our context by translating both rules,
(B-AGR) and (P-AGR), into the semantic domain of CSP-OZ. Subsequently, we show their
soundness.

3.3 Assume-Guarantee Reasoning for CSP

Since our application of assume-guarantee reasoning lies in the domain of CSP-OZ
specifications, we need to translate the previously identified proof rules into our context
and show their correctness. Fortunately, as already explained in Chapter 2, CSP-OZ

'In terms of an LTS, true corresponds to the empty language.
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specifications can be translated into semantic equivalent CSP processes. Therefore, it is
sufficient to consider the semantic domain of CSP.

Verification properties can mainly be classified into two categories [OL82]: safety and
liveness properties. Safety properties follow the principle of

“ Nothing bad will ever happen! ”

meaning that a violation of a safety property is given by a finite counterexample. In
contrast, liveness properties can be described by

“ Something good will eventually happen! ”

describing that at some point, the property will be satisfied, not allowing to contradict a
liveness property by a finite counterexample.

Our decomposition approach focuses on safety properties. This allows us to move
to the domain of the CSP trace semantics instead of the more discriminating failures-
divergences semantics: as explained in [Weh00] and [OWO5], in contrast to liveness
properties dealing with deadlock or livelock freedom, when dealing with safety properties,
the CSP traces model is sufficient. An approach for verifying liveness properties in the
context of compositional reasoning is, for instance, given in [CGK97]. According to this,
the learning-based approach, as explained in the previous section, is also considering
safety properties.

By translating assume-guarantee proof rules into the CSP traces model, a logical triple
(A) S (Prop) becomes a trace refinement condition Prop Cr A||S which is by definition
equivalent to traces(A||S) C traces(Prop).

We need to be more precise and consider the respective alphabets of A, S and Prop. Here,
the alphabet of the assumption depends on the particular proof rule: for the basic rule,
(B-AGR), A = (Xo UY) NX; whereas for the parallel rule, (P-AGR), cA = (X1 NX3) UY.
Setting aS = X, aProp =Y and oA = ¥, the condition becomes

Prop Cr (A x||x S) \ (Events \ Y),

where the right hand side processes need to be restricted to the alphabets of the left hand
side processes by using hiding.

Figures 3.6 and 3.7 specify rules (B-AGR) and (P-AGR), rephrased in terms of CSP
trace refinement, where we additionally set aS; = X; and aSs = X».

We take a closer look at the third premise of rule (P-AGR): in comparison to the work
[CGPO03], the authors move from the domain of labelled transitions system (LTS) to finite
state machines (FSM) [BGP03] and construct the complement co_M of a FSM M to denote
the third premise of rule (P-AGR) by

L(co_Aql[co-Ag) = &

However, it is impossible to construct a CSP process co_P for some process P, accepting
the complement of its language. This is based on the fact that the set of traces of a CSP
process is always prefix-closed whereas its complement is not. Thus, co_P does not exist
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ALCT S\ (Events \ X) Prop C1 (A1 5||x, S1) \ (Events \'Y)
Prop Cr (A x| x, S2) \ (Events \'Y) Prop Tt (A2 x|/ x, S2) \ (Events \ Y)
Prop Cr (S1 x| x, S2) \ (Events \ 'Y) (A1 OA2) Cr Runy

Prop Cr (S1 x,/|x, S2) \ (Events \ Y)

Figure 3.6: Rule (B-AGR) rephrased in Figure 3.7: Rule (P-AGR) rephrased in
terms of CSP trace refinement terms of CSP trace refinement

and we use the equivalent? condition £(A;)¢ N £(A2)¢ = @. In our semantic domain of
the CSP traces model, this means traces(A; )¢ N traces(A2)¢ = @. We will now show that
(A; O Ay) Cr Runy, and traces(A;)¢ N traces(A2)¢ = @ are equivalent, implying that rule
(P-AGR) corresponds to rule 1 from [BGP03].

Lemma 3.3.1. (Correspondence between rule (P-AGR) and rule 1 from [BGP03])
Let A and Az be two CSP processes over the alphabet X.. Then,

(A; OAs) Cr Runy
holds, if and only if

traces(A;)¢ N traces(A)¢ = @.

Proof.
(Al O Ag) Lt Runy
& traces(A; O Ag) = traces(Runy) (Definition of Runy)
& traces(A; O Ag) = X* (Definition of traces(Runy))
& traces(A; OA2)C = o
& (traces(A;) Utraces(A2))¢ = @ (Definition of traces for external choice)
& traces(A;)C Ntraces(As)¢ = @

Next, we give a small example illustrating the application of rule (B-AGR).

3.3.1 Application Example: Elevator System

Figure 3.8 defines a CSP specification of a simple elevator system. It consists of two
processes Elevator and User. The overall system is defined as the parallel composition of
both processes, synchronising on the intersection of their alphabets

X; := {req_floor, req_close, move, stop, req_open }
and

Xy := {req_floor, enter, req_close, req_open, leave}.
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Elevator = req_floor — req_close — move — stop — req_open — Elevator

C
User = req_floor — enter — User O
req_close — User O
req_open — leave — User

System = Elevator x| x, User

Figure 3.8: CSP specification of a simple elevator system

The property, which we want to verify, is given as follows: a user entering the elevator
(enter) will always lead to him leaving (leave) the elevator. As a CSP process, we write:
Prop = enter — leave — Prop. Let Y := {enter, leave} denote the alphabet of the property.
Based on the definition of [CGP03], we get

Y= X2UY)NX; = {req_floor,req_close, req_open}.
In order to show that
Prop Cr (Elevator x, || x, User) \ (Events \ 'Y)
holds, we can apply rule (B-AGR) by defining

A
A/

req_close — A O req_floor — A’

o le

req_close — A’ O req_open — A

Then, both premises of the rule are satisfied, that is, traces(Elevator) | ¥ C traces(A)
and traces(A x||x, User) [ Y C traces(Prop) hold.

3.3.2 Soundness of Assume-Guarantee Proof Rules

After translating both rules, (B-AGR) and (P-AGR), into our setting of CSP, we need to
show their soundness. In his bachelor’s thesis, Wonisch [Won08] integrated the approach
of [CGPO03] into a framework for compositional reasoning about CSP processes, which he
implemented by using the CSP model checker FDR2 as the teacher. For that purpose, he
showed the following soundness theorem for rule (B-AGR):?

Theorem 3.3.2. (Soundness of basic proof rule)
Let S1,S5 and Prop be CSP processes. Let X1,X2,Y be alphabets, and let A be a CSP process

2This is based on £(A)° = L(co_A) and L(A||B) = L(A) N L(B).
3We omit dealing with the technical aspect of v -freedom.
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defined over the alphabet > = (X5 UY) N X;. Then, the following proof rule is sound:

ACr Si )\ (Events \ ¥)
Prop Cr (A 5||x, S2) \ (Events \ Y) (3.1
Prop Cr (S1 x, ]| x, S2) \ (Events \ Y)

Proof. See [Won08], Theorem 1. 0

We will now correspondingly show soundness of the parallel proof rule (P-AGR).

Theorem 3.3.3. (Soundness of parallel proof rule)
Let S1, S, and Prop be CSP processes. Let X1,X»,Y be alphabets such that Y C X; UX,, and
let A1, Az be CSP processes defined over the alphabet ¥ = (X1 NX2) UY. Then, the following
proof rule is sound:
Prop Cr (A1 5||x, S1) \ (Events \'Y)
Prop Cr (A2 || x, S2) \ (Events \'Y)
(A1 OAs) Cr Runy

Prop Cr (S1 x|l x, S2) \ (Events \ Y)

3.2)

Proof. Let
t € traces((S1 x,|| x, S2) \ (Events \'Y)).

We need to show t € traces(Prop). The definition of traces for hiding ([Ros98]) yields the
existence of

s € traces(S1 x, || x, S2),

such that t = s Y. Moreover, since s is defined over X; UX> and by applying the definition
of traces(P x|y Q) ([Ros98]), for u; := s[X; and us := s[ Xo, we get u; € traces(S;). Mainly
corresponding to the correctness proof of the basic assume-guarantee rule, [Won08], we
will now show:

() s] (XUX;) € traces(Ay s||x, S1) or )
s (X UXy) € traces(As || x, S2), )

(i) (*) =t} :=s|]Y € traces(Prop) and t] = t,
(iii) (**) = t, :=s,|Y € traces(Prop) and t, = t,

where both, (%) and (xx) lead to the conclusion t € traces(Prop).
For property (i), let s! := s[ (X UX;). We first deduce

SSTE=(s[(2UXy)) X =s]¥and
1T =(s] (SUX) ] S =5 3.
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Based on the third premise and the fact that s| ¥ € traces(Runy,) by definition of Runy,
we have s| X € traces(A; O Az). Thus, either s| X € traces(A1) or s| X € traces(Az) holds.
Second, we get

si1 X1 = (s (BUXy))[ X1 =s[X; =u; and
$5[Xo = (s[ (EUX2)) [ Xo =] Xo = us,

with u; € traces(S1). Both combined: if s|¥ = s|[X € traces(A;), we use s} [X; € traces(S)
to deduce s| € traces(A; x||x, S1). Otherwise, we get s, € traces(Ay x| x, S2). This
concludes the proof of (i).

Next, we show (i), (iii) is analogous. If (*) holds, t} := s} [ Y € traces(Prop) follows
immediately from the first premise. We are left to show t] = t:

t)
= §Y (Definition of t})
= (s [(ZUX)Y (Definition ofsl)
= s[((ZUX;)NY) (Definition of trace projection)
= s[ (X1 NX2)UYUX;)NY) (Definition of 3)
= S r
=t (Definition of t)

This concludes the proof. O

The following example [Sch09] shows that the restriction ¥ = (X; NX3) UY is indeed
required.

Example 3.3.4. Let S =a —a — Stop, So =b — b — Stop and
Prop = (a - a — Sstop) d (b — b — Stop).

Thus, we get X; = {a}, Xo = {b} and Y = {a,b}. Now assume ¥ = @ and A; = Ay = Stop.
Then, all three premises of the parallel rule are satisfied:

o We get (Stop gl {a} S1) =a — a — Stop and thus Prop Era — a — Stop.
e Also, (Stop gl (3 S2) =b — b — stop and therefore Prop Cr b — b — Stop.
e Finally, Rung =1 Stop, hence (Stop O Stop) Cr Rung.

However, Prop Cr (a — a — Stop (q| 5y b — b — Stop) does not hold as Prop does not
allow the trace (a,b, a,b) which (a — a — Stop (q}|| 5y b — b — Stop) is able to conduct.
In case of ¥ = (X1 NX2) UY = {a,b}, the third premise becomes

(stop O stop) Er Runygpy,
which is clearly not satisfied.

Summing up, we have shown the applicability of the proof rules (B-AGR) and (P-AGR)
in the semantic domain of CSP. This allows us to apply compositional reasoning, based
on the following decomposition approach in our context. Moreover, we can evaluate the
efficiency of different decompositions by using the CSP model checker FDR2 [For05].
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3.4 Related Work

Model checking and (automated) compositional verification of specifications, written
in (integrated) formal methods, is extensively researched. We give a brief overview on
recent works, mainly in the context of our employed methods.

Model Checking for Formal Methods: In order to allow model checking of a software
system, it needs to be specified in some formal language.

Leuschel examines LTL model checking [LMCO01] for CSP by using the model
checker FDR2 [For05]. In [SWO05], Smith and Wildman consider model checking
of Z specifications by translating Z into the input language of the model checker
SAL [BGL*00]. Derrick et al. also investigate Z model checking by using SAL in
[DNSO08]. Smith deals with model checking Object-Z specifications with respect to
temporal logic formulae in [KS01].

CSP-Z model checking is researched in [MS01]. Model checking CSP-OZ specifi-
cations by again using FDR2 is described in [FW99]. We use this approach in our
implementation framework.

Compositional Verification for Formal Methods: Compositional verification has its
early application within the scope of model checking in [EDK89] and later in
[GL91, CGP99]. Proof rules for verifying real time system have been developed in
[CMP94]. In the context of UML, compositional verification (and model checking)
of embedded real time systems is, for instance, investigated in [SGTT03]. By
defining a formal semantics for a domain specific subset of the UML, the authors
allow themselves to reason about individual software components instead of the
complete system.

In our context, Winter and Smith [WS03] deal with compositional verification for
Object-Z. They analyse the class structure of an Object-Z specification and argument
about restricted environments, allowing for the definition of a compositional proof
rule. Modular reasoning of Object-Z is also investigated by Griffiths [Gri97, Gri98].

In [MGO7], Moffat and Goldsmith examine compositional reasoning for CSP by
identifying and showing several proof rules with respect to some CSP operators and
certain structures of the overall system. Compositional reasoning for CSP is also
analysed in [M0090].

Compositional verification for integrated formal methods has extensively be re-
searched in the context of CSP||B [ST02]. Amongst other works [ST04, STO5],
Evans, Schneider and Treharne investigated how to decompose specifications into
so-called chunks [STEO5]. For Event-B, Butler [But09] described how to decompose
specifications for independent refinement checks.

Assume-Guarantee Reasoning: Assume-guarantee reasoning was first introduced in
[FP78, Jon83] and further developed in [Pnu84]. Several variants being applied
in different domains, such as assumption-commitment for synchronous message
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passing [MC81] and rely-guarantee for shared-variable concurrency [Jon83], exist.
All of them can be subsumed under the roof of the assume-guarantee paradigm.

The book [dRHH"01] gives a profound overview on compositional reasoning and
the assume-guarantee paradigm in particular.

Automated Compositional Reasoning: Ever since the introduction of compositional
reasoning, one of the major goals is to fully automate this verification process. The
idea to automatically generate assumptions in the context of assume-guarantee
reasoning was first proposed in [GPB02].

Learning assumptions for compositional reasoning was introduced in [CGP03] and
initially with respect to the basic proof rule (B-AGR). The following paper [BGP03]
extended the idea to symmetric proof rules, such as rule (P-AGR). Apart from
these authors, several other articles investigate this particular field of research:
[GP08] contains a selection of articles on learning techniques for automated assume-
guarantee reasoning. Nam and Alur [AMNO5, NA06, NamOQ7] investigate L*-based
learning of assumption in the context of symbolic model checking. In the same
context, the article [APRT01] presents a SAT-based technique for lazy learning of
assumptions. Several articles concentrate on the optimisation of the L* algorithm
to more effectively compute the assumptions [GGP07, GMF07, CS07, CS08].

Besides the application of learning in the area of model checking, the L* algorithm
is used in several other software verification domains. For instance, in [CCST05],
the authors use assumption learning in the context of simulations. Alur et al.
[ACMNO5] tackle synthesis of interface specifications based on learning. In the
context of black box checking, that is, verifying a software system without a model,
L* is used to learn an unknown system [GPYO02].
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As previously stated, we focus on decomposing specifications, allowing for an effi-
cient application of compositional reasoning. To this end, we analyse a specification’s
dependence structure by means of its dependence graph, as defined in Chapter 2.

The following core chapter presents the correctness criteria and the definitions for
the decomposition of CSP-OZ specifications. Before going into the technical details, we
start by outlining our approach in Section 4.1. Section 4.2 defines and illustrates the
fragmentation of a dependence graph, denoted as cut. The fragmentation is based on
certain correctness criteria, resulting in the decomposition of the specification itself, as
introduced in Section 4.3. A special case of the definition will be illustrated by means of
the case study from Chapter 2. Additionally, Section 4.4 introduces a second, smaller case
study, exemplifying the general case of a decomposition. In the final section, we discuss
related work.

In order to facilitate an illustrative and fluent description of the approach, we postpone
most of the correctness proofs to the next chapter.
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4.1 Overview

Compositional verification follows a “divide and conquer” approach: to cope with the
state explosion problem, a local verification with respect to the components of a software
model is applied.

However, as already stated in Section 3.2.2, two major obstacles complicate the
application of compositional verification and particularly assume-guarantee reasoning.

First, the technique is only applicable if the overall model is composed of at least two
components. If this is not the case, the model needs to be decomposed, without changing
its observable behaviour.

Less evident, second, a decomposition itself does not always lead to an effective
application of compositional verification. Disadvantageous decompositions may still
cause large state spaces during model checking. We will deal with the aspect of classifying
decompositions in Chapter 6.

In this chapter, we construct decompositions of specifications written in CSP-OZ, pre-
serving the specification’s semantics in the domain of the CSP traces model. As the
dependence graph comprises the complete dependence structure of a specification S, our
strategy primarily targets the distribution of the DG. Henceforward, S itself is decomposed
such that the resulting specification parts S; and S, correspond to the generated segments
of the DG.

A distribution of the DG is accomplished on the level of its operation nodes. Correctness
criteria refer to the control flow and thus to CSP operator nodes as well. In order to
fragment the DG into two subgraphs, we define a set C C op(N), which serves as the link
between them. We will call this set a cut motivated by the intuition that it identifies the
line(s) of intersection of the graph. The set of cut nodes is common to both subgraphs
and, consecutively, to both specification parts. From the specification point of view, the
cut serves as the interface, that is, the synchronisation alphabet, between the specification
parts S; and Ss.

Figure 4.1 illustrates the individual steps of our approach.

Computation of the DG, @: Given a specification S, we first compute its dependence
graph DGs = (N, —pg), as introduced in Chapter 2. We mainly focus our considera-
tions on its set of operation nodes.

Identification of the Cut, @: Next, we identify a cut of the dependence graph: a set of
operation nodes, yielding a correct fragmentation of the DG (represented by grey
nodes in the figure). In Section 4.2, we present the definition of a cut along with
the correctness criteria for the segmentation.

Fragmentation of the DG, @: Determining the set of cut nodes and distributing the set
of operation nodes results in two subgraphs. The cut itself is represented in both
subgraphs.

Decomposition of the Specification, ®: The fragmentation of the DG leads to the defi-
nition of the two specification parts of S, S; and S». Section 4.3 precisely defines
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Figure 4.1: Cut identification, fragmentation of the dependence graph and decomposition
of the specification

the decomposition and introduces the additional constructs required to ensure the
(trace) equivalence of S and S; || So.

Next, we introduce our definition of a cut along with the criteria which need to be
satisfied such that the observable behaviour of the specification is preserved. We illustrate
the definitions and criteria on several small examples and especially on our case study.
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4.2 Cut of a Dependence Graph

Before we introduce the definition of a valid cut of a dependence graph, we start with
identifying its fragmentation with respect to two sets of operation nodes. Correctness
criteria on the fragmentation consecutively lead to the definition of the cut. Since most
of our definitions are not restricted to the dependence graph, we introduce them for
arbitrary graphs and subsequently apply them in our specific context.

4.2.1 Fragmentation of the Control Flow Graph

We are interested in identifying two different subgraphs of the DG. In particular, these
subgraphs should not arbitrarily intersect. Thus, we need to define different segments of
the graph which are disjoint.

The control flow graph comprises all nodes of the dependence graph and defines the
workflow and the dynamic behaviour of a specification. Therefore, we will define a
fragmentation of the control flow graph alone instead of considering the dependence
graph. Subsequently, the data flow needs to be evaluated to verify that a corresponding
fragmentation of the DG is correct.

In general, the technique needs to deal with all different kinds of nodes and edges.
However, the subsequent distribution of nodes refers to operation nodes, which is sufficient
in our context: we do not distribute the set of CSP operator nodes. This will be achieved
in Section 4.3, where we define a projection of a CSP process with respect to a set of
events.

[ nodes of N,

1 nodes of N3 N,

| | | nodes of N,

Figure 4.2: Illustration of Definition 4.2.1

First, the following definition determines all nodes reachable from one set of nodes N;
not intersecting with another set of nodes Ns.

Definition 4.2.1. (Interval from Ny to Ny)
Let G = (N,—) be a graph, and let N;,No C N. Then,

N; =% Ny :={n'eN|3neN;,x € pathg(n,n) e T NNy = @} \ Ny.
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The interval excludes both, N1 and N», as illustrated in Figure 4.2. Intuitively, it can
be regarded as the set of nodes “between” N; and N». Note that both, N; and N,, are
allowed to be empty.

The previous definition allows us to divide the set of nodes of a graph into several
subsets (or phases, as we call them). Next, we introduce the fragmentation of the CFG,
which is defined with respect to two sets of operation nodes, C; and Cs:

Definition 4.2.2. (Fragmentation of the control flow graph)
Let CFGg = (N, —) be the control flow graph of a specification S, and let C1,Cy C op(N).
Moreover, let

StartNodes := {start.P | P € L¢P}
and
start, := ({start} — C;) N StartNodes.

A fragmentation of (the set of operation nodes of) CFGg with respect to a tuple (C1,Cz) is a
set of three phases Phy, Phy and Phj defined as

1.) Phy := (({start} =% C1) N op(N)) U {init}, (Phase 1)
2.) Phy := (C; =% Gy) Nop(N), (Phase 2)
3.) Ph; := (C, o, start;) N op(N). (Phase 3)

C; and G, serve as the two lines of intersection for the graph. The first phase Ph;
contains all operation nodes before the first line of intersection. We add the unique
init-node of the specification to Ph;, comprising the set of initial predicates.

The second phase includes the set of operation nodes between both lines of intersection.
Finally, the third phase comprises the set of operation nodes behind the second line of
intersection. A first correctness criterion will exclude that any two of the five sets have a
common element.

Intuitively, one would expect Phs := (C; —> &) N op(N). However, we need to
“stop” adding nodes to Phg after reaching a recursive call back to Ph;. Otherwise, our
subsequently defined correctness criteria on a fragmentation would rule out allowed
recursive calls. Therefore, we define a set start;, comprising all nodes start.X occurring
before the first line of intersection. This specific point will become clearer in the next
section.

In the general case of a cut, as introduced in Section 4.2.3, we use the previous
definition as follows: we determine two sets of operation nodes, namely C; and Cs, which
will from now be called the first cut and the second cut. The definition results in five
disjoint sets of operation nodes Ph;, C;, Ph,, C; and Phs. Henceforth, we will refer to
Ph;, Ph, and Phg as the phases of a fragmentation, whereas C; and Cs will be referred to
as its cut sets.

The following lemma states that a fragmentation of the CFG is always complete in the
sense that no nodes are left out:
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Lemma 4.2.3. (Completeness of Fragmentation)
Let CFGs = (N,—) be the control flow graph of a specification S, and let (Cy,Cz) be a
fragmentation. Then,

Ph; UC; UPhy; UCy; UPh3 = Op(N).

Proof. The left-to-right inclusion is obvious. For the opposite inclusion, let n € op(N).
Based on the definition, the special init-node is an element of Ph;. Moreover, as any CFG
node is reachable from the unique start-node, there exists = € pathcgg(start,n). Without
loss of generality let = = (start,nq,...,n;) and np = n.

If n € Ph;, we immediately deduce the right-to-left inclusion. Otherwise, 7 N C; # &
holds. n € C; would again conclude the proof. If n ¢ Cy, there exists an index 1 < [; < k
such that n;, € C;. Since n is reachable from n;,, either n € Phy or, otherwise, there exists
ni, € Cy for some l; < Iy < k. If [ = k, we have shown n € C,. In the opposite case, we
deduce that n is reachable from C, which either leads to n € Ph3 or to w N start; # &
based on the definition of Phs. In this case, we infer that there exists some I3 > [y
and n;, € start;. Here, I3 # [, since l; € op(N) and 3 € StartNodes. Hence, the path
(start,...,n;,) contains at least three different nodes n;,, n;, and ny,.

Reapplication of the previous ideas now starting in n;, yields a sequence of nodes
which continuously traverses the CFG through its five fragments. As the length of the
sequence increases with every cycle, but never leaves the set Ph; U C; U Phy, U C; U Phg,
it eventually reaches n, yielding the right-to-left inclusion. O

Bl nodes of Ph
nodes of Ph,

[ nodes of C,

nodes of C,

[] nodes of Ph,

Figure 4.3: Fragmentation of the DG

Figure 4.3 illustrates the fragmentation. As already mentioned, we do not deal with
nodes of cf(N) here. Thus, all boxes denote operation nodes. Besides, nodes of Ph; and
Ph; have the same colour, since both segments will be assigned to the same component
in Section 4.3. Hence, we will mostly not distinguish between Ph; and Phs.
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Since the definition of the fragmentation cannot be arbitrary, we need to specify
additional correctness constraints. These criteria coarsely describe the following aspects:

Criterion 1 - disjointness: All fragments are disjoint.

Criterion 2 — no crossing: The lines of intersection (cut sets) are not circumvented by
data dependence edges.

Criterion 3 — no reaching back: Paths of the CFG have to comply to the ordering of
the fragments.

Criterion 4 - all-or-none: The set of operation nodes corresponding to the same schema
must not be distributed over different fragments.

We give a detailed definition of the correctness criteria next.

4.2.2 Correctness Criteria for the Fragmentation

In order to define a correct fragmentation of the DG and ultimately a correct decomposition
of the specification, several correctness criteria need to be satisfied. If possible, a criterion
will again be defined for arbitrary graphs.

Most of the criteria will rule out specific edges of the DG with respect to the fragmenta-
tion. We illustrate these edges by means of a recurrent figure. Recall that nodes of the
cut sets and phases are always operation nodes, that is, elements of op(N).

Criterion 1: disjointness

As a first and straightforward correctness criterion, we require that all segments resulting
from the graph fragmentation are pairwise disjoint. Intuitively, this is motivated by the
fact that we aim at a partitioning of the dependence graph. We recall the set theoretical
definition for disjointness:

Definition 4.2.4. (disjointness)
Let G = (N, —) be a graph, and let Ny,No C N. Then, Ny and Nj satisfy disjointness, if,
and only if, Ny and N, are disjoint, that is, Ny NNy = &.

The definition of a cut will comprise the condition that Ph;, C;, Phy, C; and Phg
are pairwise disjoint. Based on the construction of the different phases, this constraint
is particularly related to CFG paths, as it excludes several edges between the different
segments. For instance, as Ph; and Ph, have to be disjoint, a direct edge from a node
of Ph; to a node of Ph; is impossible: the definition of Ph; yields that the target node
would be an element of (Ph; N Phy).

Figure 4.4 illustrates that CFG edges with the source node in Ph3 (Phy) and the target
node in Phy (Ph;) are not allowed. Note that edges in the opposite direction are already
ruled out by definition of the fragmentation. Further note that we intentionally allow
edges connecting nodes of Phs and Ph;. This substantiates the definition of Phs.
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Ph,
O C1
Ph,
| o ]c,
e Ph,

Figure 4.4: Disallowed control flow edges based on disjointness

Criterion 2: no crossing

The second correctness criterion tackles the previously described aspect of a cut identifying
the lines of intersection of the dependence graph. Since it is generally impossible to
decompose the graph into two completely independent (that is, unconnected) subgraphs,
the cut needs to serve as the link between them. Intuitively, this link should not be
evaded when switching from one subgraph to the other. Therefore, paths of the DG

— Swapper
. < R
main = store.b — move_a — store b ‘tmp’ N
move_b — Skip = T -
DRI I
b \J :
—effectstore b |
A(emp) move a|
— I
tmp’ =b I
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—effect_move b move b ‘L '= tmp
A(a) - -
a’ =tmp

Figure 4.5: Motivation for the correctness criterion ho crossing

must not circumvent the cut. Based on our fragmentation of the CFG and the criterion
disjointness, we implicitly ensure this for control flow edges. However, we also need
to guarantee that data dependence edges do not evade the cut as well: on the level of
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the underlying specification, the set of operation schemas of the cut defines the interface
between both resulting specification parts. If the behaviour of the specification parts
depends on each other, these shared operations are responsible for preserving the mutual
influence. This will be achieved by using them as transmitters for the correct values of
modified state variables. If a data dependence circumvents the cut, it would be impossible
to transmit the influence of one component on the other.

As an example, recall the small specification for a number swapper from Chapter 2,
Figure 2.8. The modification of tmp within store_b and the reference to tmp within move_b
yields a direct data dependence from the first to the latter operation node. Choosing the
set {move_a} as the set of cut nodes is not reasonable: the modified value of tmp cannot
be transmitted. In this case, the data dependence edge circumvents the cut as illustrated
in Figure 4.5.

In general, we have to disallow data dependence edges connecting the different
fragments of the dependence graph if neither of the involved nodes is an element of
the cut. These edges cross the cut in the sense that there exists a direct link between
different sides of the cut. This motivates the following definition of a predicate called
no crossing, which we will subsequently use with respect to (Ph; U Ph3) and Phs:

Definition 4.2.5. (no crossing)
Let G = (N, —) be a graph, and let N;, N2 C N. Then, noCr(Ny, N2, G), if, and only if,

fny €Ny Ino ENseny — Ny Vnp —ny
This condition will be called no crossing between N; and No.

For the definition of the cut, we require noCr((Ph; U Phy), Phy, DDGs). The disallowed
data dependence edges are illustrated in Figure 4.6.

.‘ Ph1
o C,

e+ | pp.
o |c,

P h3

Figure 4.6: Disallowed data dependences based on no crossing
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Criterion 3: no reaching back

The next constraint needs to be defined with respect to the DG of a specification since
here, we explicitly need to refer to operation nodes and CSP operator nodes.

First, we consider the control flow graph and its fragmentation: the two lines of
intersection, namely C; and C,, dissect the graph into several fragments. We require that
paths of the control flow graph need to comply to the ordering of the segments as follows:
any path of the CFG starts in start and either remains in Ph; or subsequently reaches C;.
Consecutively, the path remains in the respective segment or advances to either Phy or
directly to Cy. Next, the path may reach Phs U Ph; or immediately C;. Following up on
this, all paths need to comply with the ordering Ph;, C;, Phy, Cy, Phs, possibly repeated.
Phases are potentially skipped in between.

Thus, we generally allow the control flow to advance with respect to the ordering of
the segments or to remain in a segment. However, a path must not directly return to a
previous fragment.

__Swapper

. C
main = store_b — move_a —

: store b — tmp' = b
move_b — main - e U

__effectstoreb__ y R
A(tmp) move a— b'=a |

tmp’ =b

__effect_movea____ move b
A(b)

b =a

Figure 4.7: Motivation for the correctness criterion ho reaching back

The application of the following criterion is two-folded: besides the fact that paths of
the control flow graph should comply with the ordering of its segments, we also consider
data dependences. For them, the motivation for this constraint is similar to no crossing,
which already excludes a skipping of the cut sets. In addition, we need to exclude data
dependences, returning to a previous segment.

Recall the example from Figure 2.8 with a small modification: we replace Skip with
a recursive call of main. The modification of b within move_a and the reference to b
within store_b yields a direct data dependence from the first to the latter operation node.
Choosing the sets {store_b} and {move_b} as the sets of cut nodes is not reasonable: in
this case, the data dependence edge reaches back to the first cut as illustrated in Figure
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4.7. The modified value of b cannot be transmitted in between.

il

[~

=7 c
k. ....... Phd

Figure 4.8: Disallowed edges based on no reaching back

It is sufficient to disallow edges reaching back to a cut segment: control flow edges
reaching back from the cut to the previous phase are already excluded by definition
of the fragmentation and the criterion disjointness. Moreover, corresponding data
dependences do not need to be excluded. Figure 4.8 shows the additionally disallowed
edges of the DG.

In order to formally express that a CFG path or a data dependence edge must not
return to a previous segment, we define a predicate no reaching back which inputs two
sets of operation nodes: the first set denotes the source nodes, the second set the target
nodes. Data dependence edges must not connect the first to the latter set of nodes, the
same needs to hold for control flow edges. As CFG paths from one operation node to
another possibly comprise CSP operator nodes in between, we need to rule out those
paths from the first to the latter set of nodes without operation nodes in between. Recall
that

n — n, if, and only if, (37 € pathcgg(n,n’) ® N op(N) = {n,n’}).
Definition 4.2.6. (no reaching back)

Let DGg = (N, —pg) be the dependence graph of a specification S, and let N1, Na C op(N).
Then, noRB(N1, N2, DGg), if, and only if,

V¥n, €Ny e (fny €Ny eng ey AP, ENyen,———» n’s)
This condition will be called no reaching back from N; to Ns.
The definition will be instantiated as

noRB(PhQ, Ci, DGs) VAN noRB((Ph1 U Phg), Co, Dcs).
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Criterion 4: all-or-none

The last correctness criterion restricts the distribution of the set of operation nodes of the
DG. Definition 2.3.4 introduced a labelling function [, mapping an operation node on its
schema name. In our decomposition, we have to require that for any operation schema
op € Op, all corresponding nodes op' are assigned to the same graph fragment.

Intuitively, this condition is necessary, since schemas corresponding to operation nodes
occurring in the cut are generally modified. For the different cut sets C; and Co, this
modification can differ. Moreover, schemas occurring outside of the cut remain unchanged.
A distribution of {op' € op(N) | l(op’) = op} over at least two different segments would
require a duplication of the schema which is undesirable and technically infeasible.

The following predicate defines this all-or-none law — it will subsequently be used
with respect to the cut sets C;, C, and the complement of C; U Cs:

Definition 4.2.7. (all-or-none)
Let G = (N, —) be a graph, and let N;,No C N. Then, AoN(Ny,Ns, G), if, and only if,

Ny €Ny VN; C (N\Ns)
This condition will be called all-or-none law for N, relative to Ns.

This completes the definition of the correctness criteria. They will consecutively be
used to define a cut, that is, a correct fragmentation of the DG, and subsequently the
decomposition of a specification.

4.2.3 Definition of a Cut

The previously introduced correctness criteria along with Definition 4.2.2 immediately
lead to the first of two core definitions of this thesis, the definition of a cut:?

Definition 4.2.8. ([General] Cut of the DG)
Let DGs = (N, —pg) be the dependence graph and CFGg = (N, —) the control flow graph
of a specification S, respectively. A fragmentation C = (Cy, Cy) of the CFG according to
Definition 4.2.2 is called a (valid) cut of the DG, if, and only if, the following correctness
criteria are satisfied:
Criterion 1 (disjointness): The following five sets are pairwise disjoint:

e Ph;, Ph,, Ph;, (phases)

e Cq, Co. (cut sets)

Criterion 2 (no crossing):

noCr((Ph; U Phjy), Phy, DDGs), (no crossing between different components)

In the following definition, allowing a cut set to be empty does not pose a problem: if C; = @, the
fragmentation either yields a trivial decomposition or a contradiction to the criterion disjointness.
C, = o will subsequently be identified as a special case of the cut definition.
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Criterion 3 (no reaching back):
e noRB(Phy, C1,DGs) and (no reaching back to first cut set)
e noRB((Ph; UPhjs), Co,DGs), (no reaching back to second cut set)

Criterion 4 (all-or-none): For all operation nodes op € Op:
e AoN(I"1[{op}],C1,DGs) and (no cut-distribution of nodes
e AoN(I"'[{op}], C2,DGs). associated to one operation)

We ultimately aim at the definition of two specification parts S; and S, resulting
from the decomposition of the dependence graph of S. The previous definition of a cut
identifies a fragmentation of the set of operation nodes of the dependence graph in the
following way: the unification of C; and C, together with Phs and Ph; yields the set of
operations of the first component S;. Accordingly, C; and C, together with Phy constitute
the second component Ss. This is illustrated in Figure 4.9. Operations corresponding to
the first cut set identify the link from S; to So, whereas the second cut set determines the
opposite link. The precise definition of S; and S, will be given in Section 4.3.

determine Il nodes of Ph and Ph,
operations B nodes of C, determine
of S, nodes of C, operations
[] nodes of Ph, of S,

Figure 4.9: Fragmentation of the set of operation nodes in general case

In order to establish a well-defined fragmentation of the original dependence graph and
thus well-defined specification components, CSP operator nodes need to be considered
as well. In Section 4.3, we will determine the CSP parts of the components S; and So,
resulting from a projection of the CSP part of S onto the specific sets of operation schemas.
This definition will provide a correct distribution of the CSP operators and thus, operator
nodes of the DG.

Figure 4.10 shows all allowed edges of the DG. Dotted edges depict data dependences,
whereas solid edges represent a unification of both, control flow edges and data depen-
dences.

As we introduced C; as the first line of intersection and C; as the second, we need to
substantiate that C, is located behind C;. The following lemma shows that our definition
indeed matches with the intuition. It states that there are no direct CFG paths from the
second cut to the first cut — any such path needs to proceed over Ph; via a recursive call.
Recall that

start; := ({start} — C;) N StartNodes.
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> Ph,
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\PO ...... / 02

e’ | Pn,

Figure 4.10: Assignment of DG edges to the subgraphs

Ph,

Lemma 4.2.9. (No direct CFG paths from second to first cut)
Let DGs = (N, —pg) be the DG of a specification S and let (Cy, C2) be a cut of the DG. Then,
the following holds:

VC1 S Cl,CQ S CQ (] (7T € pathcpc(cz,cl) = 7 N start; 7’5 @)

Proof. Assume the opposite: let 7 € patherg(ca,ci) With ca —— ¢; and 7 N start; = @.
In this case, by definition of Phgs, the node ¢; € (Phs N C;) violates Definition 4.2.8,
correctness criterion disjointness. O

Since the CFG of a specification may include recursive calls, yielding paths from Phs back
to Ph;, we generally need to identify two lines of intersection. The first subgraph thus
contains nodes located before the first cut (Phy) as well as nodes located behind the second
cut (Ph3). We will now additionally consider a special case of the segmentation, which
corresponds to the definitions of [MWWO8].

Assume that the dependence graph of a specification can be fragmented in such a way
that there are no paths from Phy back to Ph;. Intuitively, this means that recursion can
only occur within the same phase. In particular, such a DG does not incorporate “outer”
recursive calls in the sense that a path reaching Phs never returns to the start-node.

In this case, the dependence graph can reasonably be segmented into two subgraphs
without the need for a second line of intersection: the first subgraph contains the nodes
before the sole line of intersection and the second subgraph the nodes behind it, whereas
both subgraphs include the cut set.

In this specific case, we call the dependence graph sequential based on the possibility
to fragment it without outer recursion. The now simplified fragmentation is illustrated in
Figure 4.11. This leads to the following definition:

Definition 4.2.10. (Single Cut)
Let C = (Cy,C2) be a cut. We call C a single cut, if, and only if, Co = @.
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determine [ nodes of Ph,
operations
N

of S, nodes of C, determine
operations
] nodes of Ph, of S,

Figure 4.11: Fragmentation of the set of operation nodes in the special case

In the case of a single cut, we synonymously write C and C;. The restriction C; = &

incorporates several repercussions. First of all, the fragmentation yields Phy = (C; it
@)Nop(N) from which we can deduce that no CFG paths from Phy back to C; are allowed
at all. Moreover, no paths from Phs to Ph; can exist. Finally, Phy = @ holds. We will
summarise and proof these claims in the following lemma:

Lemma 4.2.11. (Properties of single cut)
Let C be a single cut. Then, the following holds:

1. Phy = (C; =% @) Nop(N),
2. Vn € Phy,n" € C; o patherg(n,n’) = 2,

3. Vn € Phy,n’ € Ph; e patherg(n,n’) = &,

4. Ph3 = &,
Proof:
1. Obvious. v/

2. Assume that there exist n € Phy,n’ € Cy such that 7 € pathcrg(n, n’). We distinguish
two cases for 7: if T1NPh; = &, there exist some nodes | € Phy, m € C; of 7 such that

| - m. This yields a contradiction to the correctness criterion no reaching back.
Otherwise, let m be the first node of = which is an element of Ph;. Then, «
either reaches m via some direct edge from Ph,, violating the correctness criterion
disjointness (m € Phy N Ph,). Otherwise, there is an indirect connection via Cy,
which again violates no reaching back at some point within 7. v/

3. Now assume there exist some n € Phy,n” € Ph; such that 7 € pathegg(n,n’).
According to the previous case, second part, this path violates one of the correctness
criteria disjointness and no reaching back. v/

4. Since, in particular, @ =3 M = & for any set M, we immediately deduce the equation.
v ]

Table 4.1 summarises the differences between a general cut and a single cut. Based on
our case study from Chapter 2, we consecutively illustrate the definition for the special
case of a single cut.
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General Cut Single Cut
Number of Cut Sets | two one
. Phl,Cl,PhQ,CQ,Phg Ph17C17Ph2
disjointness are pairwise disjoint are pairwise disjoint
. comprises comprises
First Subgraph Ph;, C;, G, and Ph Ph; and C,
comprises comprises
Second Subgraph | ¢, ph, and C, C, and Ph,
within one segment, i
Allowed Recursion | herween Phy and Phy within one segment

Table 4.1: Comparison between the general cut and the single cut

4.2.4 Candy Machine Revisited: Cut of the Dependence Graph

Chapter 2 introduced the specification CandyMachine. We illustrate the previous defini-
tions of a fragmentation and a cut by means of this particular example. The example
complies to the general restrictions for a single cut and thus allows a demonstration of
the special case. Section 4.4 additionally illustrates the general case.

Here, we will neglect three specific data dependences, namely the three initial data
dependences originating from the Init predicate items = () to the respective operation
nodes order, term and deliver. The reason why we are allowed to do this will precisely
be given in Section 4.3.7, where we will deal with the neglect of specific initial data
dependences. Intuitively, these dependences originate from a predicate restricting a
variable which is never modified or referenced in any of the schemas pay, payout, abort
and switch. We will show that the source of this dependence can safely be moved to the
second subgraph.

We start the illustration of the cut definition with the fragmentation of the CFG,
according to Definition 4.2.2. Figure 2.9 from Section 2.3.2 depicts the control flow graph
of the candy machine. Let C; := {switch} and, according to the definition of a single cut,
C, := @. This leads to the following fragmentation:

Ph; = {pay,payout,abort},
C; = {switch} and
Ph, = {select,order,term,deliver}.

For showing that this fragmentation satisfies the constraints of Definition 4.2.8, recall
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the DG of the candy machine specification as given in Figure 2.13, and consider the four
correctness criteria for the decomposition:

Criterion 1 (disjointness): Ph;, C; and Ph, are disjoint. In particular, this is due to
the non-existent recursive calls from Phs to Ph;.

Criterion 2 (no crossing): In case we neglect the previously identified initial data

dependences, noCr(Ph;, Phy, DDGs) holds. No data dependences connect a node of
Ph1 and Phg.

Criterion 3 (no reaching back): noRB(Ph,, C;,DGs) holds as well. There are no CFG
paths or data dependences originating from Phy targeting {switch}.

Criterion 4 (all-or-none): Obvious, since there are no multiple occurrences of an opera-
tion within the CSP part of CandyMachine.

The fragmentation based on C; = {switch} thus yields a valid (single) cut. This is
illustrated in Figure 4.12. The left hand side depicts the first subgraph, and the right
hand side displays the second subgraph. Note that for the reduced parts of the graphs,

we applied a simplification on the sets of CSP operators and control flow edges. The
precise definition of the modified CSP part is given in the next section.
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Figure 4.12: Cut of the dependence graph for the candy machine

This concludes the illustration of a (single) cut. So far, we considered the dependence
graph of a specification which represents its dependence structure. We defined the cut of
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the DG, separating it into two parts. Next, we need to transfer the fragmentation of the
graph DGg to the decomposition of the specification S.

4.3 Decomposing CSP-OZ Specifications

A cut of the dependence graph of a specification S as defined in the previous section
determines a fragmentation of the DG, resulting in several clusters of nodes. This
segmentation serves as the cornerstone for the identification of two specifications S; and
Ss, representing a correspondent decomposition of S.

_S
I [interface definition]
main [CSP part]
State [Object-Z part: state schemal]
Init [Object-Z part: initial state schemal]
enable_op [Object-Z part: enable-schemas]
effect_op [Object-Z part: ef fect-schemas]

Figure 4.13: Constituents of a CSP-OZ class specification

In this section, we transfer the previous definitions from the graph level to the spec-
ification level. Again, we do not distinguish between specifications consisting of one
and several classes. The decomposition of a specification is defined with respect to
the fragmentation of the DG and is thus independent of the class structure. Therefore,
throughout this thesis, we will synonymously refer to class and specification.

Recall the structure of a CSP-OZ class specification as given in Figure 4.13. At first, we
have to identify the different constituents of S; and S», namely its interface definition,
its CSP part and its Object-Z part. Subsequently, we assemble both specifications by
identifying a synchronisation alphabet A, employed for the definition of S; ||4 S2. The
construction has to make sure that S and S; ||a S2 have the same observable behaviour.

A first fingerpost for the definition of S; and S, is directly given by the fragmentation
of the DG: the sets of operation nodes corresponding to C; and C, take the role of
connecting the different specification parts where C; is responsible for preserving the
influence of S; on S, whereas C, identifies the opposite link. Additionally, the cut is the
basis for the definition of the synchronisation alphabet A. Moreover, nodes of Ph;, Ph,
and Phj; represent the operations local to S; (Phy, Phs) and Sy (Phy). This is illustrated
in Figure 4.14.

In order to construct two well-defined specifications S;, i € {1, 2}, we start with a first,
intermediate definition of a decomposition in Section 4.3.1, where we need to deal with
the following subtasks:

Definition of the Interfaces of S;: Identifying the set of operations of a component, the
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[ nodes of Ph, — operations local to S,
nodes of Ph, — > operations local to S,
I nodes of C, —_ shared operations,
link from S,to S,
modes of G, ——> G o G108,
1 nodes of Ph, —> operations local to S,

Figure 4.14: Correspondence between graph nodes and specification operations

fragmentation of the dependence graph immediately yields the set of channel
declarations of S;.

Definition of the CSP Parts S;. main: According to its interface, the CSP part of S; needs
to be restricted to the component’s set of channels. For that purpose, we define a
projection of the original CSP part on the remaining operations of a component,
according to [Brii08].

Definition of the State Schemas of S;: One of the decisive aspects for an effective ap-
plication of compositional reasoning is the size of the state space of the involved
components. As the set V of state variables of a specification’s Object-Z part deter-
mines the size of the Object-Z state space, the sets S1.V and S».V necessarily need
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to be smaller than S.V. Hence, we need to identify two subsets of S.V, forming the
sets of required state variables for the specification parts. Additionally, we need to
deal with the state invariants of the state schema.

Definition of the Initial State Schemas S;.Init: Following up on the restriction of the
sets of state variables, we accordingly need to restrict the original initial state
schema. Moreover, an optimisation for this definition, as already indicated in the
last section, will be given in Section 4.3.7.

Definition of the Operation Schemas for S;: According to the definition of the set of
channels, we use the fragmentation of the dependence graph in order to identify
the sets of operation schemas of a component. The determination of their respective
declaration parts and predicate parts is straightforward.

Definition of the Synchronisation Alphabet: The definition of both specification parts
leads to the overall system S; |4 Se. The assembly requires a definition of the
synchronisation alphabet A.

Carrying out the previous considerations will result in two well-defined specifications
S1 and S, and an assembly of S; and Ss into S; || So. However, the pure definition of two
specification parts, resulting from a cut, is insufficient. Additionally, we need to preserve
the behaviour of the specification. To this end, we have to modify part of the generated
components, mainly by adding parameters to some operations:

Preservation of Data Dependences: Even though we do not allow data dependences
to circumvent the cut based on the correctness criterion no crossing, we still
have to transmit the allowed influence of one on the other specification part. Data
dependences may indeed target the set of cut operation nodes as well as originate
from them. From a specification level, this means that modifications of state
variables within one component influence state variables of the other component.
In order to preserve these dependences, we introduce additional transmission
parameters, passing the relevant state variable modifications of one to the other
component. Section 4.3.2 deals with this aspect.

Preservation of CSP Part: The definition of the CSP parts for S; and S, based on a
projection does not automatically yield an equivalence of the original CSP part and
the CSP part of S; || Sa. In particular, the synchronisation of both CSP processes
may introduce additional sequences of events which are infeasible for the original
specification. For ensuring the equivalence of both, the CSP parts of S and S; || So,
we introduce additional address parameters, ensuring a correct synchronisation of
both resulting CSP processes in Section 4.3.3.

Renaming of Events: Based on the introduction of additional parameters to some of
the specification’s channels, S and S; || Sy are solely equivalent modulo different
channel types. In Section 4.3.4, we introduce an event renaming relation, linking
the modified to the original channels.
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These are the crucial aspects which we will deal with in the upcoming sections. We
proceed in two steps: first, in Section 4.3.1, we introduce a decomposition of S with
respect to a cut into two well-defined specification parts S; and Ss. Subsequently, we
modify the decomposition to achieve a thorough decomposition by modifying part of
the components elements. The complete definition of the thorough decomposition of
S into S; and S, will be given in Section 4.3.5, incorporating all the definitions and
considerations of the previous sections. After illustrating the approach on our candy
machine specification in Section 4.3.6, Section 4.3.7 gives an improvement for the
decomposition by pointing out an optimisation for dealing with initial state predicates.

4.3.1 Intermediate Definition of the Decomposition

The current section stepwise introduces the different constituents of two specifications Sy
and So, resulting from a valid cut of DGg. As of now, we are interested in developing a well-
defined decomposition. Some of the subsequent definitions are marked as intermediate,
as the corresponding specification elements will later by modified to ensure a semantics-
preserving decomposition.

We start the definition of the components S; and Sy by identifying their respective
interfaces and CSP parts. In order to bridge the gap between the set of operation nodes,
resulting from a cut and the corresponding set of operations, we use Definition 2.3.4:

Definition 4.3.1. (Sets of operations of components)
Let DGg = (N, —pg) be the dependence graph of a specification S, and let C = (Cy,Cz) be a
cut. The sets of operation schemas for the decomposition of S are defined as

e Op; := [[(Ph; UPh;) \ {init}],
e Op; :=[[Phy],
e Opg, :=1[C;] and
e Opc, = 1[Gy].
We let Opc := Opc, U Opc,.

We exclude init from the definition since we will separately deal with the initial state
schema. It is important to note that in general, Op; and Op, are not disjoint, as a multiple
occurrence of an operation may lead to one occurrence being assigned to Ph; U Phs and
another to Phy. However, the three sets Opc,, Opc, and Op; U Op, are indeed disjoint
based on the correctness criterion all-or-none.

Next, we deduce the interfaces of the components S; and Ss from the previous defini-
tion, where I|p denotes the restriction of the interface I on the operations of O:

Definition 4.3.2. (Interfaces of components, intermediate definition)
Let DGs = (N, —pg) be the dependence graph of a specification S, and let C = (Cy,Cz) be a
cut. The interfaces for the decomposition of S into S; and S are defined as

e S1.I:=I|(0p,u0p) and (Interface for Sy)
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o So.I:=I|(0p,u0pc)- (Interface for S»)

This definition will slightly be adapted in Section 4.3.3, based on the introduction of
additional parameters to the channels.

For determining the CSP parts of S;, the process S.main is restricted on the sets of
events corresponding to the component’s sets of operations. To this end, we define the
projection of a CSP process on a subset of its events according to [Brii08]. The definition
also applies, if the specification is composed of several classes:

Definition 4.3.3. (Projection of CSP processes, [Brii08])
Let P be the right-hand side of a CSP process definition and E C Events. The projection of P
on E, denoted by P|g, is inductively defined:

1. Skipl|g:= Skip and Stoplg := Stop,

P‘E, e € E
e — P|g, otherwise,

2. (e—=P)|g:= {

3. (PoQ)|g = (Plg) o (QIg) for o € {; ,[|,0,M},
4. (Plla Qe := (Plg) llane (QlE)-

According to [Brii0O8], we can apply several simplifications to the resulting CSP pro-
cesses. Such a modification is, for instance, given by replacing a process equation P = P
by P = stop or P = (Po Q) with P = Q for o € {O,M}. Note that an equation P = P
introduces divergence [Ros98] into the overall process, that is, an infinite loop without
an execution of an external event. In the semantic model of traces, replacing it with
P = stop does not influence the behaviour of the process. For more details, see [Brii08].

This definition of the projection allows us to inductively define the processes S;.main
and S;.main. As the definition is applied with respect to a set of events, we use the
extension sets of the respective sets of operations.

Definition 4.3.4. (CSP parts of components, intermediate definition)
Let DGs = (N, —npg) be the dependence graph of a specification S, and let C = (Cy, Cz) be a
cut. The CSP parts for the decomposition of S into Sy and S, are defined as

e Si.main := S.main|{|opl‘}u{|opc‘} and (CSPpartfor S1)
e Symain 1= S.main|{op,1ufopcl}- (CSP part for S3)

Again, due to the additional parameters, the CSP parts of the components will slightly
be modified in Section 4.3.4 by introducing a renaming function.

Next, we define the Object-Z parts of S; and So. We have to identify their state schemas,
initial state schemas and operation schemas.

The state schema of S comprises a set of state variables S.V with their respective types,
along with a possibly empty set of state invariants. In order to define the state schemas
of S; and S9, we first identify two subsets of S.V. By setting
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e 5;.V:=all(Op; UOpc,) and
e S5.V:=all(Op2 UOpg,),

we restrict both state schemas to those variables which are referenced or modified in at
least one of the component’s local operations or operations of one specific cut set. Not
adding Opc, and Opc, to both sets will become clearer when we define the predicate
parts of the operations and when we deal with transmitting the state space modification
between the components in Section 4.3.2. Note that we do not additionally refer to
variables occurring in S.Init.

As a consequence of invariants influencing the execution of any operation, according
to the previous definition, variables occurring in some invariant need to be represented
in both, S;.V and S,.V. This is implicitly guaranteed by the normalisation as introduced
in Section 2.3.3, attaching all state invariants to any ef fect-schema.

For the complete definition of S;.State, we will use Definition 2.2.1:

Definition 4.3.5. (State schemas of components)
Let DGs = (N, —pg) be the dependence graph of a specification S, and let C = (Cy, Cs) be a
cut. The state schemas for the decomposition of S into S1 and Ss are defined over

e S,.V:=all(Op; UOpc,) and
e S5.V:=all(Op2 UOpg,),
as
e S;.State:={s[(S1.V)|s € S.State} and
e Sy.State :={s[ (S2.V)|s € S.State}.

Next, we are concerned with the initial state schema of a class, that is, the decom-
position of S.Init into S;.Init and S;.Init. The question arises of how to deal with
predicates referring to elements of both, S;.V and S».V.

Consider some initial state predicate p(x,y) with x being assigned to S1.V \ S2.V and y
being assigned to S,.V '\ S;.V. The predicate can neither be assigned to S;.Init nor to
S9.Init, since one of the specific variables is not an element of the respective component.
However, an elimination of the predicate is infeasible, since the relation between x and y
would get lost.

Therefore, a simple restriction of S.Init onto predicates dealing with S;.V is insuffi-
cient. The general definition of the initial state schemas of S; and Sy will refer to S.Tnit
and use an existential quantification for a subset of S.V. This leads to the following
definition:

Definition 4.3.6. (Init schemas of components)

Let DGg = (N, —pg) be the dependence graph of a specification S, and let C = (C1,Cz) be a
cut. Furthermore, let (S.V\ S1.V) = {v1,...,va} and let $;.V = {wy, ... ,wy}. The initial
state schemas for the decomposition of S into S; and Ss are defined as
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e S1.Init :=3vq,...,v, e S.Init and
e So.Init :=3dwy,...,w, ¢ S.Init.

Both Init-predicates are well-defined, that is, all free variables occurring in S;.Init
are elements of its respective sets of state variables S;.V. Note that for the initial state
schema of Sy, shared variables, that is, elements of S;.V N S,.V, are also quantified: these
variables are already restricted in the first specification part.

We use the following abbreviation: variables not occurring in the initial state schema
will not be quantified. Precisely, if p is a predicate referring to variables x1, ..., x,

El)’lv--.y.)’m .p(x].u"'vxk)

is abbreviated by
321,..., 20 0 p(x1, ..., Xk),

where {z1,...,2,} = {x1,..., %} N {y1,...,¥ym}. Moreover, we omit trivially satisfied
predicates as, for instance, v e v = n with n € t,.

Recall the abstract example from before: the initial state predicate p(x,y) will be
changed to Jy e p(x,y) for S;.Init and to Ix e p(x,y) for Sy.Init. A proof of the
adequateness of this definition will be given in Chapter 5. In addition, Section 4.3.7
indicates that a subset of a specification’s initial data dependences does not need to be
considered when it comes to validating the correctness of a cut.

We remain to define the declaration parts and predicate parts of the component’s
operations. For local operations to S;, we simply keep the original definition as-is. For
the set of cut operations, we solely keep the predicate parts in one of the specifications
parts. In order to ensure corresponding types, we always need to preserve the original
declaration parts. Precisely:

Definition 4.3.7. (Operation schemas of components, intermediate definition)
Let DGg = (N, —p¢) be the dependence graph of a specification S, and let C = (Cy,Cz) be a
cut. The operation schemas for the decomposition of S into S1 and Ss are defined as

g ) S.op, op € (Op1 UOpg,),
1.0p ‘=

[S.op.dec | true], op € Opc,.

S. 0) o)
Sy.0p = 4 0P op € (Op2 U Opc,),

[S.op.dec | true], op € Opg,.

Again, this definition needs to be modified, when we are dealing with data dependences
between both components. Finally, we unify all the previous definitions into one, the
intermediate decomposition of S into two components S; and Ss:
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Definition 4.3.8. (Decomposition with respect to a cut, intermediate definition)
Let DGg = (N, —pg) be the dependence graph of a specification S, and let C = (Cy,Cz) be a
cut. Let

Op1,Op2,Opc,, Opc,, Opc

be defined according to Definition 4.3.1. The (intermediate) decomposition of S with
respect to (Cy, Cq) into S; and Sy is defined as

_ 5
S1.0 [according to Definition 4.3.2]
Si.main [according to Definition 4.3.4]
S1.State [according to Definition 4.3.5]
S1.Init [according to Definition 4.3.6]
Sy.0p [according to Definition 4.3.7]
_ Sy
S0 [according to Definition 4.3.2]
So.main [according to Definition 4.3.4]
Sy.State [according to Definition 4.3.5]
So.Init [according to Definition 4.3.6]
Sy.0op [according to Definition 4.3.7]

The system generated from the components is defined as the parallel composition of
both classes, synchronising on the set of cut events, that is,

S1 lljopely S2-

In Section 4.3.6, we carry out the decomposition for the candy machine. For a stepwise
illustration of the decomposition on a simpler example, we consider a trivial CSP-OZ
specification for subsequently increasing three natural numbers [, m and n as given in
Figure 4.15. The set C = {change_m} defines a valid single cut. We get

e Op; := {change_l},
e Opy := {change_n} and
e Opc := {change_m}.

The intermediate definition of the components Increaser; and Increasers is given in
Figure 4.16. The overall system is defined as

Increaser; H{|change,m\} Increaser,.

Note that currently, Increasers.change_m is empty. Moreover, the generated initial state
predicates can be simplified:
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___Increaser

. C
malin =

chan change_l : [x! : N]

chan change_m : [y! : N]

Init

[Lmn:N

chan change_n : [z! : N]

change_l7x — change_m?y — change_n?z — Skip

(l>n

_effect_change l___
A(D)
x!':'N

I'=l+1AxI="

_effect_change_m _
A(m)
y:N

m=1l+1Ay'=m

_effect_change.n__
A(n)
gl N

n=m+1nzl=n

Figure 4.15: Simple CSP-OZ specification for increasing two natural numbers

___Increaser;

chan change_l : [x! : N]
chan change_m : [y! : N]

. C
main = changel7x —
change_m?y — Skip
Init
[Lm:N (3n:FJol>ll

__effect_change_l
A(l); x!: N

U=14+1AxI=0

__effect_change_m
A(m); y!: N

m=l+1Ay'=m

___Increasersy
chan change_m : [y! : N]
chan change_n : [z! : N]

. C
main = change.m?y —
change_n?z — Skip
m,n: N
—Init

Jl:Nm:Nel>n

__effect_change_n
A(n)
zl N

n=m+1Agl=n

Figure 4.16: Intermediate decomposition of Increaser

e dn:Nel>n«1>0and

e Jdl:N,m: N el >n = true, respectively.

This completes the intermediate definition of the different constituents of the com-
ponents, resulting in a well-defined decomposition of S. In an optimum way, the de-
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composition results in two completely independent specification parts S; and So. In this
case, the previously given intermediate decomposition is final in the sense that no further
modification is required. In the context of assume-guarantee reasoning, this is preferable,
as no supplemental constructs need to be added, ensuring that the size of the components
remains rather small.

However, two completely independent specification parts are far from realistic. This
would, for instance, require the cut to split a graph into two unrelated pieces, not sharing
any ingoing and outgoing data dependences. Along with that, any branching within the
control flow graph would have to be assigned to one component.

In order to ensure a universally valid decomposition in our context, the introduction of
additional parameters and an event renaming is required. These extensions are given
next, yielding a modification of the previously as intermediate marked definitions.

4.3.2 Preservation of the Data Dependences

As a first step, we are interested in preserving the original data flow, that is, the state
space modifications. In particular, both components sharing the same state variables
requires that a modification within one component is visible to the other component.
Even though it is impossible that data dependences circumvent the set of cut operations
based on the criterion no crossing, they can indeed target the cut and originate from
it, thus causing mutual influence between both components, based on the data flow.
Figure 4.17 again illustrates the fragmentation of a specification’s dependence graph.

* ®* ® P

| Cl
)

. Ph,

6. ::CZ
R 1

@® modification of a variable

@® modification of / reference to variable

O  reference to a variable

Figure 4.17: Possible data dependences targeting the cut and originating from the cut
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Dotted edges denote data dependences between two operation nodes, where the schema
corresponding to the source node modifies a certain state variable, and the target schema
references a variable. Nodes highlighted in grey depict schemas which modify one and
reference another state variable.

The crucial edges are the ones originating from a cut operation and targeting an
operation in the subsequent phase or the other cut: they represent variables modified in
one specification part (within a cut schema and possibly before as well) and referenced
in the other. These modifications must be preserved to not refer to inconsistent values.

In the example Increaser, a particular sequence of two data dependences conforms to
this specific problem: the schema change_l modifies the variable [, the schema change_m
references [ and modifies m and change_n references m. This sequence of state mod-
ifications is not reflected in the decomposition of Increaser as given in the last sec-
tion. For an illustration, assume that initially, l = 3, m = 2 and n = 1 holds. Table
4.2 denotes the state valuations of Increaser during the processing of the event trace
(change_l.4,change_m.5, change_n.6). Additionally, assuming the same initial state, the
corresponding traces of the components are given.

| Trace of Increaser | Trace of Increaser, | Trace of Increaser |

(I=3,m=2,n=1),| (I=3,m=2),
change_l.4, change_l.4,
(l=4,m=2n=1), (l=4,m=2), (m=2,n=1),
change_m.5, change_m.5, change_m.2,
(l=4m=5n=1), | (I=4,m=25),) (m=2,n=1),
change_n.6, change_n.3,
(l=4,m=5n=06)) (m=2n=3))

Table 4.2: Comparison of two traces for Increaser and its components

As the modification of m depends on [ and is no longer represented in Increasers,
the value of m is inconsistent after the operation change_m took place. This incon-
sistency is in particular visible to the outside, as the parameter value of the event
change_m has changed from 5 to 2. Even worse, this inconsistency is propagated
to the value of n as well. The inconsistency changes the behaviour of the original
specification as the trace (change_l.4,change_m.5, change_n.6) cannot be restored within
Increasery ||{|change_m|} Increasers. Since we are interested in the equivalence of traces of
events the specification and its decomposition may perform, this inconsistency must be
prohibited.

The set of cut operations serves as the (sole) link between both specification parts,
and any influence of one component on the other must be transmitted via the cut. A
correspondence of the values of shared variables between both components is achieved
by the introduction of additional parameters. The type of a cut operation is possibly
extended based on this set of transmission parameters, each representing one specific
shared state variable modified in one and referenced in the other specification part.
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Precisely, these parameters are outputs to the modifying specification part and inputs to
the referencing component, while transmitting the values of the respective state variables.

First, we have to clarify which variables actually need to be transmitted, that is, which
variables exert influence from one on the other component. The following definition
identifies two sets of state variables, namely the ones which need to be transmitted via
the first cut set and the second cut set:

Definition 4.3.9. (Cut variables)
Let DGs = (N, —pg) be the dependence graph of a specification S, and let C = (Cy, Cs) be a
cut. The modifications of n € op(N) influencing X C op(N) are defined as

Vi={veSV|dneXen —fkie(v) n"Vvn —ifﬂ(v) n'}.
The sets of cut variables for the decomposition of S into S; and S, are given by
* CV(C1) := Unec, Viphouc,) and

* CV(C2) := Unec, V{ph,uphsuc,):

v € CV(C;) holds, if there exists a (direct- or interference-) data dependence by reason
of v originating from the first set of cut operations and targeting an operation from
Ph, or C,. CV(Cy) is analogously defined. The definition is complete in the sense that
all variables exerting influence from one on the other component are included: the
correctness criterion NO crossing ensures that data dependences must not circumvent
the set of cut nodes.

As we need to refer to operation schemas instead of operation nodes when adding
transmission parameters to an operation, we set

VY = Uner-1(op) V%

and let

CcV, =V

({,’hzucz) and CVy =V’

(1[>)h1 UPh3UC;) "
Even though we might have different sets of cut variables for n,n’ € [=!(op), the definition
is reasonable: the correctness criterion all-or-none ensures that two different operation
nodes corresponding to one operation schema must not be distributed over a cut set and
its complement.

The previous considerations lead to the following, final definition for the operation
schemas of S; and Ss:

Definition 4.3.10. (Operation schemas of components, final definition)
Let DGs = (N, —pg) be the dependence graph of a specification S, and let C = (Cy, Cs) be a
cut. For CVy = {vy,...,vp} and CVy = {wy, ..., wp}, let

op.triint = try,?:ty; ...; 1,7 by, op.trin? = try,? ity .. T, ? b,
op.tr_out! try,! i ty; ...ty !ty op.trout? trw,) by oo ! by

m*
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The operation schemas for the decomposition of S into S; and Sy are defined as

S1.0p :=
S.op, op € Opy,
[S.op.delta; S.op.dec; op.tr_out' | op.pred A Nvecy, trv! = V'], op € Opc,,
[A(wi,...,wn); S.op.dec; op.tr_in? | Nwec, W = truw?], op € Opc,.
Sp.op =
S.op, op € Opa,
[A(vi,...,vn); S.op.dec; op.tr_in' | Nvecy, V' = try7?], op € Opg,,

[S.op.delta; S.op.dec; op.tr_out® | op.pred A Nwecy, trw! =w'], op € Opc,.

The declaration parts of all cut operations are extended by additional transmission
parameters. For the influence of S; on S, we add predicates tr,! = V' for each cut variable
v € CV; to the first cut set and corresponding predicates v/ = tr,,? to the second. We
proceed accordingly for variables of Sy influencing S;. The delta lists of the receiving
operations need to comprise all modified cut variables. Figure 4.18 illustrates the concept
of these parameters. In Chapter 5, we will show that this technique is sufficient to restore
the data flow of a specification in its decomposition.

tr.,?

i) /

v modified in S,
referenced in S,

/ "y

w modified in S,,
referenced in S,

Figure 4.18: Illustration of the transmission parameters

dd
In our example, due to the data dependence change_m ---»,) change_n, the state
variable m is a cut variable of change_m. Thus, we add one transmission param-
eter tr, to change_m, serving as an output to Increaser;.change_m and an input to
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___Increasery
chan change_l : [x! : N]
chan change_m : [y! : N; trp! : N]

. C
main = change [7x —
change_m?y?tr, — Skip

__Increasers
chan change_m : [y! : N; try,? : N|
chan change_n : [z! : N]

main = change_m?y?tr, —
change_n?z — Skip

Init . Init
(EIn:Nol>n m,n:N (31:N01>n

ILm:N

_effectchangel __effect_change_m
A(l) A(m)
x!': N trm? : N

l'=l+1AxI=T m = trp,?

__effect changem_ __effect_change n
A(m) A(n)
ylN; tryg! N zl: N

m=l+1Ayl=m'ANtrp,! =m’ n=m+1Azgl=n

Figure 4.19: Decomposition of Increaser, modified according to Definition 4.3.10

Increasery.change_m. The modified decomposition is shown in Figure 4.19. Note that we
have to modify the specification’s interfaces and CSP parts as well. We deal with this
aspect in Section 4.3.4.

This modification fixes the previously identified inconsistency as shown in Table 4.3.
Next, we deal with the reconstitution of the control flow of the original specification
within its decomposition. The underlying concept similarly uses additional parameters.

] Trace of Increaser \ Trace of Increaser; \ Trace of Increasers ‘

(I=3,m=2,n=1),| (I=3m=2),
change_l.4, change_l.4,
(l=4,m=2n=1), (l=4,m = 2), (m=2,n=1),
change_m.5, change_m.5, change_m.5,
(l=4m=5n=1), | (I=4,m=5),) (m=5n=1),
change_n.6, change_n.6,
(l=4,m=5,n=06)) (m=5,n=6))

Table 4.3: Comparison of two traces of Increaser and its components after modification
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4.3.3 Preservation of the Control Flow

The fact that one specification part influences the other one due to its data flow is
quite intuitive. Additional to that and less obvious, the intermediate decomposition and
reassembly can also cause a modification of the original control flow of a specification.
For instance, it is possible that the CSP part of S; || S2 allows for additional traces, thus
causing a violation of the trace equivalence between S and S; || Sa.

As the problem of preserving the control flow of a specification is solely related to the
CSP part of a specification, we entirely omit dealing with the Object-Z part in this section.

Restoring the Original Synchronisation

First, we will deal with ensuring a correct synchronisation between S; and S». In order to
illustrate the general problem, we give a small example.

Example 4.3.11. Let S be a specification over a set of events {a,b,c,d, e}, and let
Smain:=(a—c—d— Skip) O (b —c— e — Skip).
Let C = {c} be a valid single cut yielding
e Sy.main:=(a —c¢— Skip) O (b — ¢ — Skip) and
e So.main:=(c —d — Skip) O (c — e — Skip).
Let tr := (a,c,e). Then, tr € traces(S1.main |[{} S2.main) but tr ¢ traces(S.main).

The example points out the following: Definition 4.2.8 allows the cut sets to contain
several nodes with the same operation name - for ny, ny € C;, the equation op = [(n;) =
[(ny) is possible. Let us denote two different occurrences of op within the CSP part of a
specification by op' and op?.

In the decomposition of the specification, op' and op? occur in both parts, S; and
Sy. Obviously, a synchronisation of op must be restricted to originally corresponding
occurrences of op, that is, S1.op' should be synchronised with Sy.op' and, accordingly,
S1.0p? with Sy.0p2.

However, the synchronisation alphabet can no longer distinguish between these dif-
ferent occurrences. Therefore, non-corresponding instances of operations can be syn-
chronised as well. This can particularly lead to additional traces for the CSP part of
S1 || Se.

In our example, the event ¢ occurs twice within S.main and thus twice in S;.main
and Se.main. A synchronisation of ¢ within S;.main || Sp.main can either result in the
joint execution of corresponding occurrences, namely S;.c! synchronising with So.c! and
S1.c? synchronising with Sy.c?, as shown on the left hand side of Figure 4.20, or to an
invalid synchronisation of S;.c! with Sy.c? and S;.c? with Sy.c!, as shown on the right
hand side of the same figure. The latter synchronisation triggers the previously identified
path (a,c,e), which is invalid for S.main.

In Section 2.2.1, we introduced simple parameters [Fis00, Fis97] which can be re-
stricted by both, the CSP part and the Object-Z part of a specification. This specific type
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Figure 4.20: Synchronisation of events for external choice
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of parameters will be used to define a set of additional address parameters to operations
with a multiple occurrence in the cut. In our case, they will solely be restricted by the CSP
part, and they do not occur in the Object-Z part of a component. We will modify the CSP
parts of S; and S by fixing the values for some of these parameters. As a synchronisation
of two instances of an operation is only possible if their extension sets are not disjoint,
differently fixed parameters can prevent a false synchronisation.

We illustrate the outcome of this extension on the previous example. For the event c,
we will use one address parameter p; of type {1, 2} and redefine

e S;.main:=(a —c.l1— Skip) O (b — c.2 — Skip) and
e Somain:=(c.1 - d— Skip) O (¢c.2 — e — Skip).

A synchronisation of ¢! with c¢? over different components is now impossible.

In general, if no parallel composition is involved in a process, one additional address
parameter is sufficient to separate two different occurrences of an operation from each
other. However, when dealing with parallel composition, synchronising the operation
under interest, one parameter is no longer adequate, since it would exclude part of the
originally allowed synchronisation.

Recall Example 4.3.11 after replacing the external choice operator with [[;.;. We get

Si.main := (a—c¢— Skip)
iy (b—c— skip),

Se.main := (¢ —d— Skip)
( )

H{C} ¢ — e — Skip).
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In this case, a joint synchronisation of the event ¢ within S;.main |} Sz.main is
allowed. This requires us to add two fresh parameters, not affecting each other, with one
of them subsequently restricted for one branch of the parallel composition and the other
one restricted for the other branch.

Summarising, we need to preserve and neither extend nor restrict the original synchro-
nisation structure of S within S; || S2. The following definitions especially need to ensure
that only corresponding instances of operations can be synchronised between S; and S,.

In order to find a general solution for this problem by identifying a correct addressing
extension for any process, including nesting of different types of branching, we recursively
traverse its CFG with respect to any operation schema with multiple occurrence in the
cut. An algorithm yielding a correct synchronisation is given in Section 5.1. To this end,
we outline the general strategy. In addition, we define and show the required conditions
on a correct addressing, which are realised by the algorithm. The algorithm proceeds as
follows:

Traversing the CFG: Starting with the unique start-node, we recursively traverse the
CFG of the process S.main. Let op € Op be the current operation under interest.

Initial parameter: Initially, we use one address parameter p; of type {1}. The type of
any parameter can be extended throughout the traversal.

Active Parameters: Any branch of the CFG has one dedicated, active address parameter.
The underlying idea is that this parameter possibly needs to be assigned with a
specific value to prevent a false synchronisation within the associated branching.
Initially, p; is declared active for the sole initial branch and assigned with the value
1. All assigned values are possibly modified during an execution of the algorithm.
Besides, one parameter can be active for more than one branch.

No Branching: In case we proceed over a CFG operator which does not introduce
branching, no changes to the parameters are committed.

Branching for cfop € {extch, intch, interleave, pary } and op ¢ X: Branching without par-
allel composition of the operation under interest can lead to two occurrences of
op within the cut, which need to be separated. In this case, the currently active
parameter is declared active for both, the left and right branch. For the left branch,
we keep the originally assigned value whereas for the right branch, we increase it
by one, and we add the new value to the parameter’s type. This ensures that an
operation occurring in both branches cannot wrongly be synchronised.

Branching for pary and op € X: Branching with a synchronisation of op possibly leads
to two occurrences of op, which still need to be able to be synchronised. In this
case, the active parameter p;, which belongs to the branch entering the parallel
composition, can no longer be used: it may already be used to prevent a wrong syn-
chronisation within a previous branching. The algorithm introduces two additional,
fresh parameters p;,1 and p; ;. The first parameter is declared active for the left
branch, the second parameter is declared active for the right branch. As we solely
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restrict each parameter on one side, a synchronisation of occurrences within the left
branch and the right branch is always possible, independent of further restrictions

of pi+1 and pio.

Figure 4.21 illustrates the two different cases for branching.

e.x é X#£y ey e.x?p, \/ e?p..y

active(p) active(p) active(pj) active(p,)
pizx <¢—» donot match w—p pi=y pj: X < matches with any <& pj: 2

p= ? —»  matches withany —» p=Y

Figure 4.21: Addressing extension for CFG branching

In order to exemplify the necessity for introducing additional parameters in the case of
a parallel composition and to clarify the general idea, we give an example. Figure 4.22
shows an extract of a possible control flow graph, for which we consider one operation
b, element of a valid cut. The CFG proceeds over an external choice, followed by a
parallel composition with b being synchronised and, finally, a two-sided external choice.
As b occurs multiple times in the cut, an addressing extension is required. Based on our
strategy, we introduce three additional parameters:

e p; is responsible for ensuring that no false synchronisation with respect to the outer
external choice is possible, that is, b! must not be synchronised with any element of
{b%,b3,b* b>}. This is achieved by fixing p; to the value of 1 for the left branch and
to 2 for the right branch.

e p, is responsible for excluding a wrong synchronisation within the left inner external
choice, that is, between b? and b3.

e p3 forbids a synchronisation within the right inner external choice, that is, between
b* and b°.

e Finally, p, and p3 are indeed necessary to ensure that any two elements of {b? b3}
and {b*,b°} can still be synchronised.
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Figure 4.22: Addressing extension for nested branching

Having illustrated and exemplified our general strategy, we now give the details on the
addressing extension. Based on the criterion all-or-none, all occurrences of an operation
have to be assigned to one cut set, which we denote by C;.

We define two conditions on a parameter extension and subsequently show that they
are sufficient to preserve the synchronisation structure of S within S; || S2. Here, we omit
dealing with the original parameters of an operation op, since they are irrelevant for the
subsequent proof. Both conditions correspond to the previously identified different cases
for branching with and without a synchronisation of op.

In Definition 2.2.6, we introduced partial events. As the CSP part of a specification
may restrict the set of simple parameters of an operation, any occurrence of an operation
within the CSP part is a partial event. Subsequently, op, denotes an arbitrary partial event
for the channel op.

Definition 4.3.12. (Conditions for correct addressing extension)
Let CFGs = (N, —) be the control flow graph of a specification S, and let C = (C1,Cz) be a
cut. Furthermore, let op € Opc such that op occurs at least twice in either C; or Cy. Let opk
denote an arbitrary occurrence of the operation op within CFGs and op’; its corresponding
occurrence within S.main. The address requirements for a correct synchronisation are given
by the following two conditions, which need to hold for any i # j:
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Branching without Synchronisation: If op' and op/ are located inside different branches
of either an external choice operator, internal choice operator, interleaving operator or
a parallel composition operator pary with op ¢ X, op,, needs to comprise one parameter
p1 such that its type includes x,y € N with x # y. This parameter is fixed to x for op;

and to y for op; in both, S;.main and Sy.main :
oplf, becomes opé X and opi, becomes opi7 Y.
This corresponds to the left hand side of Figure 4.21.

Branching with Synchronisation: If op' &L op/, the (partial) event op,, needs to com-
prise two parameters p1 and p, such that the type of py includes x € N and the type
of p2 includes y € N for arbitrary x,y. The first parameter is fixed to x for opj, whereas

the second parameter is fixed to y for opé in both, S;.main and Sy.main :
op; becomes op;', X?p2 and op; becomes opL?pl Y.
This corresponds to the right hand side of Figure 4.21.

We give an intuitive description of these conditions. Example 4.3.11 illustrated that
two different occurrences of an operation can spuriously be synchronised over different
branches of an external choice operator. This problem can correspondingly occur for any
CSP operator, which introduces branching into the CFG. In order to prevent this from
happening, the first condition uses a parameter p; for the respective operation, which is
differently fixed in both branches. Thus, a wrong synchronisation is no longer possible,
as the extension sets of the partial events are now disjoint. If any two occurrences of the
same operation were not allowed to synchronise beforehand, our addressing extension
ensures an empty intersection of their extensions, not allowing for a synchronisation
afterwards.

Additionally, we have to ensure that a previous synchronisation is not excluded due
to our extension. Here, the second condition requires that for any parallel composition
including op, two additional parameters are introduced, which can subsequently be
restricted for their corresponding branch without influencing a synchronisation over both
branches.

In order to restore the original synchronisation structure of a specification by the
introduction of additional address parameters, we need to precisely state when two
occurrences of the same operation were previously allowed to synchronise. Beforehand,
we define a condition, stating that a certain synchronisation dependence can be realised
by means of the underlying CSP process: there indeed exist traces, leading to the joint
execution of both events. From now on, we let foot(tr) denote the last element of the
CSP trace tr according to [Sch99].

Definition 4.3.13. (Realisation of synchronisation dependence)
Let op € Op such that op;, and opy, i # J, are two different occurrences of op within the CSP

part of S. Let op' and op/ denote their corresponding nodes of CFGs such that op! Ml op'.
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For the CFG node pary being responsible for op' Ml op/, let P; and Py denote the CSP
processes corresponding to the first branch and the second branch of pary within CFGg,
respectively. If

Jtry € traces(Py),try € traces(Pz) o _
(tr1 [ X = tra[ X) A (foot(tr1) = oph) A (foot(try) = opj),

we say that the synchronisation dependence connecting opli, and op{j can be realised.

For two events to allow for synchronisation, their corresponding operation nodes of
the CFG must be connected via a synchronisation dependence which can be realised. In
addition, the intersection of the extension sets of the partial events corresponding to
these nodes is non-empty. All conditions combined ensure that op' and op’ can indeed
synchronously be executed.

Definition 4.3.14. (Allowed synchronisation)
Let op € Op such that op;, and opy, i # j, are two different occurrences of op within the CSP

part of S. Let op' and op/ denote their corresponding nodes of the CFG. We say that opli, and
op{, allow for synchronisation within S, if, and only if,

a) op' A op/ within the CFG of S,

b) op' «>Ls opl can be realised,

o {loph [} n{lop) |} # @.

Before proving the correctness of the conditions of the previous definition, we show
the following property: if two nodes x,y of are not located in different CFG branches
attached to the same node, they have to be connected by a CFG path.

Lemma 4.3.15. (Non-opposite branching requires CFG path)

Let CFGs = (N,—) be the CFG of a specification S. For any node cfop €
{extch, intch, par, interleave }, let fst(cfop) denote one branch and snd(cfop) the other branch
of cfop, before reaching the join-node uncfop. For any n, n’ € c£(N), if

Acfop € {extch, intch, par, interleave} o
(n € fst(cfop) A n’ € snd(cfop)) V (n € snd(cfop) A n’ € fst(cfop)),

. * *
eithern — n’ orn’ — n.

Proof. Let cfop!, cfop? denote the innermost operators with n, n’ being located inside one
of their respective branches. In case that a node is not located inside of any branching,
cfop! = cfop? = start. Thus, we do not separately need to deal with start.

Case 1: cfop! = cfop? Based on the assumption, n and n’ have to be located in the same
branch of the operator. As we chose cfop' to be the innermost branching, n and n’
are both located on the sole path from cfop' to n or from cfop’ to n’, dependent on
which node is visited first.
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Case 2: cfop + cfop? Based on the assumption, there is not outer operator cfop® with n
and n’ being located in different branches of cfop®. Therefore, for i # j, either cfop
terminates before cfop/, yielding a path from one node to the other one via uncfop'.
Otherwise, cfop' is located inside of cfop/, also yielding a CFG path from one node
to the other one. 0

The following theorem shows that the previously identified conditions on an addressing
extension are sufficient.

Theorem 4.3.16. (Definition 4.3.12 ensures correct synchronisation of S; and Ss)

Let CFGs = (N, —) be the control flow graph of a specification S, and let C = (Cy,C2) be
a cut. For any op € Op¢ with multiple occurrence within the CFG and CSP part of S, let
both conditions of Definition 4.3.12 be satisfied. Then, the original horizontal synchroni-
sation structure of S is preserved within Sy || So, whereas no additional synchronisation is
introduced. Precisely, for opi, # opp:

(1) Possible synchronisation for duplicated nodes:
Sl.opll) and Sg.op;, allow for synchronisation in Sy || Sa.

2) Orlgmal synchronisation is preserved within S| and S,:
IfS. opp and S. opfJ allow for synchronisation in S, then S;. opp [Ss. opp] and S;. op;,

[Ss. op;,] allow for synchronisation in Sy [S2].

3) Orlgmal synchronisation is preserved within S, || Sy:
IfS. opp and S. op}j allow for synchronisation in S, then S.op}, [S;. opﬁ,] and S,. op},
[SQ.Opp] allow for synchronisation in Sy || Sa.

(4) No addltlonal synchronisation within S;:
IfS. opp and S. opﬁ7 do not allow for synchromsatlon in S, then S;. opp and S;. opﬁ, do
not allow for synchronisation in S1.2

(5) No additional synchronisation within S, || Sa:
If S.opf, and S.op}) do not allow for synchronisation in S, then 51-0P§7 [SQ.opé] and
Sg.opi, [Sl.opé,] do not allow for synchronisation in Sy || Sa.

Proof. Assume that both conditions of Definition 4.3.12 hold. In case we refer to opli,, opi,,
we implicitly assume i # j. We show the respective properties by applying the conditions
from the definition:

@)) Sl.opé and Sg.oplg result from a duplication of S .op;',. Let us denote the corresponding

CFG nodes within the CFG of S; || Sy by op} and op}. We have to show all three
conditions of Definition 4.3.14.

ZNote that both events might indeed allow for synchronisation within S». This does not pose a problem as
in this case, a synchronisation over the cut would have to involve all four events S;. opp, S1 op;,, Ss. opp

and S,. op’ which is impossible if S;. opp and S;. op’ cannot be synchronised.
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(2)

a)

b)

c)

. . ™ 7 Tl'/ 7
Starting from parg,., the;rg exist paths parg,, — opj and parg,, — opj. 7 and
7' do not share any additional nodes, as parg,,, is the outermost operator of the
CFG for S || S2. This ensures the conditions on a synchronisation dependence, as
given in Definition 2.3.6. v/

This dependence can be realised: for the traces tr and tr’ corresponding to the
paths 7 and 7/, the equation tr| Opc = tr’' | Opc holds. Traces restricted on the set
of cut operations are preserved by the projection of the CSP process S.main on
S;.main, as cut events occur in both, S; and S, and as Definition 4.3.3 does not
modify the structure of a process. v/

Additionally, since we refer to two nodes corresponding to the same node of CFGg,
and since the addressing extension is identical for both, S;.main and Ss.main, the
inequality {| S;.op}.add [} N {| Sz.0p},.add |} # @ trivially holds for any possible
addressing extension add. v’

Assume that op;', and op{, allow for synchronisation in S. Again, we show all three

conditions for allowed synchronisation of Si.opli, and Si.opé,.

a)

b)

c)

By assumption, op’ and op/ are connected via a synchronisation dependence in S,
and both nodes are elements of C;. Corresponding to the previous case, they are
still connected via a synchronisation dependence in S; and in Ss, as Definition
4.3.3 does not modify the branching structure of a process. v/

Let pary be responsible for the synchronisation dependence between opli, and opi,,
and let tr and tr’ be the traces realising the dependence. Then, tr[ X = tr' [ X. As
both paths are correspondingly projected within S;.main, we get

(tr] (Op; UOpc)) [ X = (tr'| (Op; UOpc)) I X.

Thus, the synchronisation dependence can be realised. v/
Finally, the second condition on correct addressing results in opi, being replaced

by oplij.x?pg and opé, being replaced by op{,?pl.y in both, S; and Ss, for some
x,y € N. This implies

{lophx_[} N {loph_y |} # @

based on the assumption

{lop} [} {| op) |} # &.v

(3) Assume that opli, and op; allow for synchronisation in S.

a)

b)

According to (1), we get two paths = and #’ in the CFG of S; || Sy, which start
in parg,,, and reach the respective occurrences of op' and op/ without additional
shared nodes, thus yielding a synchronisation dependence. v/

This dependence can be realised: the projection of S.main on Opc yields the
same traces within S;.main and Sg.main. v/
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4

()

¢) Finally, in correspondence to the previous case,
{l oppx.— [} N {|oph—y |} # 2.v

Assume that op’ and op/ do not allow for synchronisation in S due to a violation of
conditions a), b) or c):

a): In either case, a missing synchronisation dependence cannot be introduced due
to the projection. v/

b): Let pary be responsible for the synchronisation dependence between opli, and opy.
Let P; and P, denote the CSP processes corresponding, to the first and second
branch of parg. Then, there are no traces tr; € traces(P;) and try € traces(Ps),
such that try | X = tro [ X. As op € Opg, the projection of the CSP process S.main
on S;.main preserves the original traces with respect to X: no events of Ops
can be involved, thus ensuring that the synchronisation dependence cannot be
realised within S;.main. v/

o): {] op;', 1} N {] op{, |} = @ is preserved by the addressing extension. v/

Again assume that one of three conditions for allowed synchronisation is violated:
a): We distinguish between two cases:

Case 1: Both nodes are located inside different branches of either an external
choice-, internal choice- or interleaving operator or a parallel composition
operator pary with op ¢ X. The first condition on correct addressing results
in op}, being replaced by op},.x and opy, being replaced by op},.y, x # y, within
Si.main and Se.main. Thus, even though both nodes are possibly connected
via a newly added synchronisation dependence within the CFG of S;||S2, the
events S 1.0p§, X and Sg.opi,.y do not allow for synchronisation according to

Definition 4.3.14, since {| oplij.x I} Nn{l opi).y |} = @ holds. The same holds
for S; and S, switched.

Case 2: The premise of case 1 does not hold. A parallel composition with op
being synchronised is impossible, as there is no synchronisation dependence
connecting both nodes. Thus, branching is ruled out. Based on Lemma
4.3.15, there exists a CFG path 7 starting in op' and reaching op’ (opposite
direction accordingly). This path does not include any operation nodes
outside of C; since otherwise, the cut would be left and re-entered, causing
a violation of the correctness criterion no reaching back. In particular, for
any two paths parg,. — op' and parg,, —— op/, the traces tr, try and tr
corresponding to the paths , 71 and 7 yield try | Opg # tra | Opg, as op),
is an element of the latter but not the first trace. This violates that the
synchronisation dependence can be realised. The same holds for S; and S,
switched. v/

b): Again, let pary be responsible for the synchronisation dependence between op;
and op),. A violation of the possible realisation of a synchronisation dependence
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yields that there are no try € traces(P;) and try € traces(P3) such that tr; [ X =
tro | X. In particular, as op € (Opc NX), a synchronisation of op within Sy || Sy
would have to involve all four occurrences of op. However, according to (4,b.),
the projection of S.main preserves the traces with respect to X up to reaching
the cut within S;.main. Thus, op;', and opﬁ, are not allowed to synchronise within

S;. A diagonal synchronisation between opi', and op), is impossible as well, as the
synchronisation dependence cannot be realised due to S;. v/

c): A violation of Condition c) is trivially preserved within S; || S3. v/ O
Figure 4.23 illustrates the allowed and forbidden synchronisations due to the three

conditions of the lemma. A solid line depicts an allowed synchronisation, whereas a
dotted lines depicts the opposite.

S op+=—>o0p op=->op
S1 op'«2»>o0p op=-*»op
w5 5.9
1. 1 1. 1
»
82 op'<——>op op‘<--;1j:opj

Figure 4.23: Illustration of Theorem 4.3.16

Separating Operations Shared between Op; and Op,

Another aspect which we have to deal with tackles the fact that in general, Op; and Op,
are not disjoint. This can lead to one operation being assigned to both, S; and S;. We
need to ensure that the projection of a CSP process correctly eliminates the subset of
occurrences of an operation which are no longer part of the respective component. A
projection, keeping the set of all occurrences, is generally insufficient:

Example 4.3.17. Let S.main :=a — b — a — Skip and C = {b} be a valid (single)
cut. Then, the first occurrence of a should be an element of S;.main whereas the second
one should be an element of So.main. A projection of S.main on {a,b} would result in
Si.main = Sy.main = S.main and is therefore infeasible.
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As Op; and Op- are not disjoint, we need to separate the occurrences of an operation
op € Op; N Opy within S; from the ones within S,. Corresponding to the previous
section, we will use one additional address parameter p; : {1,2} for any operation with
its occurrences distributed over Op; and Ops. The parameter is fixed to 1 for occurrences
within S; and accordingly fixed to 2 for occurrences within Ss.

For the event a of Example 4.3.17, we get

e Si.main:=a.l — b — Skip and

e So.main:=b — a.2 — Skip.

Defining the Sets of Events for S; and S»

Based on the additional parameters and their restrictions, the overall system definition
needs to be adapted. First, we observe the following:

e For any op ¢ Opc, there exist one (if op € (Op; N Opy)) or zero additional address
parameters. For simplification, we will denote this possible additional parameter by
p1- [v] denotes that the value of the parameter p; is set to v, if the parameter exists.

e For op € Opc, any number of parameters is possible. However, for the set of cut
operations, all possible extensions of operations need to be represented in the
synchronisation alphabet. This is due to the correctness criterion all-or-none and
the fact that the respective addressing is identical for both, S; and S.

Both observations allow for the following definition:

Definition 4.3.18. (Event sets of components)

Let DGg = (N, —pg) be the control flow graph of a specification S, and let C = (Cy,Cz) be
a cut, yielding the four sets Opi, Opa, Opc, and Opc,, now possibly comprising additional
address parameters. The event sets for the decomposition of S into S; and S, are given by

E; = UopeOp1{| Op.,[.l] |}7 Ep = Uop60p2{| Op'*[‘Q] |}7
ECl = {| OpC1 ‘}7 EC2 = {‘ OpC2 ’}
where "_" denotes the original parameters of the channel. Let E¢ := E¢, UEc,, Es, := E1UE¢

and Es, := Ey UEg.
The following lemma describes that all events shared between S; and S, are elements
of E(;Z
Lemma 4.3.19. (Common events of S; and Sz solely occur in the cut)
Let E1, E5 be defined according to Definition 4.3.18. Then:
EiNEy, = 2.

Proof. Assume that there exists e € (E; N E2). Then, e € {| op |} holds for some
op € (Op; N Op2). Based on the addressing extension for shared operations, op is thus
extended by one address parameter of type {1, 2}. Either this value is set to 1 implying
e ¢ E, or to 2 implying e ¢ E;, contradiction. O
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4.3.4 Renaming for the Decomposition

The previous section introduced additional parameters to operations of S; and S, required
to ensure an equivalent data flow and control flow between S and S; || Se. These
parameters modify the original types of the channels of S. In our correctness proof, which
is given in Chapter 5, we thus show that S and S; || Sy are equivalent modulo different
channel types. As we need to refer to the precise sets of events of a specification, we will
from now on write Eg to denote the set of events of a specification S.

For describing the difference between Eg and Es,, we introduce

¢ a function f, mapping a channel of S on the corresponding channel within S;, now
comprising additional parameters and

e two event renaming relations R : Es — Es, and RS : Es — Eg,, applied on the
process S.main, in order to determine S;.main and Sp.main.?

We start with the function f mapping channels of S on channels of S;. It implicitly
defines a corresponding extension of the declaration parts of the Object-Z schemas,
now additionally containing transmission parameters.* According to the notation for
transmission parameters, let

op.add = add; : ry; ...; addy : ¢
denote the set of address parameters of an operation op, and let
op.orig = pidy : s1; ...; pid; : 8

with d; € {7,!, e} (where e denotes the empty decoration used for simple parameters) the
set of original parameters of op, as defined within the interface of S:

Definition 4.3.20. (Renaming of channels)
Let S be a specification, and let C = (Cy, Cy). The channel renaming for the decomposition
of S into S; and Ss is given by

op : [op.orig; op.tr_in'; op.add], op € Opc;,
f(op : [op.orig]) = { op : [op.orig; op.tr_in?; op.add], op € Opc,,
op : [op.orig; op.add), otherwise.

Note that, in the last case, op.add comprises zero or one address parameter whereas
in the other cases, the amount is indefinite. Further note that we never leave out any
original parameters, as the types of the shared operations have to coincide.

®Note that in CSP-OZ, according to [Fis00], and in contrast to pure Z, renaming of CSP processes is not
restricted to functions — relations can be used as well.

*As address parameters are not restricted by the Object-Z part, we omit them in the declaration parts of
Object-Z schemas.
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Next, we introduce two renaming relations, determining two processes, which are
subsequently used for the definition of S;.main and S;.main. For an operation op € Op,
we let

op.triin =tri?7:ty; ...; trp? 1ty

denote the additional transmission parameters of an arbitrary operation. Moreover, let a;
denote the possibly fixed value of the address parameter add; according to the restriction
of address parameters. The following event renaming is relational, as it maps an event on
a set of events. We simply write op?p to denote the set {op.x | x : t,}. This notation is
motivated by the equivalence between op?p — P and Dx:rp op.x — P.

Definition 4.3.21. (Renaming of events)
Let S be a specification, and let C = (Cy,Cy). The (relational) event renaming for the
decomposition of S into S; and S, is given by

R(lz ZES —>E51 and Rg 3ES —>E52,

defined as
op.x.1, op € (Op; NOp2) \ (Opc, UOpc,),
op.x?try...7trp.a; ...ax, op € Opc Al (op)|> 1,
R$(op.x) := ) ) " . B
op.xttry ... try, op € Opc A|l""(op) |=1,
| op-x, otherwise
and
op.x.2, op € (Op1 NOp2) \ (Opc, UOpc,),
op.x?try...7trp.ay ...ax, op € Opc A|l71(op)|> 1,
RS(0p.x) := . | 71( )|
op.x?try...7try, op € Opc A" (op) |=1,
op.X, otherwise.

Graphically explained, the renaming introduces additional transmission and address
parameters to the original events, if required. For operations not represented in the cut,
no transmission parameters are introduced. Shared operations of Op; and Op, receive
one address parameter fixed to 1 and 2, respectively, whereas local operations to one
specification do not receive any additional parameters. For the cut, we introduce a
possibly empty set of transmission parameters. For the address parameters, we separate
operations with multiple occurrence in the cut from the ones with single occurrence: the
first operations receive additional address parameters, whereas the latter ones do not.

The previous definitions allow us to give the final definitions for the interfaces and CSP
parts of S; and S,. We start with a modification of Definition 4.3.2, which now takes the
channel renaming f into account:

Definition 4.3.22. (Interfaces of components, final definition)

Let DGg = (N, —pg) be the dependence graph of a specification S, and let C = (C1,Cz) be a
cut. Let f be the channel renaming function according to Definition 4.3.20. The interfaces
for the decomposition of S into S and Sy are defined as
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e S1.1:=f(I)|(op,uope) and (Interface for S1)
o So.l:= f(I)|(opsuopc)- (Interface for S3)

In order to modify the CSP parts of the components according to Definition 4.3.4, we
apply the event renaming on main. Note that the following holds for any renaming
relation R ([Sch09]):

(e — P)[R] = ¢ : R(e) — P[R].

Definition 4.3.23. (CSP parts of components, final definition)

Let DGs = (N, —npg) be the dependence graph of a specification S, and let C = (Cy,Cs) be a
cut. Let RS and R$ be the event renaming relations according to Definition 4.3.21. The CSP
parts for the decomposition of S into S1 and S, are defined as

e Symain = (S.main[[R(f]])|ES1 and (CSP part for S1)
e Sp.main := (S.main[[Rg]])]ESQ. (CSP part for S3)

In Figure 4.19, we implicitly modified the channel change_m of Increaser after the
introduction of one transmission parameter. As address parameters are not required for
the decomposition, the specification’s decomposition is final.

Summarising the previous definition, we are now able to give the final definition for
the thorough decomposition of S into S; and S.

4.3.5 Definition of the Decomposition

After ensuring a correct data flow within S; || S2 based on the introduction of additional
transmission parameters and ensuring a correct control flow based on additional ad-
dress parameters, we finally give the definition of the thorough decomposition of S into
components S; and Sy by modifying Definition 4.3.8:

Definition 4.3.24. (Decomposition with respect to a cut, final definition)
Let DGg = (N, —p¢) be the dependence graph of a specification S, and let C = (C1,Cz) be a
cut. Let

Oplv Op27 Opcl,Opc2, OPC

be defined according to Definition 4.3.1. The decomposition of S with respect to (Cy, C)
into Sy and S, is defined as

5
S1.1 [according to Definition 4.3.22]
Si.main [according to Definition 4.3.23]
Si.State [according to Definition 4.3.5]
S1.Init [according to Definition 4.3.6]
Sy.0p [according to Definition 4.3.10]
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S
So.I [according to Definition 4.3.22]
So.main [according to Definition 4.3.23]
Sy.State [according to Definition 4.3.5]
S>.Init [according to Definition 4.3.6]
Sy.0p [according to Definition 4.3.10]

The system, generated from the components, is defined according to Definition 4.3.8
as the parallel composition of both classes, synchronising on the set of cut events:

St ||ge Sa-

For the remainder of this thesis, we let Egs := Es, UEg, and Op’ := Op; U Ops U Opc.
The following theorem states the main result of this thesis. The correctness proof will be
shifted to the next chapter.

Theorem 4.3.25. (Correctness of the decomposition)
Let S be a specification, and let C = (Cy, Cq) be a cut, yielding a decomposition into S; and
Sy according to Definition 4.3.24. Then, the following holds:

S =r (S1 |lgc S2)[R], (4.1)
where R’ : Ess — Es is defined as
R'(opx.ty...tg.ay...ax) :=opx

with t; denoting the values for the possible transmission parameters of op and a; the values
for its possible address parameters.

Based on several lemmas and some additional prearrangements, the proof is given in
Chapter 5, Section 5.6. The next section illustrates the decomposition on our case study
of a candy machine. It is based on the single cut C := {switch}.

4.3.6 Candy Machine Revisited: Decomposition

Recall the main case study of this thesis, the specification of a candy machine, as given in
Figure 2.3. We already identified the set C := {switch} to be a valid single cut in Section
4.2.4.

First, the definition for Phy, C; and Ph, yields

e Op; = {pay, payout,abort},
e Opc = {switch} and
e Ops = {select,order,term, deliver}.

The projections of S.main on the remaining sets of events,
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e Symain:=Smain| {|pay payout,abort,switch|} and

¢ Symain:=Smain ‘ {|switch select,order term,deliver|}»

lead to
__CandyMachine;
[..]
main = pay?coin — main O Payout O switch — Skip
Payout = payout?coin — Payout O abort — Skip
__CandyMachine,
main = Skip O switch — Select
Select = (select?ca — (Select O Order)) O Deliver
Order = order — Select
Deliver = deliver?ca — Deliver O term?rest — Skip
[..]

after applying several simplifications. For the sets of state variables of CandyMachine;
and CandyMachines, we get

e S,.V = {sum,paid, credits} and
o So.V = {credits, items, selected }.

S1.V and S,.V determine the respective state schemas. The initial state schemas are given
by
S1.Init = Iselected : Candies,items : seq Candies
(sum =0 A paid = () A items = ())
(sum =0 A paid = ())

and
Se.Init = dsum : N, paid : seq Coins, credits : N o
(sum =0 A paid = () A items = ())
= items = ().

In order to determine the operation schemas of the components, we first need to
compute the set of cut variables with respect to C; = {switch}. The operation schema
switch modifies three different variables, namely sum, credits and paid. However, only
one of them is subsequently referenced: credits. Based on the three data dependences by
reason of credits,
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. dd
o switch —--> (i) Select,
. dd
® SWitch -~~~ (rgits) Order and

. dd
® SWitch —-->(gredits) term,

we get CV; = {credits}. Therefore, switch needs to be extended by one additional
transmission parameter tr. : N. We are now able to define CandyMachine;.switch and
CandyMachines .switch:

__CandyMachine,
enable_switch _effect_switch
(sum >2 A(sum, credits, paid); tr.! : N
sum’ = 0 A paid’ = ()
credits’ = sum A tr.! = credits’
___CandyMachine,
c enable_switch _effect_switch

A(credits); tre? : N

credits’ = tr.?

As the sole cut operation switch only occurs once in the specification, no address
parameters are required. We remain to apply the renaming of the channel switch and all
of its occurrences within S.main, according to the introduction of the sole transmission
parameter. The final decomposition is depicted in Figures 4.24 and 4.25.

When dealing with the identification of reasonable decompositions, Chapter 6 intro-
duces a bigger case study, consisting of several classes and requiring address parameters
as well as transmission parameters.

4.3.7 Improvement of the Decomposition

Up to now, we defined a valid decomposition of a specification, based on a fragmentation
of its dependence graph. The given correctness criteria exclude invalid decompositions,
thus restricting the set of possible decompositions.

In Section 4.3.1, we defined a restriction of the initial state schema of S on the possible
initial valuations of the generated components S; and S;. The implementation of our
decomposition approach is based on this specific definition and needs to take any initial
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___CandyMachine,
chan pay : [coin? : Coins] chan payout : [coin! : Coins]
chan abort chan switch : [tr.! : N]
main = pay?coin — main O Payout O switch?tr. — Skip
Payout = payout?coin — Payout O abort — Skip
~Init enable_pay
sum, credits : N sum =20 {sum + 2 < Max
paid : seq Coins paid = ()
_enable_payout _enable_abort_____ _enableswitch_____
paid # () paid = () Asum =0 {sum >2
—effect_pay —effect_payout
A(sum, paid) A(sum, paid)
coin? : Coins coin! : Coins
sum’ = sum + coin? sum’ = sum — coin! A paid’ = tail paid
paid’ = paid ™ (coin?) coin! = head paid
__effect_switch
A(sum, credits, paid); tr.! : N
sum’ = 0 A paid’ = ()
credits’ = sum A tr.! = credits’

Figure 4.24: Decomposition of the candy machine, first component

data dependence into account. The definition can, however, slightly by altered and
improved.

The specification CandyMachine comprises an initial state predicate items = (), which
forms the source of three initial data dependences:

. .. idd .
e init —1——+(items) term, based on enable_term = [items = ()],
... idd . .
e init —1——+(items) deliver, based on (amongst others) enable_term = [items # ()] and

.. idd L . ~
e init —1——+(items) order, based on e f fect_order comprising item’ = (items ™ (selected)).

We identified {switch} as a valid single cut in Sections 4.2.4 and 4.3.6 due to the fact
that all of these three initial data dependences do not violate the correctness criterion
no crossing. The reason is as follows: the variable items is never modified or referenced
in any operation schema of Op; U Op¢. In particular, items ¢ S;.V. Therefore, items
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___CandyMachine,
chan switch : [tre? : N] chan select : [ca? : Candies] chan order
chan deliver : [ca! : Candies] chan term : [rest! : N]
main = Skip O switch?tr, — Select
Select = (select?ca — (Select O Order)) O Deliver
Order = order — Select
Deliver = deliver?ca — Deliver O term?rest — Skip
Init enable_order
credits : N {items =) {credits > price(selected)
items : seq Candies
selected : Candies
_enableselect___ _enable_deliver enable_term
credits > 1 P’tems # () L’tems = ()
_effect_switch _effect_order
A(credits) A(items, credits)
tr.?: N ) ) =
— items’ = items " (selected)
fro! . N .
credits’ = tr.? credits’ = credits — price(selected)
_effectselect___ _effect_deliver _effect_term
A(selected) A(items) A(credits)
ca? : Candies ca! : Candies rest! : N
selected’ = ca? items’ = tail items credits’ = 0
ca! = headitems rest! = credits

Figure 4.25: Decomposition of the candy machine, second component

does not influence the behaviour of S; at all. In this case, the respective initial state
predicate can completely be eliminated from S;.Init and the corresponding initial data
dependence can safely be neglected.

Indeed, this elimination of an initial data dependence is only possible for corresponding
predicates not being related to the variables of S; at all. These observations serve as the
basis for the following definitions.

First, when explicitly dealing with predicates within a CSP-OZ specification, we do not
refer to the single top-level predicate of an operation but rather to its atomic sub-predicates.
This is according to [Brii08]. For op € Op, the set Atoms(op) depicts the set of all atomic
predicates such that the conjunction of all these predicates yields the predicate part of op.
We use the same notation for the initial state schema:

/\peAtoms(op.pred)p = op.pred and /\peAtoms(Init)p = Init.
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Next, we define an equivalence relation on S.V and a closure set of a state variable with
respect to this relation. Let vars(p) denote the set of state variables, occurring in the
predicate p:

Definition 4.3.26. (Initial closure of state variables)
Let S be a specification. We define an equivalence relation R over (S.V x S.V) by®

R :={(x,y) | Ja € Atoms(Init) e x,y € vars(a)} Uldsy.

For any x € S.V, the initial closure of x is inductively defined as the set InitClos(x), satisfying
the following two conditions:

e x € InitClos(x),
e y1 € InitClos(x) A (y1,y2) € R = ya € InitClos(x).

R relates any two state variables such that there exists an atomic predicate within
Init containing both variables. The initial closure of a state variable x is the set of all
state variables, directly or indirectly influencing x within the initial state schema.

Example 4.3.27. Let S be a specification, S.V = {x,y, z} with all elements of type N, and
let S.Init = (x > 2) A (x <y) A (2 >5). Then, R = {(x,¥), (¥,x)} Uldgyy 5. This yields
InitClos(z) = {z} and InitClos(x) = InitClos(y) = {x,y}.
Now let S.Init = (x =y) A (y = 2). Then, R = {(x,¥), (v,X), (v,2), (2,¥)} U ld{yy 5} This
yields InitClos(x) = InitClos(y) = InitClos(z) = {x,y, 2}.

These considerations do not influence Definition 4.3.6. The correctness proof in Chapter
5 shows the following: we can safely neglect all initial data dependences originating from
an atomic predicate a, such that InitClos(x) C (S2.V'\ S1.V) for all x € vars(a).

In our specific case, InitClos(items) = {items} and {items} C (S2.V \ S;1.V) holds. Thus,
the three previously identified initial data dependences originating from items = () can
indeed be neglected, justifying the correctness of the cut {switch}. In particular, the
predicate items = () is already removed from CandyMachines.Init by applying our
definition for a decomposition and further simplifications on CandyMachine;.Init.

We pointed out an optimisation for the decomposition in the following sense: some data
dependences do not need to be considered when the correctness criterion no crossing
is validated. Thus, a larger set of valid decompositions is possible.

4.4 Decomposition for the General Case: Number Swapper

We recall the small case study of a number swapper from Chapter 2 and slightly adapt it
as displayed in Figure 4.26: the specification swaps two natural numbers a and b with a
initially possessing the value 1 and b continuously receiving a new value as an input. The
protocol starts by inputting the new value for b, subsequently swaps both numbers and
outputs the new value of b. As Swapper.main restarts, the specification does not allow
for the definition of a single cut.

>For any set X, we let Idy denote the identity on X, that is, Idx := {(x,x) | x € X}.



4.4 Decomposition for the General Case: Number Swapper 107

__ Swapper

chan input : [in? : N]

chan store_b, move_a, move_b

chan result : [out! : N]

main = input?in — store_b — move_a — move_b — result?out — main

_Init

a,b,tmp : N a=1
_effect_input _effect_store_b

A(b) A(tmp)

in? :

' N tmp’ =b

b’ =in?
_effect_movea_ _effect_moveb__ _effectresult_
A(b) A(a) out! : N

b'=a a’ =tmp out! =b

Figure 4.26: CSP-OZ specification for swapping two numbers, extended

A valid (general) cut for this specification is given by (Cy, C2) with C; = {store_b} and
C, = {result}. The definition yields

e Op: = {input},
e Opc, = {store_b},
e Ops = {move_a,move_b} and
e Opc, = {result}.
For the sets of state variables, we get
e 5;.V={b,tmp} and
e So.V={a,b,tmp}.
The initial state schemas are given by

S1.Init = Ja:Ne(a=1)
So.Init = Jb:N;tmp:Ne(a=1)

true,
a =
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__Swapper;

chan input : [in? : N| chan store_b : [tryyp! : N]  chan result : [out! : N]

main = input?in — store_b?try, — result?out — main
effect_result

b,tmp: N (out! :N
_effect_store_b _effect_input
A(tmp); trymp! = N A(b); in? : N

tmp’ = b A trgpp! = tmp’ b’ =in?

Figure 4.27: Decomposition of the number swapper, first component

__Swappers

chan store_b : [trymp? : N] chan move_a,move_b chan result : [out! : N]
main = store_b?trynp — move_a — move_b — result?out — main

Init _effect_store_b
a,b,tmp : N [a =1 A(tmp); tremp? @ N

tmp’ = trmp?

_effect_move_.a___ _effect_moveb____ _effect_result
A(b) A(a) out! : N
b'=a a = tmp out! =b

Figure 4.28: Decomposition of the number swapper, second component
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As InitClos(a) = {a} and {a} C (S2.V'\ S;.V), the initial data dependence init —i—d—d+(a)

move_a is not cut-crossing. Based on the data dependence store_b —f(i»(tmp) move_b, we
get CV; = {tmp}, necessitating one transmission parameter try,,. As the operation result
does not modify any state variable, CV, = & holds. No addressing extension is required,
thus leading to the final decomposition as given in Figures 4.27 and 4.28.

The correctness property on the specification as described in Figure 4.29 models that
the value received by input corresponds to the output value of result in the next iteration
of the protocol. Model checking this property with FDR2 yields its validity for Swapper as
well as Swapper ||{\store,b,result\} Swappers.

Prop = DjeN(input.j — result.1 — P(j))

PG) = O input.k — result.j — P(k))

keN(

Figure 4.29: Correctness requirement for Swapper

4.5 Related Work

The technique proposed in this chapter targets the manual decomposition of a given spec-
ification into two components. These subsystems are used in a compositional verification
framework which is based on two assume-guarantee proof rules. The approach is closely
related to several works, with some of them described next.

The dependence analysis, as given in Section 2.3, is based upon the methodology by
Briickner [Brii08] for slicing CSP-OZ specifications. Besides applying a similar analysis of
a specification, slicing does not decompose a given specification but rather eliminates
irrelevant parts from it. These irrelevant specification elements depend on a certain
property under interest, the slicing criterion. A correct decomposition in our context is
independent of the verification properties. The decomposition approach is more closely
related to program chopping [RR95]: chopping is likewise based on the analysis of a
(program) dependence graph and tries to identify program points affecting a certain
target node based on a specific source node.

Several works in the context of formal specifications present techniques for decom-
posing a given system into several components. Recently, Butler [But09] sketched a
technique for composing Event-B models and decomposing them into sub-models. Here,
events can be split, without allowing common variables to different machines. Similar to
our approach dealing with transmission parameters, shared parameters are used to pass
the influence of one to another machine. The technique is not applied in the context of
compositional verification, but rather in the scope of model refinements. In the context
of CSP| |B and for separate checking of divergence freedom of a model, Evans, Schneider
and Treharne [STE05] developed a methodology to decompose CSP| |B specifications
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into smaller subsystems, called chunks. They can consist of a set of CSP processes or
contain B machines as well. The decomposition is conducted by examining the existing
subsystems and parallel components of a CSP| | B specification.

The technique closest to ours is the one by Alur and Nam [NA06, AMNO5, NamO07]
dealing with assume-guarantee-based reasoning in the context of symbolic model check-
ing. Using symbolic transition systems (STS) as the semantic model, the authors fully
automatically decompose and verify a system. A decomposition of a STS yields a set of
symbolic modules, now comprising additional boolean input- and output variables which
are similar to our transmission parameters. The choice of the decomposition is carried out
by an automatic partitioning of the set of boolean variables of the STS and it is based on
an equal distribution of the set of variables along with a minimisation of required inputs
and outputs. The approach is also based on the L* algorithm, using a generalised version
of rule (B-AGR) in the validation process. In their semantic domain solely dealing with
boolean variables, the authors do not incorporate a dependence analysis based on data
flow and control flow, and th